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a b s t r a c t
The surface temperature changes for the last 4000 years in northern inland Iberia (an area particularly
sensitive to climate change) are determined by a high resolution study of carbon stable isotope records of
stalagmites from three caves (Kaite, Cueva del Cobre, and Cueva Mayor) separated several tens of kilometers
away in N Spain. Despite the local conditions of each cave, the isotopic series show a good overall coherence,
and resulted to be strongly sensitive to surface temperature changes.
The record reﬂects alternating warmer and colder intervals, always within a temperature range of 1.6 °C. The
timing and duration of the intervals were provided by 43 230Th–234U (ICP-MS) ages. Main climatic recognized
periods are: (1) 3950–3000 yr BP: warm period punctuated by cool events around ~ 3950, 3550 and
3250 yr BP; (2) 2850–2500 yr BP cold interval (Iron Age Cold Period); (3) 2500–1650 yr BP moderate warm
period (Roman Warm Period), with maximum temperatures between 2150 and 1750 yr BP; (4) 1650–
1350 yr BP cold interval (Dark Ages Cold Period), with a thermal minimum at ~ 1500 yr BP; (5) 1350–
750 yr BP warm period (Medieval Warm Period) punctuated by two cooler events at ~ 1250 and ~850 yr BP;
(6) 750–100 yr BP cold period (Little Ice Age) with extremes occurring at 600–500 yr BP, 350–300 yr BP, and
150–100 yr BP; and (7) the last 150 years, characterized by rapid but no linear warming (Modern Warming).
Remarkably, the presented records allow direct comparison of recent warming with former warm intervals
such as the Roman or the Medieval periods. That comparison reveals the 20th century as the time with highest
surface temperatures of the last 4000 years for the studied area.
Spectral analysis of the time series shows consistent climatic cycles of ~ 400, ~ 900 and ~ 1300 yr, comparable
with those recognized in the North Atlantic marine record, the Greenland ice cores, and other terrestrial
records for the middle–late Holocene, suggesting common climate forcing mechanisms related to changes in
solar irradiance and North Atlantic circulation patterns.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Due to its privileged geographic location between the North Atlantic
and the Mediterranean, the Iberian Peninsula is very sensitive to interannual and longer-term variations in the atmospheric circulation
affecting both the North Atlantic area and the subtropical belt.
Furthermore, inland Spain has been pointed out as one of the most
sensible areas in Europe to the current global warming trends, as
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suggested by both instrumental records (e.g., Moreno, 2005) and
climate model projections for the end of the 21st century (e.g.,
Christensen et al., 2007; Kjellström et al., 2007). According to the
models, climate change is projected to worsen conditions (higher
temperatures and drought) in a region already vulnerable to climate
variability, and to reduce water availability, hydropower potential,
summer tourism, and crop productivity.
Despite the sensitivity of the area, there are still very few long, welldated, and well-calibrated climate proxies that provide a broader time
perspective of the changes recorded during the 20th century. These
should be the basis for a better understanding of past climate variability
and the basic source for calibration of paleoclimate models.
U-series dated, stable isotope series in speleothems are commonly
studied in order to generate high resolution archives of climatic change.
In this paper we present the δ13C record of three precisely dated
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speleothems that cover the last four millennia. These speleothems were
retrieved from three caves in Northern Spain which show different
climatic and karstic features. Despite these differences, the δ13C records
of the speleothems show robust replication of their secular trends. These
trends are interpreted as connected to changes in surface temperature
patterns in the area at decadal to millennial scales.

2. Study area and caves
The study area is located in the northern part of Castilla-León, in
northern Spain (Fig. 1), and comprises the landward part of the
Cantabrian Ranges and the northern part of the Meseta, the high plateau
that extends over large areas of inland Spain. The region is characterized
by the overlap of continental and mountain climates. The precipitation is
most inﬂuenced by depressions travelling eastwards from the Atlantic,
particularly in autumn and winter. The Cantabrian Ranges exert a strong
control in rainfall, partially isolating the area from the maritime
inﬂuence and holding the warm, dry subtropical air stream during the
summer months.
Three caves of this area, which have been monitored and
investigated in the last years, are considered in this work: Cueva del
Cobre, Kaite, and Cueva Mayor. Cueva del Cobre and Kaite are located in
the southern part of the Cantabrian Ranges, whereas Cueva Mayor is
situated more southward, in the northern spurs of the Meseta (Fig. 1).
Cueva del Cobre is a vast karst system developed in the Carboniferous
limestones of Sierra de Peñalabra, 6 km away from the small village of
Santa María de Redondo (Palencia Province). It is a water-table cave with
an active low-gradient stream passage and a series of higher, relict lowgradient levels developed within 200 m of height (Rossi et al., 1997;
Muñoz-García, 2007). The main entrance is located at 1620 m a.s.l. and,
at this point, there are ~100 m of limestones between the main gallery
and the surface. The cave is inﬂuenced by a high mountain climate. Interannual mean surface temperature in the cave area is 5–6 °C (MuñozGarcía, 2007). Rainfall exceeds 950 mm (1990–2002 interval,
Santa María de Redondo meteorological station, Agencia Estatal de
Meteorología, W4°26′07″ N42°59′20″, 1200 m a.s.l.), and ~80% occurs
during October through May. The area has a natural vegetation cover,
unaffected by agriculture, which consists of high mountain grasses and
bushes and small wetlands with poorly developed peat.

Kaite cave is the uppermost gallery of the Ojo Guareña Karst System
(e.g., Martín-Merino, 1986), a large endokarstic complex that comprises
more than 120 km of mapped galleries. It is located 18 km west to the
town of Villarcayo (Burgos Province), almost at the same latitude as
Cueva del Cobre, and separated from it by only 60 km (Fig. 1). Kaite is a
small (~300 m), isolated, hung cavity developed on gently dipping
Upper Cretaceous limestones. It is located at a height of 870 m a.s.l. and
12–18 m below the topographic surface. The measured temperature
outside the cave averages 10–11 °C. Annual rainfall is ~720 mm (1990–
2002 interval, Villarcayo meteorological station, Agencia Estatal de
Meteorología, W3°34′20″ N42°56′26″, 595 m a.s.l.), with dry summer
conditions. Above the cave, where a calcareous lithosol exists, the
vegetation cover is deﬁned by small xerophilous trees and bushes.
Cueva Mayor is located in the Sierra de Atapuerca, near the city of
Burgos. It is one of the main conducts of the Atapuerca karst system,
developed in gently dipping Cretaceous limestones. The work has been
carried out in one of its secondary galleries, so-called “Galería del Sílex”
(Flint Gallery), which was isolated from the entrance of the cave by a
karstic collapse that occurred about 3000 years ago (Ortega, 2009). This
gallery is located at a height of 1050 m a.s.l. and 12–20 m below the
topographic surface (Ortega, 2009). The climate of the area is quite
similar to that of Kaite area, but with a higher continental inﬂuence, with
cold winters and hot summers. The mean inter-annual temperature in
the area is ~10.8 °C and the annual rainfall averages 630 mm (1990–
2002 interval, Atapuerca meteorological station, Agencia Estatal de
Meteorología, W 3°30′27″ N 42°22′35″, 966 m a.s.l.), with most of the
precipitation occurring between October and May (N85%). Summer
conditions are usually dry, with reduced rainfall and high evapotranspiration. Above the cave, where a poor calcareous lithosol exists, the
vegetation is xerophilous and consists of bushes and small trees
dominated by Quercus ilex ssp. rotundifoliae, a subspecies of holm oak
adapted to cold winters and dry summers.
Details on the hydrogeochemistry and environmental conditions of
these caves are reported in Martín-Chivelet et al. (2006, 2008), MuñozGarcía (2007), and Turrero et al. (2004, 2007). Previous work performed
in stalagmites, drip waters and cave environmental conditions in the
three caves indicates that calcite precipitation is taking place (and also
has occurred in the past) under conditions of—or very close to—isotopic
equilibrium. Speciﬁcally, this is supported by (1) positive “Hendy tests”
performed on these and other stalagmites of the three caves (e.g., Martín-

