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We analyzed uranium-series concentrations and isotopic ratios in a mixed aragonite and calcite
stalagmite from Juxtlahuaca Cave, from the Sierra Madre del Sur of Mexico. The U-series data for the
aragonite layers return highly precise and stratigraphically correct ages over the past ca. 4300 years. In
contrast, age determinations from calcite layers are too old by several hundred years relative to the
precise aragonite ages, have analytical uncertainties an order of magnitude larger than aragonite ages,
and yield ages that do not overlap the aragonite ages within analytical uncertainties. Based on
geochemical and petrographic observations, we interpret the calcite layers to have formed from
recrystallization of aragonite soon after primary aragonite deposition. Calcite occurs as discontinuous
lenses on and off the growth axis, and laminae can be traced between aragonite and calcite layers,
demonstrating that visible growth banding is not effaced in the recrystallization process. Paired
aragonite-calcite U-series data from coeval stratigraphic layers demonstrate that uranium concentrations
decrease by two orders of magnitude during calcitization, and result in decreased (234U/238U). Uranium
loss during diagenesis mimics a need for an age correction using an initial 230Th/232Th ratio one to two
orders of magnitude larger than the bulk Earth ratio of 4.4  2.2  106. A need for apparent high initial
230
Th/232Th ratios results from ingrowth of 230Th during 234U decay.
Ó 2012 Elsevier B.V. All rights reserved.

Keywords:
Speleothem
Aragonite
Recrystallization
Uranium series dating
Laser ablation
MC-ICPMS

1. Introduction
1.1. Calcitization of aragonite in speleothems
The co-occurrence of aragonite and calcite in speleothems has
been commonly observed (Frisia et al., 2002; Gonzalez and
Lohmann, 1988; Ortega et al., 2005; Railsback et al., 1994; Woo
and Choi, 2006). Mixed aragonite/calcite mineralogy has also been
investigated under controlled laboratory conditions (de ChoudensSánchez and González, 2009). In some stalagmites, the replacement of aragonite with calcite is clearly documented (Frisia et al.,
2002; Spötl et al., 2002). An understanding of U-series systematics
in aragonite speleothems is important because selected stalagmites
have been shown to precipitate in oxygen isotopic equilibrium with
drip waters (Li et al., 2011), may be well-calibrated to modern
climate variability (Lachniet et al., 2012), and are increasingly being
used to develop high-resolution and precisely dated paleoclimate
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records. However, because aragonite is less stable than calcite at
typical cave temperatures, its recrystallization to calcite (calcitization) is possible if sufﬁcient conditions are met. Some calcite speleothems recovered from caves that are currently precipitating
aragonite may have been altered by aragonite calcitization.
Evaluation for diagenetic calcite in speleothems is required prior
to U-series analysis because such replacement invalidates the
assumption of closed-system U-series behavior (Richards and
Dorale, 2003). This is because uranium is highly soluble in precipitating ﬂuids as the UO2þ
2 uranyl ion complexes (Langmuir, 1978;
Sandino and Bruno, 1992), whereas thorium has a low solubility
(Langmuir and Herman, 1980; Ryan and Rai, 1987; Vandenborre
et al., 2010). Uranium loss during calcitization of aragonite
produces anomalously old ages (Hoffmann et al., 2009). If the opensystem nature of the affected samples is not recognized from independent evidence for recrystallization (e.g., thin section micromorphology), the ages could be easily misinterpreted. Correction of
such ages to reﬂect the ‘true’ ages would require initial 230Th/232Th1
ratios higher than those used for the unaltered samples. Typically, an
1
Throughout the paper, activity ratios are given in parentheses, whereas mass
(isotope) ratios are denoted without brackets.
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initial 230Th/232Th ratio of 4.4  106 can be derived from the
232
Th/238U ratio (k-value) of the bulk Earth (k ¼ 3.8  2) (McDonough
and Sun, 1995), assuming that the detrital fraction is in secular
equilibrium. Use of a higher 230Th/232Th ratio for correction of
altered samples incorrectly compensates for the loss of U, leading to
misinterpretation of the U and Th isotopic composition of the
sample. The initial thorium correction may be one of the largest
uncertainties in dating young low-uranium stalagmites. In some
stalagmites with troublesome U-series characteristics, the initial
thorium age correction can be larger than the analytical precision.
