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The “espada” speleothems of Cueva de las Espadas (Naica Mine, Chihuahua, Mexico) comprise a high-purity
selenite core overlain by successive deposits of calcite, gypsum and aragonite. Gypsum precipitated under
water from a hydrothermal solution (~58°C) when the water table was above the cave level ca. 57 ka, during
the last glaciation, and some intervals during deglaciation and the Holocene. Aragonite was deposited at lower
temperatures (~26°C) in a perched lake occupying the cave bottom, when the water table dropped below the
cave level during brief dry intervals during deglaciation and the early Holocene. The isotopic composition of
gypsumwater of crystallization shows that the deglaciation–Holocene aquifer water was enriched in deuterium
by 12.8–8.7‰ relative to water from the last glaciation. This is attributed to an increased relative moisture
contribution from the Gulf of Mexico during deglaciation and the Holocene compared to the last glaciation.
This indicates that drier conditions occurred in theNaica area during theHolocene than around57ka. Furthermore,
trace element analyses of gypsum served to deduce the circulation regime of the Naica aquifer during the past
60,000 yr, and also suggest that higher aquifer recharge occurred during the last glaciation.

© 2013 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction and geological setting

Since themiddle of the 19th century theNaicamining district, located
in Chihuahua State, northern Mexico, has been one of the most impor-
tant lead and silver producing areas in the world (Fig. 1A). At the Naica
mine, zinc and lead sulfides enriched in silver are extracted (Alva-
Valdivia et al., 2003). The regional stratigraphy comprises limestone
anddolostonewith interbedded clays and silts (Albian and Cenomanian)
(Franco-Rubio, 1978). Intrusive magmatic activity during the Tertiary is
evidenced by felsic dikes in the carbonate series (Megaw et al., 1988)
(Fig. 1A). In fact, this part of the North American subcontinent is charac-
terized by felsic dikes some 26.0–30.2 Ma old within the carbonate
sequences (Alva-Valdivia et al., 2003). In the case of the Sierra de
Naica, the intrusions penetrate an old northwest–southeast fracture.
The dikes consist of calc-silicates with disseminated sulfides, as well as
massive sulfides with sparse calc-silicates (Ruiz et al., 1986).

The contact between these igneous bodies and the groundwater
created a hydrothermal system of brines, which flowed along the
shington. Published by Elsevier Inc. A
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alignment of the dikes following lines of weakness (Ruiz et al., 1986).
The oxidation of sulfide minerals gave rise to sulfates and metals in
solution. Acidification due to this mechanism led to corrosion of the
carbonate sequence and enabled the genesis of caves (Forti, 2010).

The mineralization process was long and characterized by three
different phases (Erwood et al., 1979) corresponding to different chemi-
cal compositions and temperatures of the uplifting fluids. The conditions
of early ore depositionwere estimated (using fluid inclusion constraints)
to be about 400–500°C and 100–270MPa (Megaw et al., 1988). During
this stage the skarn-bearing, chimney-manto, limestone replacement
deposits were developed. The second phase was characterized by a
temperature range between 240 and 490°C. In this stage hedenbergite–
quartz–calcite was formed followed by galena sphalerite and chalcopy-
rite. During the final mineralization stage, when the thermal fluids got
colder (119–379°C), calcite, anhydrite and quartz formed veins within
the ore bodies (Erwood et al., 1979; Marín-Herrera et al., 2006). Hydro-
thermal anhydrite lenses are abundant in the carbonate sequence below
the−240m level (Forti, 2010). During amore recent stage (over thepast
250ka; Sanna et al., 2010), gypsum precipitation occurred at lower tem-
perature (58°C; Garofalo et al., 2010), similar to the current temperature
of the aquifer (52–54°C).
ll rights reserved.
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Figure 1. Location of Cueva de las Espadaswithin theNaicamine complex (27°51′01″N, 105°29′39″W, 1265masl). A. Sketch of theNaicaminewith the locations of themain natural caves
discovered. The natural groundwater level of the Naica aquifer (130–140mbelow themine entrance) and that induced by themine dewatering at the current time (800mbelow themine
entrance) are represented; B. The espada speleothems consist of a prismatic gypsum crystal covered by several layers of carbonates and microcrystalline gypsum; C. The speleothem,
already broken through vandalism, was taken from the floor of Cueva de las Espadas.
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From a hydrogeological point of view, the Naica aquifer consists of a
subhorizontal carbonate sequence up to 3000m deep, whose thickness
decreases towards the mountains of Pajarillos (to the south), Camargo
(southeast) and El Alamillo (north), all of which lie around 20 km
from the Sierra de Naica (Giulivo et al., 2007). Previous hydrogeological
studies suggested that allogenic feed to the Naica aquifer from the
Conchos and San Pedro rivers (~40 km from the Sierra de Naica) are
quite low (Giulivo et al., 2007). The drawdown cone produced by the
pumping that keeps the mine dewatered – a necessity when such
deep ore bodies are being exploited –means that thewater table around
the Naica mine currently lies at more than 800 m depth. Nonetheless,
the natural groundwater level (with no water pumping) would lie
130–140m below the mine entrance (Fig. 1A) (Giulivo et al., 2007).

Highly unusual speleothems occur in many caves within this
hypogenic karst system, such as in “Cueva de los Cristales” (Crystals
Cave) (Marín-Herrera et al., 2006; García-Ruiz et al., 2007; Forti, 2010),
Figure 2. The threemain caves in the Naicamine. A. Cueva de las Espadas (−120m), gallery fro
crystals up to 11m in length (photo by La Venta Exploring Team); C. Cueva del Ojo de la Reina (
(note: depths relative to the mine entrance level).

rg/10.1016/j.yqres.2013.09.004 Published online by Cambridge University Press
“Ojo de la Reina” (Queen's Eye Cave) (Forti, 2010; Badino et al., 2011)
and “Cueva de las Velas” (Sails Cave) (Bernabei et al., 2007) (Fig. 2), all
of them290mbelow themine entrance (170mbelow the current natural
groundwater level; Fig. 1A). The “Cueva de los Palacios” (Palace Cave)was
the last cave discovered in the Naicamine, 90m below themine entrance
(40m above the natural groundwater level; Beverly and Forti, 2010). In
this cave, there is no trace of euhedral gypsum crystals, although gypsum
crust flowers and gypsum-hair do occur. This is evidence that this cave
used to lie only a fewmeters above thewater table, where capillary uplift
and evaporation of water into its atmosphere could occur.

The Cueva de las Espadas (Cave of Swords), situated 120m below
the mine entrance (Foshag, 1927; Rickwood, 1981; Gázquez et al.,
2012), hosts a rare kind of speleothem, the espada speleothems
(Figs. 1B, C and 2A), which are the focus of this paper.

The entrance to the Cueva de las Espadas follows subvertical frac-
tures connected to theMontaña Fault. The difference in height between
mwhich the speleothemswere sampled; B. Cueva de los Cristales (−290m)with selenite
−290m)which houses gypsum crystals with hydromagnesite and calcite alteration crusts

image of Figure�2
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the cave entrance and its base is 20m; when it was discovered in 1910,
the cave entrancewas completely covered by selenite crystals up to 2m
long (Foshag, 1927; Rickwood, 1981). Uncontrolled pillaging meant
that, today, many of these crystals are held in private collections or in
museum exhibits.