Fig. 1. a) Location of the three caves from which the studied stalagmites were retrieved. b) Polished longitudinal section of stalagmites C11 (Cueva del Cobre), LV5 (Kaite), and SLX1
(Cueva Mayor). The white arrows indicate the base and the top of the considered intervals (last 4000 years). The hiatus of stalagmite SLX1 is also indicated.
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Chivelet et al., 2006; Muñoz-García, 2007; Domínguez-Villar et al., 2008,
and unpublished data), (2) Integrated analysis of stable isotopes from
present-day drip waters and calcite precipitates at the top of the
stalagmites in Kaite and Cueva Mayor (the three caves (Muñoz-García,
2007; Turrero et al., 2009; Martín-Chivelet et al., 2009; and unpubl. data),
and (3) Environmental analysis of sampling sites in the caves, all of them
characterized by relative humidity close to 100% and the lack of
signiﬁcant air currents through the year. On the other hand, petrographical details on stalagmites from Cueva del Cobre are given in MuñozGarcía et al. (2006, 2007) and Muñoz-García (2007); from Kaite cave in
Domínguez-Villar et al. (2004, 2008) and Martín-Chivelet et al. (2006);
and from Cueva Mayor–Sílex Gallery in Muñoz-García et al. (2009).
3. Studied material
This study is based on data from three stalagmites (Fig. 1), each of
them collected in a different cave: C11 (Cueva del Cobre), SLX1 (Cueva
Mayor), and LV5 (Kaite).
Stalagmite C11 was removed from Cueva del Cobre in 2002 from a
small remote passage located more than 1 km away from the main
entrance, an area of negligible air current, relative humidity exceeding
98%, and an air temperature nearly constant of 5.6 ± 0.1 °C. The
stalagmite seemed to be active when collected (it was under an active
drip and presented a clean bright surface). Its total length is 30 cm and
its diameter ranges between 6 and 9 cm. The sample entirely consists of
columnar calcite (sensu Frisia et al., 2000). The growth lamination is
quite irregular and is deﬁned by differences in the density of ﬂuid
inclusions (Muñoz-García, 2007).
Stalagmite LV5 was collected from Kaite in 2002. It was fallen down
and broken into several pieces when collected. The samplig site, located
at 350 m from the cave entry, is characterized by stable cave climate
(T= 10.4 ± 0.1 °C, relative humidity N98%, absence of signiﬁcant air
currents), frequent seepage, and a rich ornamentation of speleothems.
LV5 is a calcite speleothem which shows dendritic, ﬁbrous and
microcrystalline fabrics (sensu Frisia et al., 2000) and a well deﬁned
but irregular lamination which can be interpreted as annual in origin
(Domínguez-Villar et al., 2004, 2008; Martín-Chivelet et al., 2006). Its
total length is ~100 cm and its diameter ranges between 3 and 6 cm. In
this paper, only the upper part of the stalagmite is considered (Fig. 1).
Stalagmite SLX1 was retrieved from Galería del Silex in Cueva Mayor.
It was slightly moved from its drip point in 1990 during pioneer
speleological exploration works, and latterly collected in 2002. The
sampling site has no air currents, a relative humidity exceeding 99%, and
a very stable temperature of 10.6 ± 0.1 °C. Stalagmite SLX1 is 35 cm long
and cylindrical in shape, with a diameter of 7–10 cm. The polished
longitudinal section of the stalagmite shows in its middle part a welloutlined stratigraphic hiatus, marked by a darker color (Fig. 1), but no
corrosion. Below and above this hiatus, the stalagmite consists of clean
calcite that shows columnar, ﬁbrous and dendritic fabrics (sensu Frisia
et al., 2000), and contains a quite regular lamination which corresponds
to annual growth layers (unpubl. data).
4. Methods
4.1. Carbon stable isotopes
Stable isotope ratios of carbon (13C/12C) were measured for a total
of 520 calcite microsamples. These were extracted with carbide dental
burrs of 0.5 mm directly from petrographical thin sections performed
along the growth axis of the stalagmites. Typical powder masses are of
~ 100 μg. Spacing between samples ranged from 1 mm to 0.5 mm,
depending on the growth rates. The analyses were performed in the
Minnesota Isotope Laboratory using a Finnigan-MAT 252 mass
spectrometer ﬁtted with a Kiel Carbonate Device III. Duplicates were
analyzed every 10 to 20 samples, all of which replicated within 0.20‰
for carbon. Values are reported as δ13C with respect to the Vienna Pee
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Dee Belemnite (VPDB) standard. From those analyses, stable isotope
ratios of oxygen (18O/16O) were also obtained. These oxygen data,
partially published elsewhere (Muñoz-García, 2007; DomínguezVillar et al., 2008) are not considered speciﬁcally in this paper.
4.2.

230

Th age-dating

Sub-samples from stalagmites LV5, SLX1, and C11 were prepared
for 230Th dating following procedures similar to those described by
Edwards et al. (1987) and Dorale et al. (2004). These were extracted
from well-deﬁned growth horizons with the aid of 0.5–0.9 mm
carbide dental burrs. Typical powder amounts are 100–200 mg for C11, 150–250 mg for SLX1, and 200–350 mg for LV5 (different amounts
of sample were necessary because of the different uranium concentration in the stalagmites). Analyses were conducted in the Minnesota
Isotope Laboratory of the University of Minnesota by means of
inductively coupled plasma mass spectrometer (Thermo-Finnigan
ELEMENT) using procedures described in Shen et al. (2002) and
Dorale et al. (2004). Eleven previously published Th-age dates for
stalagmite LV5 (Domínguez-Villar et al., 2008) were considered in this
work, and incorporated into the age model.
4.3. Complementary techniques
This study was carried out with the aid of petrographic analyses of
the speleothems, which are considered essential for recognizing the
internal stratigraphy of the stalagmites (e.g., identiﬁcation of hiatuses
and growth patterns), and also for choosing the extraction points of
subsamples for absolute age-datings and stable isotope analyses.
Some zones showing depositional condensation (strongly reduced
growth rates), incipient recrystallization, or other diagenetic features,
were discarded for performing the geochemical analyses of this
research. Details on the microestratigraphical and petrographical
methodology can be found in Martín-Chivelet et al. (2006) and
Muñoz-García et al. (2006).
5. Results
5.1. Age models
A total of 43 230Th absolute ages covering the last 4000 years were
used to perform the age models of the three stalagmites. The uranium
and thorium mass spectrometric results and the corresponding ages
and errors are shown in Table 1.
Stalagmite C11: 10 absolute-dated ages were obtained from the
33.5 cm of core that covers the last ~ 2700 years. All the 230Th ages are
in correct stratigraphic order. Petrographical analyses suggest a
continuous growth for the considered time interval. The age model
for this stalagmite (Fig. 2a) is based on linear interpolation between
successive dated points. Calculated growth rates are essentially
homogeneous through the 2700 years, averaging 124 mm/ky.
Stalagmite SLX1: 14 absolute-dated ages were obtained from this
stalagmite, covering the complete core of the sample (44 cm). SLX-1
shows an important hiatal surface, easily recognizable de visu and in
thin section, which separates two intervals of continuous growth but
at different rates. The older interval ranges from ~1.6 to ~0.6 ky BP,
and shows an average growth rate of 240 mm/yr; the younger one
covers the last four centuries and shows notably higher growth rates,
averaging 490 mm/ky. The age model for this stalagmite is based on
linear interpolation between dated points excepting for those above
and below the hiatus (Fig. 2b). For those, the growth rates of the
adjacent intervals were considered for age interpolation.
Stalagmite LV5: 19 absolute-dated ages were obtained from the
interval that covers the last four millennia. That interval corresponds to
the uppermost 32 cm of the stalagmite. The 230Th ages are in correct
stratigraphic order. No evident post-formational alteration or signiﬁcant
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Table 1
Uranium and thorium isotopic compositions and
238

230

Th ages for stalagmites C11, LV5 and SLX1 by ICP-MS.

Sample ID

Distance mm
from base

U
ppb

232
Th
ppt

d234U
measureda

[230Th/238U]
activityc

Age–year
(uncorrected)

Age–year BP
(corrected)c,d

δ234Uinitial
correctedb

C11-MNE
C11-MN02
C11-MN03
C11-MN04
C11-MN05
C11-MN06
C11-MN07
C11-MN08
C11-MN09
C11-MN10
LV5-3CIII
LV5-4A
LV5-HK5
LV5-4BI
LV5-4BIII
LV5-4BIV
LV5-4BT
LV5-HK4n
LV5-4 C
LV5-HK3
LV5-5AI
LV5-5AII
LV5-HK1
LV5-HK2n
LV5-K5A
LV5-5B
LV5-K5C
LV5-K20
LV5-5 C
SLX1-MN01
SLX1-MN02
SLX1-MN03
SLX1-MN05B
SLX1-MN05C
SLX1-MN06
SLX1-MN06B
SLX1-MN07
SLX1-MN07B
SLX1-MN09
SLX1-MN08B
SLX1-MN10B
SLX1-MN12
SLX1-MN14

98
147
186
206
238
273
322
361
392
418
743
768
785
800
819
834
845
858
872
906
930
934
940
959
965
992
1017
1031
1038
14
45
65
115
165
189
201
220
228
249
283
340
356
412

621.2 ± 1.6
512.1 ± 0.9
543.0 ± 1.3
555.0 ± 1.5
587.3 ± 1.6
693.5 ± 1.9
543.1 ± 1.4
567.2 ± 1.5
543.6 ± 1.6
508.4 ± 1.2
98.4 ± 0.4
86.7 ± 0.1
88.4 ± 0.2
93.5 ± 0.2
210.7 ± 0.5
158.9 ± 0.3
79.7 ± 0.1
106.6 ± 0.3
148.9 ± 0.6
110.5 ± 0.2
114.0 ± 0.2
109.9 ± 0.2
118.7 ± 0.2
136.9 ± 0.3
105.0 ± 0.3
127.4 ± 0.3
124.9 ± 0.4
136.8 ± 0.4
124.7 ± 0.2
132.0 ± 0.5
157.5 ± 0.6
149.7 ± 0.5
79.0 ± 0.3
73.5 ± 0.3
123.5 ± 0.5
100.7 ± 0.4
79.7 ± 0.4
94.3 ± 0.4
79.0 ± 0.2
50.4 ± 0.2
52.1 ± 0.2
50.2 ± 0.1
55.7 ± 0.2

181 ± 3
33 ± 4
44 ± 4
23 ± 3
585 ± 5
77 ± 3
58 ± 4
21 ± 3
42 ± 4
16 ± 3
396 ± 11
102 ± 4
143 ± 2
120 ± 3
245 ± 9
348 ± 6
128 ± 5
249 ± 2
1378 ± 13
165 ± 2
283 ± 4
384 ± 4
240 ± 2
203 ± 2
1664 ± 7
475 ± 3
719 ± 4
386 ± 4
80 ± 3
70 ± 2
24 ± 2
45 ± 1
185 ± 2
85 ± 2
449 ± 3
49 ± 1
291 ± 3
982 ± 4
138 ± 1
243 ± 2
125 ± 1
13 ± 1
38 ± 1

426.3 ± 3.4
411.7 ± 2.3
406.8 ± 3.1
387.4 ± 3.6
381.5 ± 3.3
348.0 ± 3.2
374.0 ± 3.3
387.1 ± 3.2
400.8 ± 3.9
353.4 ± 3.0
148.9 ± 6.4
147.3 ± 3.4
141.8 ± 3.2
150.3 ± 2.8
162.3 ± 2.5
164.8 ± 1.9
166.4 ± 2.3
155.7 ± 3.8
149.3 ± 4.7
150.0 ± 2.6
146.8 ± 2.8
148.7 ± 2.7
148.4 ± 2.4
149.5 ± 2.9
142.5 ± 3.8
139.9 ± 3.6
140.7 ± 3.5
143.8 ± 3.8
148.8 ± 2.3
123.4 ± 3.5
122.3 ± 3.6
119.6 ± 4.0
130.4 ± 4.2
130.7 ± 4.9
125.2 ± 4.8
126.2 ± 4.7
119.6 ± 7.0
120.0 ± 5.2
123.6 ± 3.0
108.8 ± 6.4
114.2 ± 4.2
124.5 ± 3.9
126.4 ± 7.2