At present, water in the Cueva de las Espadas is quite scarce and lim-
ited to condensationwater on thewalls and surfaces of the speleothems.
This mine level has kept in the vadose zone of the aquifer at least from
1950, when the mine dewatering produced by the pumping started
(Giulivo et al., 2007).

Nonetheless, the presence of euhedral selenite crystals and sub-
aqueous aragonite concretions in the deepest part of the cave is
clear evidence of phreatic conditions in the past (as suggested by
Forti, 2010; Gázquez et al., 2012, and also discussed in the current
paper). In fact, Gázquez et al. (2012) proposed a model for the gene-
sis of these speleothems, whereby the gypsum was precipitated
under phreatic conditions when the cave was totally submerged
below the water table. However, during certain periods the water
table dropped beneath the level of the cave and under these circum-
stances vadose conditions predominated in the upper cave level.
Meanwhile, subaqueous aragonite precipitation occurred in a cave
pool occupying the lower level of Cueva de las Espadas.

In the current article, the mineralogy and the geochemistry (stable
isotopes and trace elements) of the espada speleothems are examined
in order to shed light on their origin. In addition, geochemical data
provide a discontinuous record of changes in the characteristics (tem-
perature and salinity) of the Naica aquifer water at the Cueva de las
Espadas level during the past 60 ka, linked to climate changes that
took place in northern Mexico over the transition between the last
glaciation and the Holocene.
Methodology

Sampling method

Subsamples for mineralogical and geochemical analyses were
extracted from an already-broken espada speleothem collected from
the floor of the Cueva de las Espadas. The speleothem, approximately
15 cm long and 6 cm in diameter, displays a brownish coating that has
also been observed on the speleothems from the lower part of the
cave walls, whereas crystals more than 2 m above the cave floor are
completely clear and transparent. This fact suggests that the analyzed
speleothem formed in the lower part of the cave.

A slice of the espada speleothemwas cut perpendicular to its princi-
pal growth axis (plane 010) and perpendicular to the exfoliation plane
Figure 3. Sampling along a longitudinal section to the axis of an espada speleothem (A), and alo
the isotope composition (δD) in each spot. Spatial resolution of the sampleswas 5mm. The sam
mixture of both minerals. Red squares indicate the place where U–Th dates were obtained (G:
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of gypsum, 10 cm from its upper tip. The rest of the speleothem was
cut to the main crystallographic axis of the gypsum crystal. Powdered
subsamples were then drilled using a Dremel drill with a 0.8mm diam-
eter bit, as shown in Figure 3.

Nineteen carbonate subsamples were analyzed for δ13C and δ18O,
and 33 gypsiferous subsampleswere analyzed for δDofwater of crystal-
lization and trace element content. Two powdered subsamples of the
aragonite layers of the espada speleothemwere dated by U–Th analysis.
Furthermore, one powdered gypsum subsample was extracted from
selenite core of the speleothem. To obtain the≤10g of gypsumnecessary
for U–Th analysis, practically the whole gypsum core had to be crushed
(Fig. 3).

Raman spectroscopy and EDX mapping

Themineralogy was determined bymicro-Raman spectroscopy on a
polished lamina (100μm) longitudinal to themain crystallographic axis
of the inner gypsum crystal (Fig. 4A). This technique enabled thin
mineral layers of the speleothems to be analyzed. The spectrometer
used was a KOSI HoloSpec f/1.8i model from Kaiser. Microanalyses up
to a 5 μm diameter spot were undertaken with a Nikon Eclipse E600
microscope (Gázquez et al., 2012). The Raman vibration bands overlap
those identified in previous work on gypsum (Berenblut et al., 1971),
calcite (Rutt and Nicola, 1974) and aragonite (Frech et al., 1980).
Raman analyses were performed at the Unidad Asociada UVA-CSIC-
CAB of the University of Valladolid (Spain). EDX (Energy-Dispersive
X-ray spectroscopy) was used for sulfur mapping acquisition on the
same polished lamina as described by Gázquez et al. (2012).

Isotope analysis methods

δD of gypsum water of crystallization
Powdered gypsum subsamples (0.6mg) were analyzed for δD of the

water of crystallization using the silver encapsulation method (Sauer
et al., 2009), which consists of high-temperature pyrolysis of the samples
in a graphite reactor (at 1450°C) and isotopic measurement of the H2

generated. Before analysis, hygroscopic water was removed by pumping
the sample in a vacuum for 3h at room temperature with a liquid nitro-
gen trap fitted on the pumping line to remove absorbed water from the
gypsum. This low-vacuum pumping (10−3 mbar) was found to be an
effective method to remove absorbed water with no detectable loss of
water of crystallization (Playá et al., 2005). The δD values of the gypsum
samples were measured using a TC/EA coupled to an IRMS (Isotopic
Ratio Mass Spectrometer) Delta Plus XL (Thermo Finnigan). Samples
were prepared and analyzed in triplicate. This method, unlike others
ng a perpendicular section (B). The composition in trace elements was analyzed, aswell as
ples shown in red indicate gypsum; those in blue indicate carbonate, and those in yellow, a
in gypsum, A: in aragonite).

image of Figure�3
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Figure 4.Mineralogical and geochemical compositions and longitudinal section of an espada speleothem. A. Photograph andmicro-stratigraphical scheme showing the selenite core (G1),
two layers of microcrystalline gypsum (G2 and G3) and two layers of aragonite intercalations (A1 and A2). The outer layer is of cemented clays (C1). Sulfur contentmappingwas elaborated
bymicroprobe EDX analysis and revealed the aragonite–gypsum contact; B. Isotopic evolution (δD) of the water fromwhich the gypsum of the espada speleothems was precipitated, ob-
tained from the isotope composition of the hydrogen in thewater of crystallization of gypsum fromgypsiferous samples (extracted from a 5cm longitudinal segment taken along themain
growth axis of the speleothem). Question marks represent the growth hiatuses of unknown age (re-dissolution or no precipitation) that could have occurred between gypsum and ara-
gonite precipitation stages; C. δD‰ (V-SMOW) and Pb/Ca ratio (mmol/mol) of the gypsiferous samples extracted from a 5cm longitudinal segment taken from themain growth axis of the
speleothem. Analytical reproducibility of Pb/Ca was ±7% and is smaller than the symbol. Note the logarithmic scale of the X axis.
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previously utilized to analyze isotopes in gypsumwater of crystallization
(Sofer, 1978; Pradhananga andMatsuo, 1985; Hodell et al., 2012), allows
for the analysis of small gypsum samples and so provides higher spatial
resolution.

The internal standards used were hexatriacontane (EEZ-24;
δD=−207‰), polyethylene foil (PEF; δD=−100.3‰) and coumarin
(CUM; δD= 65‰). These standards were used to estimate analytical
reproducibility, and their δD values are relative to the international
V-SMOW (Vienna-Standard Mean Ocean Water) standard. Analytical
reproducibility of δD was better than ±1.5‰, relative to the standard
measurements. The analyses were performed in the Stable Isotope
Biogeochemistry Laboratory at the CSIC Experimental Station at Zaidín
(Granada, Spain).