0.03467 ± 0.00031
0.02942 ± 0.00041
0.02566 ± 0.00035
0.02220 ± 0.00028
0.01932 ± 0.00036
0.01650 ± 0.00028
0.01050 ± 0.00022
0.00674 ± 0.00020
0.00465 ± 0.00023
0.00169 ± 0.00015
0.04177 ± 0.00120
0.03696 ± 0.00131
0.03464 ± 0.00075
0.03172 ± 0.00084
0.02989 ± 0.00051
0.02906 ± 0.00039
0.02614 ± 0.00052
0.02437 ± 0.00048
0.02537 ± 0.00096
0.01969 ± 0.00039
0.01786 ± 0.00072
0.01747 ± 0.00078
0.01715 ± 0.00043
0.01468 ± 0.00039
0.01751 ± 0.00078
0.01101 ± 0.00053
0.01120 ± 0.00053
0.00981 ± 0.00057
0.00485 ± 0.00052
0.01622 ± 0.00045
0.01524 ± 0.00060
0.01459 ± 0.00060
0.01364 ± 0.00057
0.01254 ± 0.00065
0.01111 ± 0.00075
0.00923 ± 0.00038
0.00840 ± 0.00106
0.00673 ± 0.00053
0.00339 ± 0.00033
0.00397 ± 0.00065
0.00207 ± 0.00052
0.00185 ± 0.00041
0.00064 ± 0.00092

2 678 ± 25
2 293 ± 32
2 004 ± 28
1 756 ± 23
1 534 ± 29
1 341 ± 23
835 ± 18
530 ± 16
362 ± 18
136 ± 12
4 041 ± 121
3 573 ± 129
3 354 ± 74
3 052 ± 83
2 843 ± 50
2 757 ± 37
2 474 ± 50
2 321 ± 47
2 437 ± 93
1 881 ± 38
1 713 ± 69
1 673 ± 75
1 639 ± 41
1 400 ± 38
1 682 ± 76
1 060 ± 52
1 075 ± 51
938 ± 55
462 ± 50
1 584 ± 45
1 489 ± 59
1 429 ± 59
1 322 ± 56
1 214 ± 64
1 081 ± 74
896 ± 37
820 ± 104
657 ± 52
329 ± 32
391 ± 64
202 ± 51
179 ± 40
62 ± 89

2 614 ± 26
2 233 ± 34
1 944 ± 26
1 697 ± 122
1 455 ± 126
1 281 ± 132
775 ± 182
472 ± 195
303 ± 90
77 ± 61
3 885 ± 131
3 490 ± 130
3 255 ± 77
2 966 ± 84
2 759 ± 52
2 648 ± 46
2 379 ± 54
2 204 ± 56
2 147 ± 150
1 785 ± 43
1 597 ± 76
1 532 ± 87
1 530 ± 48
1 304 ± 42
1 220 ± 216
912 ± 70
870 ± 89
808 ± 66
393 ± 50
1 513 ± 45
1 427 ± 59
1 363 ± 59
1 204 ± 63
1 126 ± 65
929 ± 87
825 ± 38
667 ± 114
328 ± 145
226 ± 39
206 ± 90
81 ± 60
115 ± 40
−14 ± 89

429.5 ± 3.4
414.4 ± 2.3
409.1 ± 3.2
389.3 ± 3.6
383.2 ± 3.3
349.3 ± 3.2
374.9 ± 3.3
387.7 ± 3.2
401.2 ± 3.9
353.6 ± 3.0
150.6 ± 6.5
148.8 ± 3.5
143.2 ± 3.2
151.6 ± 2.8
163.6 ± 2.5
166.1 ± 1.9
167.6 ± 2.4
156.7 ± 3.8
150.2 ± 4.7
150.8 ± 2.6
147.5 ± 2.8
149.3 ± 2.7
149.1 ± 2.4
150 ± 3
143.0 ± 3.8
140.3 ± 3.6
141.1 ± 3.5
144.2 ± 3.8
149.0 ± 2.3
124.0 ± 3.5
122.8 ± 3.6
120.1 ± 4.0
130.8 ± 4.2
131.2 ± 4.9
125.5 ± 4.8
126.5 ± 4.7
119.9 ± 7.1
120.1 ± 5.2
123.7 ± 3.0
108.8 ± 6.4
114.2 ± 4.2
124.6 ± 3.9
126.4 ± 7.2

Analytical errors are 2σ of the mean.
δ U = ([234U / 238U]activity − 1) × 1000.
δ Uinitial corrected was calculated based on 230Th age (T), i.e., δ234Uinitial = δ234Umeasured X eλ234⁎T, and T is corrected age.
c 230
[ Th/238U]activity = 1 − e−λ230T + (δ234Umeasured / 1000)[λ230 / (λ230 − λ234)](1 − e−(λ230 − λ234) T), where T is the age.
Decay constants are 9.1788 × 10−6 yr−1 for 230Th, 2.8263 × 10−6 yr−1 for 234U, and 1.55125 × 10−10 yr−1 for 238U (Cheng et al., 2000).
d
Age corrections were calculated using an average crustal 230Th/232Th atomic ratio of 4.4 × 10−6 ± 2.2 × 10−6.
Those are the values for a material at secular equilibrium, with the crustal 232Th/238U value of 3.8. The errors are arbitrarily assumed to be 50%.
a 234

b 234

hiatuses were observed under the microscope. Again, for constructing
the age model, continuous and homogeneous growth was considered
between two successive absolute-dated points (Fig. 2c). The model
reveals slightly variable growth rates, which average 88 mm/ky.
5.2. δ13C speleothem series
The δ13C VPDB values notably vary through the growth axis of the
three stalagmites, showing well-deﬁned intervals and trends in each
sample (Fig. 3). Some parts of the records seem to show cyclic
patterns, and spectral analyses were performed for each stalagmite.
These were based on the Lomb periodogram algorithm, indicated for
unevenly spaced time series, and performed with the aid of software
PAST (Hammer et al., 2003).
Stalagmite C11: δ13C values range from −6.6 to −2.3‰, with an
average of −4.5‰ and a standard deviation of 1.0‰. The time series does
not show any signiﬁcant trend for the whole record, but several time
intervals are characterized by well-deﬁned patterns (Fig. 3). The spectral

diagram for the series (Fig. 4a) shows a signiﬁcant peak at a period of
~900 yr, and a weaker peak around ~90 yr, with a signiﬁcance level close
to 0.01.
Stalagmite SLX1: Its isotopic record ranges from −12.1 to − 7.2‰.
The average is − 10.3‰ and the standard deviation is 0.9‰. The two
growth intervals of this stalagmite show a broad positive trend (δ13C
increases with time), which is greater in the younger one (Fig. 3).
Given the short length (1500 years) and the incompleteness of the
record (hiatus between 650 and 350 yr BP) the spectral analysis was
performed only for the older growth interval (Fig. 4b). It yields two
higher frequency signiﬁcant peaks at periods of ~ 440 yr and ~ 230 yr.
Stalagmite LV5: δ13C values vary from −11.2 to −5.0‰, averaging
−8.7‰ and showing a standard deviation of 1.2‰. In this stalagmite, the
δ13C time series does not show a consistent general pattern. Instead,
several intervals showing well-deﬁned trends can be differentiated
(Fig. 3). The spectral analysis (Fig. 4c) shows four peaks with a
signiﬁcance level greater than 0.01, which correspond respectively to
periods of ~1300, 920, 680 and 430 yr.
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Fig. 2. Age models for stalagmites C11 (Cueva del Cobre), LV5 (Kaite), and SLX1 (Cueva Mayor). The models are based on linear interpolation between successive dated points (230Th
ages are shown in Table 1).