δ18O and δ13C in carbonate
The carbonate bands of the speleothem were analyzed for δ13C and

δ18O. This was done by reacting 1.2 mg of sample with high-purity
anhydrous H3PO4 at a constant temperature of 50°C for 5 h. Carbonate
analysis used Gas Bench II coupled to an IRMS Delta Plus XL (Thermo
Finnigan). This instrumentation allowed δ18O and δ13C (V-PDB) to be
measured simultaneously with a reproducibility of ±0.2‰ in both
cases, based on standard measurements. Values of the standards (EEZ-
1, EEZ-5 and EEZ-10 — all pure carbonate and repeatedly calibrated
with respect to the international standards NBS-19 and Carrara), varied
from −2.57‰ to −21.57‰ for δ18O and 2.59‰ to −37.21‰ for δ13C,
compared to the international V-PDB (Vienna-PeeDee Belemnite) stan-
dard. The analyseswere performed in the Stable Isotope Biogeochemistry
Laboratory at the CSIC Experimental Station at Zaidín (Granada, Spain).
rg/10.1016/j.yqres.2013.09.004 Published online by Cambridge University Press
Trace-element analyses

Trace elements in powdered gypsum samples were analyzed using a
Thermo iCAP DUO 6300 Inductively Coupled Plasma Atomic Emission
Spectrometer installed in the Department of Geology at the University
of Oviedo (Spain). The powdered samples (1 mg) were dissolved in
high-purity 2% HNO3. Major elements were measured in radial mode
and trace elements in axial mode. Calibration employed international
standards prepared to match typical ratios of trace and major elements
in samples, and was conducted offline using the intensity ratio method
described in previous work (de Villiers et al., 2002). All trace-element
data are reported in mmol trace/mol Ca. Analytical errors based on
repeated measurements of the standards ranged between 1% for Sr/Ca
and 11% for Cu/Ca.

230Th–234U dating method

Theage of the espada speleothemswasdetermined using 230Th–234U
dating. 10 g of gypsum and 0.1 g of aragonite were dissolved in 600ml
and 15ml of ultrapure 1M HNO3, respectively. Actinides are selectively
retained using Eichrom TRU resin, directly from solution. Further infor-
mation on the analytical method for actinide separation of these sam-
ples can be found in Sanna et al. (2010).

Isotopic measurements were performed on a Nu Plasma HR
multicollector ICP-MS with a U–Pb collector block at the Department
of Geology, University of Oslo. Analyses were done in dry plasma
using a DSN-100 desolvating nebuliser. The reproducibility of each
measured 234U/238U ratio was 0.11% (2σ) (Sanna et al., 2010). Data

image of Figure�4
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Table 2
Results of isotopic analysis in the carbonate samples represented in Fig. 3. Analytic
reproducibility for δ13C and δ18O was better than ±0.2‰.

Data referred to Fig. 3A

Samples δ13C‰(V-PDB) δ18O‰(V-PDB)

10B −1.3 −7.9
11B −1.3 −8.2
12B −1.4 −7.0
13B −2.6 −8.4
18 −1.7 −7.5
19 −1.1 −10.7
20 −2.0 −10.9
26 −2.0 −8.5

Data referred to Fig. 3B
Samples δ13C‰(V-PDB) δ18O‰(V-PDB)

6 −1.8 −10.4
7 −1.0 −10.7
8 −1.1 −10.9
9 −1.4 −10.7
10 −1.2 −11.0
11 −1.2 −10.8
12 −1.1 −11.0
−7 − −
−8 −2.7 −8.6
−9 −1.3 −8.6
−10 −1.1 −9.4
−11 −2.0 −9.2
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reduction, error optimization and propagationwere done using tailored
software (Lauritzen and Lundberg, 1997), rewritten for the Windows
environment. Correction for detrital 230Th contamination was needed
due to the relatively low 230Th/232Th ratios found in the samples.
Correction was done assuming “world mean” initial 230Th/232Th of 1.5
(Richards and Dorale, 2003). Sampling for a more complete chronology
is infeasible now because of closure of the mine to visitors.

Results

Gypsum crystals cover the cave walls of the Cueva de las Espadas,
and especially its lower level, from the cave floor to a height of approx-
imately 6m (140 to 135mbelow themine entrance). On the upper cave
level (between 135 m and 120 m depth) there is evidence of gypsum
crystal dissolution and carbonate wall corrosion by condensation water.
Currently, dissolution of gypsum speleothems is still active, particularly
close to the cave entrance. As noted above, gypsum crystals on the
lower level are covered by whitish or brownish carbonate concretions,
while crystals more than 2m above the cave floor are completely clear
and transparent.

Examination of a longitudinal polished section of the espada
speleothem, both by mico-Raman and EDX mapping, indicated up to
seven distinct phases of mineral growth (Fig. 4A). The speleothem
core consists of a high-purity euhedral selenite crystal (G1) as revealed
by typical Raman signals for gypsum. The selenite crystal is overgrown
by several alternating layers of carbonate and microcrystalline gypsum.
First, a 1-mm-thick layer of aragonite appears around the selenite core
(A1). Subsequent alternating layers are composed of gypsum (G2 and
G3) and aragonite (A2), whereas the final brownish layer is made of
calcite and cemented clay (C1). The sulfur concentration in the EDX
images also reveals this gypsum–carbonate alternation (Fig. 4A). In ad-
dition, solid Zn–Mn–Pb inclusions in the aragonite have been observed
in the espada speleothems, at the junction between the gypsum and
aragonite layers.

The 30Th/234U dating method suggests that the innermost aragonite
layer (A1) of the espada speleothems dates to 14.5±4ka, during degla-
ciation following the Last Glacial Maximum (b19 ka), while the outer-
most aragonite layer (A2) dates to 7.9 ± 0.1 ka, during the Holocene
(Table 1). The selenite crystal core (G1) is dated to 57±1.8 ka, during
the last glaciation (Sanna et al., 2010). Note that these data represent
the average age of a large portion of the gypsum crystals, as a conse-
quence of the large amount of gypsum necessary for the U–Th analysis
(Fig. 3) (Sanna et al., 2010).

With regard to carbonate samples, the δ13C (V-PDB) ranges between
−2.7 and −1.0‰, with a mean of −1.6‰ (n=19). The δ18O values of
the carbonate layers range between−7.0‰ and−10.9‰, with a mean
of −9.5‰ (Table 2). No correlation is observed between δ13C and δ18O
(R2=0.1).

Three groups of hydrogen isotopes (δD) of gypsum samples were
identified (Fig. 4C and Table 3). The first corresponds to the selenite
core of the espada speleothem (G1), with a δD of −73‰ (n=18). The
second gypsum group corresponds to layer G2 and has a mean δD of
−60.1‰ (n=5). The third group corresponds to the outmost gypsum
layer of the speleothem (G3) and has an intermediate isotope value of
−64.6‰ (n=8).