The basic statistical results for the δ13C records of the intervals of
simultaneous growth in the three stalagmites are summarized in
Table 2. Notable differences in the mean values of δ13C in each
stalagmite can be appreciated. Stalagmite C11 shows 3.7‰ heavier
values than LV5 and 5.6‰ than SLX1, a difference that should be related
with the different physicochemical features of each cave (see
interpretation below). Differences in the standard deviation are less
signiﬁcant, indicating that the δ13C in each stalagmite varies within a
relatively similar range. Table 2 also includes the main periods
recognized in the spectral diagrams. An interesting aspect is the

coincidence of some periods deﬁning cycles in the records, despite
their different length and completeness.
6. Interpretation
6.1. Climate calibration of δ13C records
Interpretation of speleothem δ13C series in terms of paleoclimate
variability is not a straightforward task, as multiple factors can
potentially control or affect the records (see McDermott, 2004; Fairchild

Fig. 3. δ13C VPDB time series for stalagmites C11 (Cueva del Cobre), LV5 (Kaite), and SLX1 (Cueva Mayor). Gray-shaded areas deﬁne intervals of dominant positive or negative trends
in the three records. 230Th ages and 2σ errors are also shown in the series.
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Fig. 4. Spectral diagrams performed for the δ13C series of a) Stalagmite C11, b) Stalagmite SLX1, and c) Stalagmite LV5. Spectral analyses were performed with the Lomb periodogram
algorithm, indicated for unevenly spaced time series, and with PAST software (Hammer et al., 2003). Numbers labelled in the diagrams indicate periodicities (in ky) of the main spectral peaks.

et al., 2006; McDermott et al., 2006 for reviews, and the discussion
below). In this paper, the approach has been: (1) to analyze and
compare the δ13C time series of the three stalagmites, (2) to compare the
youngest part of the series with instrumental series of the main climatic
parameters—temperature and precipitation, and (3) to correlate the
record of the last millennium with the available reconstructed
paleoclimate series.
The spiky nature of the stable isotope signal determines that trends
and medium-term patterns in the series are usually much more
meaningful than single values. The direct comparison among the curves
reveals notable coincidences in the three records (Fig. 3). In fact, they
replicate a series of intervals of positive trend (increasing values of δ13C
with time; marked in light grey pattern), as well as others of negative
trend (decreasing values, marked with a darker grey), and the main
shifts and peaks. This good, overall correlation strongly suggests a
common mechanism controlling the δ13C records despite the notable
differences among the karst systems and the different features of the
stalagmites. This common mechanism should be external to the karst
systems and thus probably related to climate.
The most recent part of the δ13C series from SLX1 (the stalagmite
with the most precise and complete record for the last centuries) has
been compared with the instrumental records of temperature and
rainfall available for Burgos, located only 14 km away from Cueva Mayor
(Fig. 5a). The used series correspond to annual and summer rainfall in
Burgos (data retrieved from the Global Historical Climatology Network US National Climatic Data Center); the annual mean temperature in
Burgos (data from the Agencia Nacional de Meteorología, Spain)
completed with historical instrumental data from Madrid (Almarza,
2000; Carreras, 2001); and the summer potential evapotranspiration

Table 2
Comparative results for the δ13C records of stalagmites C11 (Cueva del Cobre), LV5
(Kaite) and SLX1 (Cueva Mayor).
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(a)

δ C—mean
δ13C—mean(b)
Standard deviation(a)
Cave temperature °C(c)
Cave depth(c)
δ13C—host rock(d)
Spectral peaks (Period—ky)
(a)

C11

LV5

SLX1

− 4.53
− 4.39
0.97
5.5
~ 100 m
~ 3.5–4.5
0.91, 0.09

− 8.73
− 8.07
1.16
10.4
14 m
~ 1.5–2.5
1.30, 0.92, 0.68, 0.43

− 10.28
− 10.01
0.91
10.6
20 m
~ 1.5–2.0
0.44, 0.23, 0.11

For all the data of each series.
For the interval of coeval growth in the 3 stalagmites (1570–670 yr BP).
At the samplig site.
(d)
Average values for Carboniferous (C11) and Cretaceous (LV5, SLX1) rocks above
the caves.
(b)
(c)

(PET), calculated by means of Thornthwaite's method (Thornthwaite,
1948). These records, based on instrumental data, indicate a net nonlinear increase in the mean annual temperature of ~1.5–2 °C (similar to
other inland records in central and northern Spain, e.g., Raso, 1997), but
do not show a clear trend in annual and summer rainfall changes. As can
be expected, the summer PET series also show a net increase through
the 20th century, reﬂecting the temperature increase.
The positive trend showed for the last 125 years in the δ13C record of
stalagmite SLX1 can be correlated with the net increase along this
interval in annual temperature and summer PET (Fig. 5a). On the
contrary, no evident correlation with rainfall patterns can be recognized
for this interval. This suggests that temperature rather than precipitation is a main control factor of δ13C variability of the studied
speleothems.
The positive correlation between speleothem δ13C values and
surface temperature is also robust when considering longer intervals.
Available reconstructed paleotemperature series for the Northern
Hemisphere for both the last four centuries (e.g., Mann and Jones,
2003) and the last two millennia (Mann et al., 2008) show very
similar patterns to those outlined by the speleothem records (Fig. 5b
and c respectively).
Despite the broad good correlation between surface temperatures
and speleothem δ13C, establishing precise transfer functions between
δ13C and temperature is a difﬁcult task. This is mainly due to the
incomplete nature of the record and the uncertainties associated to
microsampling (each microsample can represent the average composition of δ13C of several years) and age-dating (we can assume an
arbitrary error of ±5 years for the last 150 years in stalagmite SLX1). As
a tentative approach, we have included a correlation cross-plot (Fig. 6)
between instrumental record of temperatures in Burgos area for the
interval 1875–2000 (the series represented in Fig. 5a) and δ13C values of
the time-equivalent interval of SLX1. The temperature values in the
cross-plot are ten-year averages of the annual mean temperatures.
The cross-plot shows the results of a linear ﬁt model for describing
the relationship between δ13C and temperature. The equation of the
model [T (°C) = 11.51 + 0.198 * δ13C (‰)] gives essentially ~ 0.2 °C of
temperature increase per unit (‰) of increment in δ13C. The R2
reaches 0.41 (i.e. the model explains the 41% of the variability in the
temperatures), and the Correlation Coefﬁcient equals 0.64, indicating
a moderately strong relationship between the two variables. The
standard error (given by the standard deviation of the residuals) is
0.26. This value will be used to determine the limits of temperature
estimations obtained from the δ13C series.
It should be noted that this linear model ﬁt must be considered as a
ﬁrst empirical approximation. Further δ13C series from recent speleothems in the area should contribute to develop more accurate transfer
functions between the proxy values and the surface temperatures.
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Fig. 5. a) Comparison of the δ13C series of stalagmite SLX1 with annual mean temperature, annual and summer rainfall, and summer potential evapotranspiration (PET) series of the
Burgos area. Rainfall series come from Burgos-Villafría Meteorological Station, obtained from the Global Historical Climatology Network (US National Climatic Data Center). The
annual mean temperature series are reconstructed from instrumental series form Burgos-Villafría and Madrid (Agencia Nacional de Meteorología, Spain; Almarza, 2000; Carreras,
2001). The PET series were calculated following the method of Thornthwaite (1948). b) The last 400 years δ13C series of stalagmite SLX1 compared with the reconstructed
temperatures for the Northern Hemisphere, according to Mann and Jones (2003). c) The δ13C record of stalagmites LV5 and C11 for the last two millennia compared with
reconstructed temperatures for the Northern Hemisphere by Mann et al. (2008).