Regarding the trace elements contained in the gypsum, two different
groups of samples were differentiated. The first group of samples, taken
Table 1
Uranium concentration, measured U and Th activity ratios and ages of subsamples from the es

Samples Mineral U (ppm) 234U/238U 230Th/234U

G1 Gypsum 0.046 2.36105±0.0109 0.44666±0.0773
A1 Aragonite 0.163 2.97474±0.0294 0.13186±0.0334
A2 Aragonite 0.200 3.42787±0.00671 0.070327±0.000846
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from the selenite core (G1), is richer in trace elements (Table 3) com-
pared to those extracted from the external gypsum layers (G2 and G3).
The depletion ranges between 1.7% for Na/Ca and −84.7% for Cd/Ca
(Fig. 8).

Discussion

Mineralogy and genesis of the espada speleothems

The precipitation of selenite speleothems in the hypogenic caves of
Naica is a consequence of the upward flow of thermal water in the sys-
tem (García-Ruiz et al., 2007). During the first hypogenic stages, oxida-
tion of metal sulfides enriched the groundwater in sulfates, resulting in
precipitation of anhydrite at high temperature. In later phases, anhydrite
started to dissolve as the aquifer temperature gradually fell to around
58°C, as revealed by fluid inclusion analyses (Garofalo et al., 2010). At
this temperature, the solubility of anhydrite and gypsum is the same,
whereas at lower temperatures, gypsum is the predominant mineral
phase (Hardie, 1967) and it precipitates as selenite crystals.

The exceptional size of the speleothems in theNaicamine is a conse-
quence of the extremely slow nucleation and growth rate that result
from the constant low level of saturation over a long period (García-
Ruiz et al., 2007). In fact, the selenite crystals of the Naica caves have
been recently identified as having the slowest growth rate thus far
described in nature (1.4±0.2×10−5nm/s, Van Driessche et al., 2011).

The espada speleothems of Cueva de las Espadas comprise a high-
purity selenite core overlain by successive deposits of calcite, gypsum
and aragonite. Whereas the precipitation of the selenite crystals in
this cave was similar to the generation of the huge selenite crystals in
the deeper Cueva de los Cristales (García-Ruiz et al., 2007; Forti, 2010)
pada speleothems of Cueva de las Espadas.

230Th/232Th Age,
ka

2σ+
ka

2σ−
ka

Corr.
age

2σ+
ka

2σ−
ka

19±18.62 60.46 0.07 0.07 57.010 1.77 1.77
29±7.43 15.21 4.14 4.02 14.491 4.15 4.03

949±20 7.87 0.04 0.04 7.863 0.04 0.04

https://doi.org/10.1016/j.yqres.2013.09.004


Table 3
δD ingypsumwater of crystallization and trace-element composition (Tr/Ca inmmol/mol) of the gypsumsamples. The δDof the original water fromwhich gypsumwas derived have been
also calculated. Nomenclature of the samples refers to Fig. 3. Analytical reproducibility of δD was better than ±1.5‰.

Samples Gypsum layer δD‰ (V-SMOW)
gypsum crystallization water

δD‰ (V-SMOW)
mineral-forming water

As/Ca Cd/Ca Pb/Ca Zn/Ca Cr/Ca Cu/Ca Fe/Ca Ni/Ca K/Ca Mg/Ca Sr/Ca Na/Ca

15B G3 −65.9 −51.6 0.125 0.105 0.655 28.16 0.007 1.336 0.010 0.005 0.135 8.797 4.935 0.306
14B G3 −65.8 −51.5 0.099 0.010 0.022 1.106 0.012 0.222 0.018 0.001 0.108 1.841 0.936 0.117
7B G1 −66.8 −52.5 0.731 2.302 1.363 23.489 0.003 3.143 0.006 0.005 0.190 21.841 9.961 0.530
6B G1 −66.4 −52.2 0.699 2.668 1.633 9.263 0.002 0.602 0.008 0.000 0.103 9.493 1.464 0.299
5B G1 −67.3 −53.1 0.198 0.421 0.165 3.479 0.005 0.187 0.010 0.002 0.078 3.145 1.035 0.115
4B G1 −76.7 −62.6 0.443 2.121 0.901 5.812 0.004 0.334 0.004 0.017 0.101 6.119 1.052 0.302
3B G1 −79.3 −65.3 0.383 1.884 1.137 8.026 0.022 1.320 0.390 0.050 0.647 6.698 1.413 0.502
2B G1 −78.1 −64.1 0.533 2.085 1.239 10.532 0.004 0.903 0.015 0.002 0.129 9.248 7.180 0.281
1B G1 −64.1 −49.8 0.270 0.935 0.660 5.979 0.019 0.776 0.028 – 0.129 6.833 3.812 0.309
0 G1 −72.9 −58.8 0.924 3.426 1.803 12.586 0.003 0.856 0.096 0.004 0.171 17.839 2.456 0.519
1 G1 −73.2 −59.0 0.368 1.502 1.482 6.155 0.002 0.686 0.010 0.002 0.151 6.625 4.239 0.258
2 G1 −73.1 −59.0 0.617 2.335 1.784 8.030 0.012 0.529 0.031 0.003 0.178 10.446 6.347 0.342
3 G1 – – 0.574 2.497 1.293 9.516 0.219 0.929 1.047 0.038 0.139 10.047 2.331 0.333
4 G1 −72.4 −58.3 – – – – – – – – – – – –

5 G1 −74.7 −60.6 1.293 4.724 1.938 17.734 0.007 1.079 0.041 0.003 0.222 17.449 1.535 0.541
6 G1 −73.0 −58.8 0.873 3.322 1.728 18.636 0.003 2.229 0.021 0.009 0.257 19.472 5.039 0.644
7 G1 −74.8 −60.7 0.784 2.763 1.920 20.815 0.003 2.999 0.009 0.009 0.231 23.291 2.631 0.626
8 G1 −72.8 −58.7 0.723 2.907 2.344 13.846 0.005 1.454 0.013 0.003 0.207 15.502 4.112 0.439
9 G1 −78.8 −64.8 0.190 0.824 2.027 3.185 0.003 0.273 0.008 – 0.101 4.844 4.052 0.260
10 G1 −71.0 −56.8 0.189 0.774 2.273 4.083 0.000 0.443 0.058 0.002 0.095 5.017 4.644 0.171
11 G1 −70.1 −55.9 0.361 1.297 0.906 10.025 0.002 1.243 0.029 0.006 0.119 10.602 4.891 0.297
12 G1 −69.1 −54.9 0.299 1.123 1.158 8.737 0.002 1.305 0.111 0.004 0.117 19.893 2.281 0.386
13 G2 −57.8 −43.5 – 0.030 0.029 0.667 0.005 0.136 0.013 0.000 0.139 5.203 0.936 0.644
14 G2 −57.9 −43.5 0.040 0.006 0.014 0.590 0.007 0.136 0.015 0.002 0.121 2.244 2.215 0.217
15 G2 −62.4 −48.1 0.031 0.009 0.011 0.753 0.005 0.139 0.010 0.002 0.107 3.842 2.221 0.282
16 G2 −60.1 −45.8 0.057 0.005 0.020 0.825 0.003 0.158 0.020 0.000 0.116 2.936 0.600 0.177
17 G2 −62.2 −47.9 0.041 0.048 0.249 2.306 0.005 0.349 0.004 0.002 0.089 5.776 1.946 0.167
20 G3 −65.2 −51.0 – – – – – – – – – – – –

21 G3 −63.6 −49.3 0.046 0.003 0.038 0.238 0.010 0.080 0.041 – 0.153 0.535 0.914 0.109
22 G3 −63.8 −49.5 0.037 0.000 0.002 0.161 0.000 0.036 0.009 0.001 0.108 0.375 0.679 0.101
23 G3 −64.1 −49.8 0.046 0.002 0.007 0.222 0.003 0.086 0.020 – 0.150 0.541 0.632 0.422
24 G3 −64.2 −49.9 0.037 0.001 0.003 0.205 0.000 0.053 0.007 0.000 0.112 0.664 0.538 0.164
25 G3 −64.3 −50.0 0.129 0.067 0.067 3.902 0.006 0.516 0.025 0.002 0.152 7.293 1.516 0.216
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(Figs. 5A and 6A), the outer alternating gypsum and carbonate layers
require a more complex explanation.

These thin mineral layers coat the selenite crystals that were precip-
itated during previous stages, but they only appear over speleothems
that lie close (b2 m) to the floor of the cave. This fact suggests that,
during certain phases, the water table of the Naica aquifer fell beneath
the cave level and a cave pool formed at the cave bottom,whose surface
lay around 2m from the cave floor in the lower level of the Cueva de las
Espadas. Thus, vadose conditions intervened in the upper part of the
caves, interrupting the subaqueous precipitation of gypsum,while min-
eral precipitation (in this case, carbonate), occurred in the lake at the
bottom of the cave (Figs. 5B, 6C).

When vadose and oxic conditions prevailed in the upper part of the
cave, the precipitation of polymetallic oxyhydroxides also took place in
the lake; in the espada speleothems, this process is revealed by the pres-
ence of polymetallic inclusions in the aragonite layers (Figs. 4A and 6B)
(Gázquez et al., 2012).

During the vadose stage, the upper part of the cave, further from the
thermalwater, started coolingmore rapidly,while the lakemaintained a
slightly higher temperature due to greater proximity to the main phre-
atic level. As a consequence, considerable evaporation from the lake sur-
face took place and condensation occurred on the cooler cave roof and
walls (Fig. 5B). The cavity was practically sealed and so condensation
water, laden with CO2, was returned to the cave lake. Gypsum crystals
present in the upper levels of the cave dissolved, supersaturating the
water lake in calcium carbonate.

Accordingly, it can be deduced that at 14.5±4ka, and later at 7.9±
0.1ka, – corresponding to the intervals when the aragonite layers were
precipitated (Sanna et al., 2010, 2011) – the bottom of the Cueva de
las Espadas became a perched underground lake. The lake formed
as a consequence of the falling water table (Figs. 5B and 6C) and
was unconnected to the thermal aquifer. The temperature at which
rg/10.1016/j.yqres.2013.09.004 Published online by Cambridge University Press
aragonite precipitation occurred in the Cueva de las Espadas, which
was lower than the temperature for gypsum generation (as we describe
below), also supports this assertion.

During this period, due to the partial disconnection of the main
phreatic level, no CO2 would be carried into the lake by the aquifer
water. The only possible source of additional CO2 was the cave atmo-
sphere, where a continuous CO2 supply was assured from the vapors
rising through the conduits linking the cave to deep thermal reservoirs
(Gázquez et al., 2012). Deposition of calcium carbonate was induced by
direct diffusion of carbon dioxide present in the cave atmosphere
into the lake water or, more probably, by solution of CO2 in the cave
atmosphere into the condensing water that later dripped into the lake.
Under these circumstances of high Ca2+ concentration in lake water
and an alkaline environment (given that the cave developed in amarine
carbonate deposit), aragonite could easily precipitate, conditioned only
by the pH of the solution. Although the CO2 input into the Cueva de las
Espadas lake would have caused slight acidification of the water, this
could have been buffered by the dolomite host rockwhich also supplied
Ca2+ and Mg2+ to the solution. Precipitation of aragonite is typical of
solutionswith a highMg/Ca ratio, because theMg2+ ion inhibits crystal-
lization of calcite and favors precipitation of its polymorph (Burton and
Walter, 1987).

This mechanism of carbonate precipitation arising from diffusion of
CO2 in saturated gypsum-rich waters has been reported previously in
gypsiferous environments (Forti, 2003) and also in a carbonate environ-
ment (Onac and Forti, 2011). Thismechanismwas proved to be currently
active at the−590m level in the Naica mine (Forti et al., 2008), andwas
the cause of aragonite and calcite precipitation in theOjo de la Reina Cave
(Badino et al., 2011) at the−290m level.

Subsequently, the water table rose resulting in further phreatic con-
ditions: the cave was totally underwater and so gypsum started precip-
itating again, though in a different framework. The degree of saturation
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Figure 5. Evolutionary diagram of thewater table position in the Cueva de las Espadas. Note that distances are referred to the cave entrance level (0, 0). A. Precipitation of gypsum crystals
when the cavewas totally underwater conditions and deeper circulation of the Naica aquifer; B. Precipitation of aragonite in a pool that occupied the cave bottom as a result of the drop of
thewater table. The upper part of the caves was under vadose conditions and condensation on the cavewalls took place, giving rise to dissolution of gypsum precipitated during previous
stages and carbonate host rock corrosion; C. Precipitation of microcrystalline gypsum under phreatic conditions and shallower circulation of the Naica aquifer. Less stable conditions took
place than during the previous stages of selenite crystal precipitation (topography provided by La Venta Exploring Team).
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of the lake water with respect to gypsum was higher than during the
previous selenite precipitation stage, and so precipitation of microcrys-
talline gypsum occurred (Figs. 5C and 6D). During the previous vadose
stage, gypsum crystals on the roof and walls in the upper part of the
cave would have been exposed to the cave atmosphere. The condensa-
tion water would have enhanced the dissolution of these older gypsum
crystals so that the subsequent phase of microcrystalline gypsum pre-
cipitation (G2) was much faster. In fact, partial dissolution of gypsum
crystals by condensationwaterwas shown to open large fluid inclusions
inside selenite crystals in other cavities of theNaicaMine, such asOjo de
la Reina Cave, which produced high to extremely high saline content in
the drip water (Badino et al., 2011).

Speleological evidence, such as the corroded and dissolved sele-
nite crystals in the upper part of the cave (Forti and Sanna, 2010)
also suggests that this part of the cavity was included in the vadose
zone above the water table during some periods.

Another source of calcium sulfate was the widespread presence of
anhydrite in the host rock, which provided an additional supply of cal-
cium sulfate into solution (García-Ruiz et al., 2007). As a result, when
phreatic conditionswere restored due to thewater table rising, gypsum
oi.org/10.1016/j.yqres.2013.09.004 Published online by Cambridge University Press
saturation was high enough for gypsum deposition to restart imme-
diately in Cueva de las Espadas, while aragonite precipitation ceased
(Fig. 5C).

The fluid inclusions in the gypsum layer that were precipitated
during this stage (G2) had a relatively high salinity (7.7 eq. wt% NaCl),
higher than the salinity analyzed in the gypsum core (G1) (5.3 eq.wt%
NaCl) (Garofalo et al., 2010). This provides clear evidence that the
above-mentioned key mechanism (which led to higher gypsum satura-
tion in the solution than during previous stages) is correct and was
responsible for the precipitation of microcrystalline gypsum in Cueva
de las Espadas (Fig. 5C).