6.2. δ13C synthetic curve
As suggested by the statistical parameters shown in Table 2, the δ13C
in each stalagmite varies within a quite similar range (standard
deviation ranging from 0.91 to 1.16) but the absolute values are very
different (ranging from −4.53 in C11 to −10.28 in SLX1). As a ﬁrst

approach, we can assume that the δ13C variability is controlled by
environmental changes (i.e., temperature), whereas the absolute
averaged values depend on the bulk conditions of each karstic
environment. For example, C11 grew in a deep passage of Cueva del
Cobre, located ~100 m below the surface, where the percolation path
can be assumed to be longer, favouring the progressive outgassing of the
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An estimate of relative land temperature change in the study area
has been also included in Fig. 7. It is based on transfer function
deduced from the cross-plot of Fig. 6.
7. Discussion
7.1. Relation speleothem δ13C – surface temperature

Fig. 6. Cross correlation plot between instrumental series of temperatures in Burgos area
and δ13C values in stalagmite SLX1 for the time interval 1875–2000. The temperature
values are ten-year averages of the annual mean temperatures. See explanation in the text.

percolating waters and the associated enrichment in 13C. In addition, the
lower temperature of water in Cueva del Cobre would have also
favoured the interaction of percolating waters with the isotopically
heavy marine host limestone, which has δ13C values of about 3,5–4,5‰.
In the opposite extreme, stalagmite SLX1, which displays the most
depleted δ13C values, grew from drip waters that were warmer,
percolated through shorter paths, and dissolved a slightly lighter
Cretaceous bedrock (δ13C = ~1.5–2‰).
Assuming that changes of δ13C in each stalagmite depend on
external factors such as temperature, but that the karstic conditions
determine the bulk mean value, a synthetic time series of relative δ13C
values based on the three stalagmites has been constructed in order to
provide a continuous record of paleoclimate for the last 4000 years
(Fig. 7). This synthetic curve is based on the difference of each δ13C
value with the average δ13C value of its stalagmite for the time interval
between 1570 and 670 yr BP (the longest interval of continuous and
simultaneous growing of the three stalagmites). A smoothing curve
based on adjacent averaging (n = 25) is also included. It is based on
the stacked relative δ13C values of the three stalagmites. This latter
curve, which gives a general idea of the broad δ13C changes through
the four millennia, should be however considered as tentative, as the
density of data per time unit in the three stalagmites is often different
enough to determine that each stalagmite record has a quite different
relative weight in the ﬁnal smoothed curve.

The positive correlation between δ13C series of the stalagmites and
the surface temperature series shown in the previous section is robust in
the three samples, but requires some further discussion. The basic
question that arises is about the mechanism capable of inducing the
observed direct association speleothem δ13C–surface temperature.
Changes in stalagmite δ13C through time may be caused by a number
of factors, including: (1) changes in the atmospheric CO2 isotopic
composition, as those induced by anthropogenic burning of fossil fuels
(e.g., Suess, 1955; Genty and Massault, 1999; Genty et al., 2001a;
McCarroll and Loader, 2006); (2) changes in the ratio of C3:C4 plants in
the overlying vegetation leading to changes in δ13C of soil CO2 (e.g.,
Dorale et al., 1992, 1998; Bar-Matthews et al., 1996; Hopley et al., 2007);
(3) changes in vegetation density above the cave (e.g., Amundson et al.,
1988; Baldini et al., 2005); (4) degree of mixing between atmospheric
CO2 and biological CO2 derived from root respiration and microbial
activity (Baker et al., 1997; Genty and Massault, 1999; Genty et al.,
2003); (5) changes in the degree of open versus closed system
dissolution of the host limestone by percolating groundwaters above
the cave (Hendy, 1971; Salomons and Mook, 1986; Dulinski and
Rozanski, 1990); (6) variation in the amount of CO2 degassing of drip
waters due to changes in air pCO2 within the cave (Spötl et al., 2005;
Baldini et al., 2008; Mattey et al., 2008); and (7) changes in the amount
of prior calcite precipitation, in the roof of the cave and/or elsewhere in
the aquifer system (e.g., Verheyden et al., 2000; Tooth and Fairchild,
2003; Johnson et al., 2006; Mattey et al., 2008).
The inﬂuence of some of these mechanisms in the studied δ13C
speleothem records can be a priori discarded because of the characteristics of the studied karst systems. This is the case of the ratio of C3:C4
vegetation: today climatic conditions restrict a signiﬁcant growth of C4
vegetation, and this restriction must have also occurred during the last
millennia (e.g., Cerling, 1997). It is also the case of the atmospheric CO2
isotopic composition, as the δ13C of the atmospheric CO2 has been very
stable through the last millennia (Elsig et al., 2009) with the exception of
the last century, when it decreased rapidly as a consequence of fossil fuel