After this stage, a further lowering of the water table led again to
vadose conditions in the upper part of the cave, while a cave pool occu-
pied the lower part of the cavity. In this situation, gypsum precipitation
ceased and aragonite (A2) precipitation began again, caused by CO2 dif-
fusion from the cave atmosphere into the lake water (Fig. 6E). Later, the
water table rose again and allowed precipitation of a new gypsum layer
(G3) (Fig. 6F). Subsequently, once thewater table dropped permanently
below the cave level, a thin calcite layer was precipitated (C1), probably
under cooler conditions after 1950 due to the mine dewatering for the
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Figure 6. Evolutionary diagramof an espada speleothem in the Cueva de las Espadas. A. Precipitation of the selenite core (G1) under phreatic conditions and deeper circulation of the aqui-
fer during the last glaciation (ca. 57ka) (Fig. 5A); B. Precipitation of Zn–Mn–Pb solid inclusions under oxygenic conditions; C. Precipitation of thefirst layer of aragonite (A1) in a pool at the
cave bottom at intermediate temperature. At this time, vadose conditions prevailed in the upper part of the cave due to the falling water table during a brief period of the deglaciation
(Fig. 5B); D. Precipitation of microcrystalline gypsum (G2) when the cave was totally under phreatic conditions and shallower circulation of the Naica aquifer during periods of the degla-
ciation and the early Holocene (Fig. 5C); E. Precipitation of a second aragonite layer (A2) under lowest recharge conditions at intermediate temperature during the early Holocene; F. Pre-
cipitation of a secondmicrocrystalline gypsum layer (G3) under phreatic conditions during theHolocene; G. Precipitation of calcite (C1) under vadose conditionswith falling temperature;
H. Mining aerosols and cemented clay deposition under atmospheric cave conditions in a recent period.
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mining activities (Fig. 6G). Finally, when the cave was intercepted by the
mine galleries, mining activity generated particles in suspension that
were deposited over the espada speleothems of Cueva de las Espadas
(Fig. 6H).
Paleohydrogeochemical evolution of the Naica aquifer

δD of gypsumwater of crystallization is around 19‰ lower than the
solution water from which it derives (Fontes and Gonfiantini, 1967;
Pradhananga and Matsuo, 1985). Isotope fractionation of hydrogen
isotopes (αDgyp – H2O=0.985) is virtually independent of temperature
below 58°C (Fontes and Gonfiantini, 1967; Hodell et al., 2012). By
using this fractionation factor we calculated that the δD of the aquifer
water (which we assume to be equal to the solution from which gyp-
sum precipitated in Cueva de las Espadas) ranged between −43.5 and
−65.3‰ (Fig. 4B) from the δD of gypsum (Table 3). These values are
typical of meteoric water in the Naica setting (Cortés et al., 1997) and
suggest that the saline solution that generated the espada speleothems
consisted ofmeteoric water, which infiltrated into theNaica aquifer and
underwent changes in chemical composition and temperature.

The δD value of the current Naica groundwater (δD=−57.5 ±
0.7‰: García-Ruiz et al., 2007) is within the range obtained in our
study (−65.3 to −43.5‰). On the other hand, the estimated δ18O
values from the LMWL in Chihuahua (δD = 7 δ18O + 1.9 by Cortés
et al., 1997) using δD data inferred from gypsum are between −9.6‰
and −6.8‰. These values match with those reported by García-Ruiz
et al. (2007) (δ18O=−7.65±0.15‰) for current aquifer water.

In particular, the isotopic composition (δD) of the Naica aquifer at
around 57 ka (from G1) was around −58.6‰, while the value for δ18O
was −8.6‰, estimated from the LMWL in this area. Meanwhile, the
inferred mean values of δD and δ18O of the aquifer during the deglacia-
tion and the Holocene (gypsum precipitated from 14.5 ± 4 to 7.9 ±
0.1 ka and after 7.9 ± 0.1 ka, from G2 and G3) was around −48.6‰
and −7.2‰, respectively (Figs. 4B and C).

The δ18O and δ13C values in carbonate speleothems usually record
the δ18O water and the δ13C of dissolved inorganic carbon species,
respectively (Fairchild et al., 2006). In particular, the δ13C value of
rg/10.1016/j.yqres.2013.09.004 Published online by Cambridge University Press
precipitated carbonate in caves usually depends on the source of CO2 as
well as the intensity of the CO2 degassing into the cave atmosphere.
The δ13C values (−1.59‰ on average) found in the espada speleothem
are higher than the typical values of carbonate speleothems in other
caves (Fairchild et al., 2006) where soil and vegetation are the main
CO2 sources. The extremely weak correlation between δ13C and δ18O in
the carbonate of the espada speleothem (R2=0.1) indicates that intense
CO2 degassing and a high evaporation rate were not principal players in
the precipitation of the aragonite. This is in contrast to the mechanism
of isotopic enrichment in speleothems observed in other caves (Baker
et al., 1997). It suggests that, in the hypogenic aquifer of Naica, the
main carbon source is the CO2 derived from dissolution of the marine
limestone host rock. 13C contribution from host rock has been also pro-
posed as the cause of high δ13C values in speleothems from other caves
(Spötl and Mangini, 2007).

In regard to oxygen isotopes in the carbonate, Patterson et al. (1993)
calculated the δ18O fractionation during aragonite precipitation from
dissolved inorganic carbon in water:

Δδ18OA−W ¼ 18:56 �0:319ð Þ � 103 � T−1−33:49 �0:307ð Þ

where Δδ18OA − W is the isotopic fractionation between aragonite and
inorganic carbonate species dissolved in water during precipitation
(V-SMOW), and T (K) is the water temperature at equilibrium.

Applying this equation to the δ18O data for the aragonite layers of the
espada speleothem (≈−7 to−10‰ V-PDB) (Table 2) suggests that the
values of δ18O in the aquiferwaterwere similar to those expected for car-
bonate precipitation from meteoric water in this area (≈−7 to −8 V-
SMOW: Cortés et al., 1997), and also similar to the present-day aquifer
water (−7.6±0.1‰ V-SMOW: García-Ruiz et al., 2007). It is considered
that the aragonite precipitation occurred in a perched lake unconnected
to the aquifer when the water table was beneath the Cueva de las
Espadas, so the water temperature had to be lower than during gypsum
precipitation (b58°C). Isotopic equilibrium has been also assumed. In
contrast, the influence of juvenile water during the genesis of the espada
speleothemsmust have beenminimal, sincemagmatic water could have
low δD values but not low δ18O values (Hoefs, 2004).
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On the other hand, once the isotopic composition of the Naica
aquifer from 14.5± 4 to 7.9 ± 0.1 ka and after 7.9 ± 0.1 ka is inferred
for gypsum water of crystallization, these δ18O values can be used to
estimate the approximate temperature at which carbonate precipitated
in the perched lake of Cueva de las Espadas during deglaciation and the
Holocene, by applying the equation obtained by Patterson et al. (1993)
for isotopic fractionation during aragonite precipitation.

The mean δ18O value of aragonite (−9.5±1.4‰ V-PDB) was used
to calculate the aquifer water temperature during the precipitation
under two different scenarios for δ18O: (1) in the aquifer water esti-
mated from gypsumwater of crystallization younger than 14.5±4ka
(G2 and G3) (−7.2±0.4‰ V-SMOW) and (2) in the current aquifer
water (−7.6 ± 0.1‰ V-SMOW; García-Ruiz et al., 2007). Since the
δ18O values observed in the paleogroundwater (estimated from gypsum
layers G2 andG3) are so similar to those in the current aquifer water, we
assume that the δ18O of the solution fromwhich aragonite precipitation
occurred was not very different from these isotopic values.

The lake water temperature obtained for 14.5±4ka and 7.9±0.1ka
in Cueva de las Espadas, based on δ18O of gypsum water of crystalliza-
tionwas 27.8±6.2°C, whereas calculations based on δ18O of the current
aquifer gave a temperature of around 25.7±5.9°C (Fig. 7). In both cases,
thededucedwater temperaturewas considerably lower than during the
phase of selenite crystal precipitation (estimated from fluid inclusion
analyses to be≈58°C; Garofalo et al., 2010), and lower than the current
aquifer temperature (52–54°C; Forti, 2010). Consequently, it can be
asserted that the isotopic composition of the Naica aquifer (δ18O) has
not changed much from 14.5±4 ka to the present, as revealed by the
similar values of δ18O inferred from gypsum water of crystallization
and the current aquifer (−7.2±0.4‰ and−7.6±0.1‰, respectively).
Similarly, thewater temperature of the Naica aquifer has not practically
changed from 14.5±4ka to the present, remaining at around 52–58°C.
Nevertheless, the water temperature at the Cueva de las Espadas level
changed from 58°C, when gypsum precipitated, to ≈27°C, when the
aragonite precipitation occurred.

These data strongly support the assertion that the Cuevade la Espadas
lake was perched above the water table and unconnected to the deep
thermal circulation of the Naica aquifer during the phases of carbonate
precipitation around 14.5±4ka and 7.9±0.1ka.

At the same time, the δD of gypsum water of crystallization and the
trace elements coprecipitated in gypsum have been useful indicators of
different hydrogeological regimes that occurred in the Naica aquifer
over the period of formation of the espada speleothems. The negative
covariation of δD composition and Pb/Ca ratios in gypsum during the
Figure 7. Estimated water temperature during aragonite precipitation obtained from the
mean δ18O value of aragonite (V-PDB) and the mean δ18O of the aquifer water (V-
SMOW) in two different frameworks: (1) inferredmean δ18O value fromwater of crystal-
lization of gypsum precipitated during the deglaciation and the Holocene (after 14.5 ±
4 ka; G2 and G3) and (2) the current mean δ18O value of the groundwater in the Naica
Mine (García-Ruiz et al., 2007). The geothermometric equation obtained by Patterson
et al. (1993) has been used. The STD of the estimated water temperature was calculated
on the basis of the STD of δ18O in carbonate obtained from the espada speleothem (±
1.4‰), as well as the STD of the current water of the Naica aquifer (±0.15‰, García-
Ruiz et al., 2007) and the STD of the estimated water of the Holocene (±0.4‰).
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formation of successive stages of these speleothems (Fig. 4C) suggests
changes in the source of meteoric water (Pacific Ocean/Gulf of Mexico),
which were coupled to changes in groundwater circulation in the Naica
aquifer (deeper/shallower aquifer circulation).

Water–rock interaction under thermohaline conditions extracts
higher concentrations of heavy and transition metals due to the highly
stable Cl− and SO4

2− complexes (Irving and William, 1953; Gardner
and Nancollas, 1970; Sherman, 2010). Accordingly, the Pb/Ca ratio in
the gypsum of the espada speleothems might have been higher when
precipitation occurred fromdeeper thermalwater in at theNaica aquifer
over the last glaciation, in particular around 57 ka. During this period,
groundwater circulation was greater due to the increased recharge
into the aquifer; thus, metal extraction from the ore bodies in the host
rock was enhanced, as revealed by the higher trace-element content in
the gypsumcore of the espada speleothem ca. 57ka. In contrast, gypsum
deposited during later stages (after 14.5 ± 4 ka) was derived from
shallowerwater thatwas depleted in dissolvedmetals as a consequence
of the lower recharge andmore limited groundwater circulation during
some periods of the deglaciation and the Holocene (Fig. 4C).

Like Pb, a broad array of heavy and transition metals reveal strong
enrichment in the selenite core compared to the subsequent gypsum
layer, confirming the greater influence of the circulation from the
deeper aquifer in the earliest phase of the espada speleothem growth
(Fig. 8).

The depletion in trace elements of the first gypsum layer (G2) com-
pared to the gypsum core (G1) varied between 1.7% for Na and−84.7%
for Cd (Fig. 8). Earlier work by Lu et al. (1997) demonstrated that the
presence of fluid inclusions might affect the determination of trace
elements in gypsum, in particular Na and Mg whose concentrations in
fluid inclusion are usually high. In contrast, these authors found that
other elements, present in low concentration in fluid inclusions, are
unaffected by the proportion of fluid inclusions in gypsum. Thus, enrich-
ment in heavy and transition metals (Pb, Cd, As, Fe, Zn) compared to
lighter metals (K, Sr) reflects the greater complexation affinity of the
heavy and transition metals with Cl− and SO4

−, which significantly
increases their solubility in saline thermal waters (Irving and William,
1953). This mechanism of metal mobilization was more effective
under the more abundant and deeper circulation of the Naica aquifer
that occurred ca. 57ka during the last glaciation than during the periods
from 14.5 ± 4 to 7.9 ± 0.1 ka and after 7.9 ± 0.1 ka, recorded by the
espada speleothems, when water circulation was less.

Paleoenvironmental record of the espada speleothems

On the basis of the age of the central gypsumcore of the speleothems
(G1) we suggest that higher recharge occurred in the Naica aquifer ca.
Figure 8. Depletion (%) of several trace elements (((Tr/Cagyp core− Tr/Cainner gyp layer) / Tr/
Cagyp core)×100) for G2 compared toG1. This factorwas calculated for themean of the ratio
Tr/Ca for each element in samples of the selenite core (G1) and the inner gypsum layer
(G2). They are represented as a function of the atomic weight of each trace element.
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57 ka, during the last glaciation, revealing a wetter climate. During this
period, the water table lay below the −90m (the level of Cueva de los
Palacios, where no traces of euhedral gypsum crystals have been found
and where only gypsum speleothems formed under vadose conditions
have been described), and above the −120m depth, where the Cueva
de las Espadas is located. The selenite core of the espada speleothems
was laid down from a δD-depleted solution (−58.6‰ on average),
when the cave level was affected by the deep circulation of the Naica
aquifer during the last glaciation.

The deglaciation–earlyHolocenewas a period of intermediate to low
aquifer recharge in which carbonate (Fig. 5B) and microcrystalline
gypsum (Fig. 5C) precipitated on the earlier gypsum crystals formed
in Cueva de las Espadas. The water table fell and, during some intervals,
it lay even below the level of the cave. Thus, a perched lake occupied the
lower part of the cavity, while vadose conditions predominated in the
upper levels. The periods of least recharge to the aquifer responded to
brief drier intervals during the deglaciation–early Holocene, corre-
sponding with the precipitation of the carbonate layers of the espada
speleothems (Figs. 5B and 6C,E).