Fig. 7. Synthetic time series of relative δ13C values for the last 4000 years, based on the three stalagmites. The curve is based on the deviation of each δ13C value from the mean
calculated in each stalagmite for the 1570–670 yr BP interval (i.e., the longest interval of coeval growth in the three samples). The smoothing curve is based on adjacent averaging
(n = 10) of the stacked relative δ13C values of the three stalagmites. The temperature scale is based on the linear model correlation obtained from the cross-plot of Fig. 6. According to
that model, the error of the temperature estimates is ± 0.26 °C.
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combustion in the atmosphere (e.g., Marino and McElroy, 1991).
However, the speleothem δ13C values show major changes through the
studied interval and a markedly positive trend for the 20th century,
opposite to what should be expected if the so-called ‘Suess effect’ were
relevant. We can also discard mechanisms 3 (vegetation density), 4
(atmospheric CO2 input), and probably also 5 (open vs. closed system
dissolution), which usually induce depleted δ13C values when increasing temperature, or respond relevantly to rainfall variability, a
correspondence that has not been observed in the records. It should
be noted, however, that under some particular climatic circumstances,
an increase in air temperature could reduce soil moisture above the cave
sites, which in turn could lead to a reduction in vegetation density and
soil productivity, potentially causing an increase in δ13C values.
Monitoring of modern Kaite cave system (stalagmite LV5) since
2002 reveals that dripping varies seasonally and inter-annually but
remains always active, even during the driest periods, allowing calcite to
grow continuously as well. Since the site is characterized by a stable cave
climate (Turrero et al., 2004; Martín-Chivelet et al., 2006), processes
along the vadose-water ﬂow path up to the drip site should be crucial to
understand further speleothem δ13C variability. Indeed, there is an
inter-annual trend of calcium depletion in the drip water (Turrero et al.,
2007), ﬁtting the warm temperatures (heat-wave) registered in centralsouth Europe from 2003 through 2006, which is superimposed to the
intra-annual seasonal trend. Hence, ion pairs in the caves (Mg/Ca, Sr/Ca
and Ba/Ca) exhibit a strong correlation with variations in Ca2+
(R2 N 0.75). Both facts, are interpreted as calcium consumption by
prior calcite precipitation, that should induce a 13C-enriched HCO-3 drip
water. A number of studies (e.g. Dreybrodt, 1988; Fairchild et al., 2001;
Genty et al., 2001b; Oster et al., 2010) demonstrated that when drip
rates are high enough, the main control on speleothem growth could be
the mean annual temperature outside the caves, due to the correlation
that exists between calcium ion concentration in drip water, soil pCO2,
and surface temperature. The variability of the δ13C speleothem time
series in relation with temperature can be thus interpreted as the result
of the combined effects of secular changes in air pCO2 within the caves,
and variations in the prior precipitation of calcium carbonate in the ﬂow
path through the aquifer system. These mechanisms would explain the
positive trends showed by δ13C speleothem during the time intervals of
atmospheric warming, and the opposite trends during cooling periods.
CO2 increased degasiﬁcation of waters during warm intervals would
explain the observed relation.
7.2. Implications for climate variability
Thus, if the broad conditions of the studied karst systems (i.e., above
the caves, through the ﬂow path, and inside the caves) have not changed
substantially during the last four millennia, the medium and long-term
variability of the δ13C records can be read in terms of secular changes in
regional surface temperature. This leads to the following deductions
about past and present climate change:
The surface temperature varied notably in the northern part of inland
Spain during the last four millennia, with alternating cold and warm
periods. Changes in temperature through time followed weak cyclic
patterns, with periodicities of ~1300, 900, and 440 yr. These cycles are
broadly comparable to those recognized in other Holocene paleoclimate
records and commonly attributed to medium and long-term variations in
solar ﬂux and changes in the North Atlantic circulation.
In particular, the 1300 yr cycle could correspond to the 1500 yr cycle
recognized for the Holocene in the drift ice sediment record of North
Atlantic deep-sea cores (e.g., Bond et al., 1997, 2001; Campbell et al.,
1998; Bianchi and McCave, 1999). In fact, the length of the cycles deﬁned
by the ice-rafted debris (IRD) is rather variable, and for the last four
millenia approaches to 1300 yr. It should be noted that the IRD curves by
Bond et al. (2001) show maximum values (i.e. cooler episodes) at 3300,
2700, 1500, 1200, and 400 yr BP, all of them coincident with phases of
temperature minima recognized in the stalagmites.
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The 900 yr cycle of the speleothems would match the 950 yr cycle
recognized in ice cores of Greenland (e.g., O'Brien et al., 1995) and also
the 900 yr cycle of the North Atlantic proposed by Schulz and Paul
(2002). Finally the 400 yr cycle could be similar to those recognized in
both marine (e.g., Bond et al., 2001) and lake records (e.g., Yu and Ito,
2002; Wu et al., 2009) for the middle–late Holocene.
By comparing the temperature changes measured in the area for
the last 135 years with the most recent record of the speleothems, we
conclude that temperature changes that took place in the study area
in the last four millennia occurred within a range of 1.6 °C. The
recognized variability is in broad agreement with some reconstructions based on models and other proxies (e.g., Davis et al., 2003).
The δ13C record for the last four millennia deﬁnes an initial interval of
broad warm conditions between 4000 and 3000 yr BP. It is punctuated
by a well-marked cyclicity of 400 yr, deﬁned by three successive cycles
of very similar amplitude (Figs. 3 and 7). The thermal minima of these
cycles correspond to short, cool intervals, herein dated at ~3950, ~3550,
and ~3250 yr BP. Interestingly, this initial warm interval is modulated
by a weak and long-term trend towards cooler conditions, indicative of
slow and progressive climate deterioration, superposed to the higher
frequency 400 yr cycles.
The slow progressive deterioration rapidly accelerates since
~2900 yr BP and derived in a prolonged time during which thermal
conditions become permanently cold and the ~400 yr cyclicity appears
notably masked. The coldest conditions occurred during 300 years
(2850–2550 yr BP), an interval that can be correlated with the “ﬁrst cold
phase” of the Subatlantic period, also called in Europe the Iron Age Cold
Period. This period has been recognized by Desprat et al. (2003) in
sediments from the Ría de Vigo in the northwestern coast of Spain, and
has been also reported from different areas and proxies in central and
western Europe (e.g., van Geel et al., 1996; Speranza et al., 2002; Blaauw
et al., 2004; Plunkett and Swindles, 2008), and Greenland (O'Brien et al.,
1995). The onset of this episode is essentially concurrent with the
minimum in the solar activity (Δ14C maximum) that took place at
~2800 yr BP (e.g., Swindles et al., 2007; Usoskin et al., 2007). Also, it can
be correlated with a period of generalized cooling in central Europe (e.g.,
van Geel et al., 1996) the IRD event 2 (~2700 yr BP) of the Atlantic cores
(Bond et al., 1997, 2001) and with a major perturbation in the deep North
Atlantic (~2700 yr BP) interpreted as the main weakening of Iceland–
Scotland Overﬂow Waters (ISOW) for the Holocene (Hall et al., 2004).
The cold interval ended around 2500 yr BP, when a gradual
amelioration trend leads the onset of a relatively warmer interval
which would last until ~ 1700 yr BP. This new interval, warmer that
the previous one, never reached the high temperatures of the 4000–
3000 yr BP initial interval. It should be noted that the warm interval
was particularly well recorded in stalagmite C11, and more tenuously
in LV5, where the signal is noisier. Maximum temperatures were
probably reached in the three hundred years interval between
2150 yr BP and 1750 yr BP. That smooth “optimum”, should correspond to the well-known Roman Warm Period (e.g., Lamb, 1985), an
interval which has been correlated with a phase of relatively high
solar ﬂux (e.g., Bond et al., 2001; Usoskin et al., 2007). Interestingly,
the Roman Warm Period appears in the stalagmite LV5 record
punctuated by a short, small temperature minimum at ~2140 yr BP,
which could be related with the solar minima recorded at 2300 yr BP
(Usoskin et al., 2007).
After those relatively warm centuries of the Roman Warm Period, a
progressive diminution of surface temperature took place again in the
area, leading to another relatively cold episode, which lasted about
250 years and reaches its minimum at ~ 1500 yr BP. This cold interval
(and its thermal minimum) is well deﬁned in the three stalagmites,
and correlates with the Dark Ages Cold Period described in other areas
of Europe including some points of Iberia (Gil-García et al., 2007). This
episode is concurrent with the IRD event 1 of the Atlantic cores (Bond
et al., 2001) and with a period of markedly low temperatures in the
Sargasso Sea (e.g., Keigwin, 1996).
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The Dark Ages Cold Period is relatively short, and after the 1500 yr BP
minimum, a rapid trend of warming led to a new, prolonged interval of
warmth, which is attributed to the Medieval Warm Period. This interval
lasted from 1400 yr BP until 700 yr BP, although punctuated by at least
two minor, relatively cold events, which took place at ~1250 and
~850 yr BP. The Medieval Warm Period is probably the most robust
climatic feature in our records, perfectly outlined in the series of the
three stalagmites. It has a similar duration but is warmer than the
Roman Warm Period. This aspect is in agreement with previous studies
in Northern and Central Spain (Martínez-Cortizas et al., 1999; Gil-García
et al., 2007). Temperatures during the Medieval Warm Period were also
warmer than in the 4000–3000 yr BP initial interval.
The end of the Medieval Warm Period was marked by a progressive
and rapid decrease in temperature, which is well deﬁned in two of the
stalagmites (LV5 and C11) whereas the third one interestingly stopped
its growth when the rapid cooling began. That deterioration interval
marks the rapid transition into the Little Ice Age, a relatively cold period
broadly reported from all Europe (e.g., Lamb, 1977; Fagan, 2000) and
also from other areas in the world as far as South Africa or South America
(e.g., Holmgren et al., 2001; Meyer and Wagner, 2009) and whose cause,
still debated, could be a combination of low solar activity (e.g., Lean et al.,
1995; Usoskin et al., 2003), changes in thermohaline circulation (e.g.,
Broecker, 2000) and other factors such as increased explosive volcanism
(e.g., Robock, 1979; Crowley, 2000) and anthropogenic changes in
forestation (Ruddiman, 2003). In our record, this cold period started at
750 yr BP and lasted until the second half of the 19th century, although a
slight amelioration can be observed from 250 yr BP onwards. The
coldest conditions of this broadly cold interval were reached during
three short periods, dated respectively 600–500 yr BP, 350–300 yr BP,
and 150–100 yr BP. From these, the two former seem to be more intense
than the third one.
Interestingly, after the second cold event of the Little Ice Age,
stalagmite SLX1 resumed its growth until our days. The interpretation of
the record of this stalagmite for these last 400 years indicates a net
increase of temperature, which correlates well with the hemispheric
reconstructions of temperature (e.g., Mann and Jones, 2003; Mann et al.,
2008). However, it should be noted that the range of temperature
change obtained in this paper for inland Northern Spain is about two
times greater than the range proposed for the Northern Hemisphere
temperature in average.
Despite the variability of temperature recognized for the last four
millennia, the warming that occurred during the last century seems to
be fastest and more intense than any previous one recognized in the
studied speleothems. Also, the temperatures of the end of the 20th
century are the highest of the whole interval. This is in clear
disagreement with some studies in Northern Spain based on peat bog
proxies, which suggest that the temperatures during both the Roman
Warm Period and the Medieval Warm Period were higher than presentday ones (Martínez-Cortizas et al., 1999). This apparent contradiction
could be related to the difﬁculty for recognizing the very fast warming
interval of the second half of the 20th century in the relatively lowerresolution sedimentary record of wetlands.
8. Conclusions
The δ13C series of three stalagmites provide a 4000 year regional
record of relative temperature in inland northern Spain which reﬂects
variability at decadal to millennial scales in the range of ±0.8 °C. As
expected in mid-latitude continental areas, this area in Spain is highly
sensitive to climate change. That variability follows signiﬁcant cycles
with periodicities of ~1300, ~ 900 and ~ 400 yr, in agreement with
those recognized in the North Atlantic deep marine cores and the
Greenland ice cores, as well as some other terrestrial records of the
middle – late Holocene, suggesting common forcing mechanisms.
The δ13C variability reasonably replicates the surface temperature
changes of the available regional instrumental series. Also, δ13C patterns