During the deglaciation–early Holocene, summer monsoon precipi-
tation is documented to have been significantly reduced on several
occasions by cold North Atlantic sea surface temperatures, such as
during the 8.2 ka event and the Bølling/Allerød transition (Lachniet
et al., 2004; Kageyama et al., 2005; Rohling and Pällke, 2005). Such
intervals were characterized by a significantly reduced thermohaline
circulation in theNorth Atlantic Ocean andwere potentially dry periods
in the North Atlantic region. In fact, relative dry conditions were
recorded by speleothems in the Guadalupe Mountains caves (New
Mexico, USA), beginning just before 14.5 ka and lasting at least until
12.9ka, that Polyak et al. (2012) assigned to the Northern Hemisphere
Bølling–Allerød oscillation, as also preserved in Greenland ice cores
and other paleoclimatic proxies (Shakun and Carlson, 2010). In particu-
lar, the B/A transition was characterized by dry and warmer climate in
the North Atlantic area (Monnin et al., 2001). Such circumstances
could have resulted in a decrease in precipitation in northern Mexico
and higher evaporation rate, leading to lower effective recharge to the
aquifers. Similarly, widespread dry conditions seem to have taken
place at 8.2 ka in the North Atlantic area (Alley et al., 1997), and very
probably in northern Mexico.

These dry events (or others with similar characteristics regarding
the age uncertainties of the aragonite layer A1) could have led to a fall-
ingwater table around14.5±4ka and 7.9±0.1ka in theNaica aquifer as
a result of lower effective recharge to the aquifer during these periods.
This would have resulted in the vadose conditions in the upper part of
the Cueva de las Espadas, while a perched lake occupied the lower
part of the cave where aragonite could be precipitated forming the ara-
gonite layers of the espada speleothems.

When the water table rose and submerged the cave completely, gyp-
sum precipitation resumed (14.5 to 7.9ka and after 7.9ka); the gypsum
layers (G2 and G3) of the espada speleothems were laid down but, in
this case, the gypsumwater of crystallization was enriched in deuterium
(−45.7‰ and −49.9‰ on average). The cave was influenced by the
shallower aquifer circulation, as a result of lower effective recharge of
the aquifer in a drier and probably warmer climate that occurred during
these intervals than during the last glaciation.

Broadly speaking, the initial gypsum growth stage of the espada
speleothems indicate rising thermal water coinciding with a relatively
humid period in northernMexico, particularly around 57ka, as revealed
by the maximum speleothem growth rate recorded in other caves in
nearby Texas (Musgrove et al., 2001) and New Mexico (Brook et al.,
2006). Recent studies on lacustrine sediments of the Babicora paleolake
(also in the Chihuahua State) indicate that this part of northern Mexico
received higher-than-average precipitation at ca. 79–58 ka (Metcalfe
et al., 2002; Roy et al., in press). In a study of lacustrine ostraecods,
Chávez-Lara et al. (2012) also determined that a wetter climate prevailed
at ca. 57ka in the ChihuahuaDesert, corroborating the assertion that there
rg/10.1016/j.yqres.2013.09.004 Published online by Cambridge University Press
was greater recharge to the Naica aquifer during this period of the last
glaciation.

The isotope record of the espada speleothems shows that, during
14.5–7.9 ka and after 7.9 ka, when gypsum precipitated, the aquifer
water was enriched in deuterium by 12.8–8.7‰ relative to ca. 57 ka.
This isotopic shift in the Naica groundwater was in response to varia-
tions in the moisture source of the precipitation (Pacific Ocean/Gulf of
Mexico), which have been demonstrated to affect the isotopic composi-
tion of rainfall in northern Mexico. The δ18O and δD values of modern
summer monsoon precipitation in the Gulf of Mexico are higher than
in the winter Pacific precipitation (Hoy and Gross, 1982; Yapp, 1985;
Higgins et al., 1997; Asmerom et al., 2010).

In this area, recharge responds most strongly to changing precipita-
tion delivery from theNorth American summermonsoon. Currently, the
region receives precipitation from Pacific winter cyclones, but the ma-
jority (N70%) comes from the summer monsoon system in the Gulf of
Mexico (Hoy and Gross, 1982; Yapp, 1985; Douglas et al., 1993).

Thus, the observed shift towards higher δD values in the Holocene
portion of our espada speleothem sample is consistent with the greater
importance of the summer monsoon precipitation, strongly indicating
warmer and probably drier conditions compared to the last glaciation.

Such circumstances played a key role in determining the effective
moisture in this part of North America. Probably, lower temperatures
during the last glaciation resulted in a lower evaporation rate and,
even if annual precipitation was the same for the deglaciation and the
Holocene, a greater effective precipitation prevailed during the last
glaciation (ca. 57 ka), as also revealed by paleohydrological studies in
lakes of central New Mexico (Allen and Anderson, 2000).

Conclusions

The complex gypsum–carbonate espada speleothems fromCueva de
las Espadas at Naica are a compelling new paleoenvironmental proxy
which, by offering information on relative water table position, mois-
ture sources and circulation regime of the aquifer, complement existing
paleoclimate records from carbonate speleothems. Alternations of gyp-
sumand carbonate layers in the espada speleothems are linked towater
table oscillation in the Naica aquifer over the late Quaternary. Mean-
while, differences observed in trace-element content in gypsum precip-
itated ca. 57 ka and b20 ka reveal that groundwater circulation in the
aquiferwasmore active during the last glaciation (ca. 57ka) than during
deglaciation or the Holocene (14.5± 4 to 7.9± 0.1 ka and after 7.9±
0.1 ka), due to the wetter climate and greater aquifer recharge during
the last glaciation. In addition, the stable isotopic composition of deuteri-
um in the gypsumprovides information about themoisture source of past
precipitation, without the temperature effects on isotopic partitioning
that occur with oxygen isotopes in carbonate speleothems.

It is concluded that the record from the espada speleothem differen-
tiates between a relatively humid glacial period and a drier deglaciation–
Holocene. By early deglaciation time, the summer monsoon was the
dominant source of precipitation; this appears to have increased
vulnerability to drought, since the only exceptional – and probably
brief – arid intervals occurred during deglaciation (14.5±4 ka) and
the early Holocene (7.9 ± 0.1 ka), probably related to the Bølling/
Allerød transition and the 8.2ka event. In consequence, aquifer recharge
fell, as did the water table. The upper levels of the Cueva de las Espadas
were left under vadose conditions, while the cave bottomwas occupied
by a lagoon where precipitation of carbonate could occur.

On the basis of these results, it can be hypothesized that the isotopic
composition of other phreatic gypsum speleothems over the world –

such as those from the Giant Pulpí Geode (Spain) (García-Guinea et al.,
2002), the El Teniente Mine (Chile) (Klemm et al., 2007) or the Cupp-
Coutunn Cave (Turkmenistan) (Maltsev, 1997; Bottrell et al., 2001) –

might be used to reconstruct the geochemistry of paleogroundwater.
Gypsum speleothems in caves like those of Naica occur only very
rarely worldwide. These places must be conserved due to their natural
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environmental value, and also due to their potential use in future
paleoclimatic research.
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