correlate well with Northern Hemisphere temperature reconstructed
series for the last four centuries and also for the last 1000 years.
Covariation of the land surface temperature in northern Spain with
temperature anomalies from the North and the Central Atlantic and the
Greenland ice cores suggest that the variability at multidecadal to
centennial time scales in the speleothem records reﬂects a high
sensitivity of the continental area to changes in solar radiance and
also to changes in the North Atlantic circulation patterns that occurred
during the middle and late Holocene.
The δ13C record for the last four millennia shows alternating colder
and warmer intervals, whose timing and duration have been precisely
constrained by 230Th radiometric dating. Main climatic periods are:
(1) 3950–3000 yr BP: warm period punctuated by cool events around
~3950, 3550 and 3250 yr BP, and characterized by a marked 0.4 ky
cyclicity; (2) 2850–2500 yr BP: cold interval (Iron Age Cold Period),
coincident with a solar activity minimum and with a major perturbation
in the North Atlantic circulation; (3) 2500–1650 yr. BP: interval of
moderate warmth (Roman Warm Period), with maximum temperatures
between 2150 and 1750 yr BP; (4) 1650–1400 yr BP: short cold interval
(Dark Ages Cold Period), with a thermal minimum at ~1500 yr BP.;
(5) 1400–700 yr BP: long warm period (Medieval Warm Period),
punctuated by at least two minor, cooler events (~ 1250 and
~850 yr BP); (6) 700–100 yr BP: Broad cold period (Little Ice Age), in
which the coldest conditions occurred at 600–500 yr BP, 350–300 yr BP,
and 150–100 yr BP; and (7) Last 150 years: Rapid warming interval
which leads to the highest temperatures of the last four millennia.
Transitions between successive intervals are usually progressive but
rapid (lasting about one or two centuries), although the “modern
warming” is fastest than any previous transition.
The speleothem records show a notable variability of land
temperature in northern inland Spain, with robust signatures of
alternating warmer and colder intervals at centennial to millennial
scales. Within this framework of change, the present “modern warming”
appears as a singular feature because of its rapidity and intensity.
Finally, we emphasize the potential of speleothem δ13C in paleoclimatology. Difﬁcult to interpret and calibrate as it is, it can show a high
sensibility to climate or environmental change. Further research is
necessary for a better proﬁting of this often forgotten proxy.
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