This can be the case, for example, when the sample is very young,
uranium concentrations are low, (234U/238U) (activity ratio) values
are low, or detrital thorium amounts are high (Dorale et al., 2001).
Although a high initial 230Th/232Th ratio contaminant may be
present in cave systems, typically if the detritus material is carbonate
(low k-value), open system behavior and uranium loss may also
explain anomalously old ages in some stalagmites.
Although data are available on the stable isotopic and other
geochemical characteristics of calcite that has replaced aragonite
(Frisia et al., 2002; McMillan et al., 2005), only limited data are
available to evaluate the U-series characteristics of calcite that has
been recrystallized from aragonite (Hoffmann et al., 2009; Ortega
et al., 2005). Similar uranium loss during replacement of aragonite by calcite has been noted in other carbonates (Jones et al., 1995)
and most notably, in corals (Henderson et al., 1993; Scholz and
Mangini, 2007; Scholz et al., 2004), and the U-series analysis of
mixed aragonite and calcite subsamples in speleothems has been
investigated (Frisia et al., 2002; Ortega et al., 2005).
In this paper we study the effect that the aragonite replacement
by calcite has upon the U-series isotopes and dating systematics.
We present the 238Ue234Ue232The230Th composition from distinct
but contemporaneous (and nearly contemporaneous) aragonite
and secondary calcite layers from within the same stalagmite. We
also present Laser Ablation (LA)-ICPMS analysis of U/Ca and Mg/Ca
ratios across aragonite to calcite transitions, which reveal stark
differences in the micron-scale distribution of U and Th in both
mineral phases. The objective of the study is to quantify changes in
U-series elemental concentrations and isotopic ratios related to
replacement of aragonite by calcite. Our study is the ﬁrst, to our
knowledge, to directly compare U-series data from speleothem
aragonite and diagenetic calcite with a strict stratigraphic control
and from coeval layers, which allows us to directly evaluate changes
in U and Th and their effect on apparent ages in primary and
secondary material from the same sample.
2. Study area and methods
2.1. Study area and cave climate
Juxtlahuaca Cave (Gay, 1967) is located in the Sierra Madre del
Sur of Guerrero State in southwestern Mexico (17.4 N, 99.2 W,
934 m a.s.l.) and is formed in Lower Cretaceous carbonates (INEGI,
2000). The climate is semi-arid and supports a deciduous tropical
forest, and is characterized by mean annual rainfall of 1163 mm,
and a mean annual temperature of 24.6  C. Within the cave, we
have measured temperatures between 24 and 26  C. The cave
chamber from which stalagmite JX-1 was recovered, La Sorpresa
room, is situated in a dead-end passage located about 15 m above
the main cave level. CO2 concentrations measured in the room were
between 2000 and 3000 ppm during the dry season; wet season
CO2 concentrations have yet to be measured. Relative humidity was
consistently saturated (100%) in April 2010 and May 2011 at the end
of the six-month-long dry season. The passage lacks a stream or any
evidence for standing water, with the exception of a few shallow
rimstone pools. Solutional drilling of stalagmite tips and bedrock is
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prevalent around the JX-1 sampling location (Lachniet, 2009),
suggesting that drips can alternate between saturated and unsaturated states. The cave passage is located approximately 200 m in
altitude above a stream valley that forms the ﬂank of the carbonate
hill in which the cave is located, and we thus infer that the cave is
located at least 200 m above the local water table.
2.2. Analytical methods
Aragonite and calcite were identiﬁed by thin section micromorphology, porosity, and X-ray diffraction proﬁles with a PANalyticalX’pert Pro X-ray Diffraction Spectrometer at the University
of Nevada, Las Vegas. Aragonite was identiﬁed based on the presence of acicular crystals originating in botryoids. Calcite, where
present, was characterized by variable fabrics that sometimes
showed aragonite ghosts where calcite had replaced aragonite.
LA-ICPMS analyses were carried out using a Resonetics M-50
ArF-excimer (l ¼ 193 nm) laser ablation workstation at the Laboratorio de Estudios Isotópicos, Centro de Geociencias, UNAM.
Ablation is carried out in a two-volume ablation cell with rapid
washout (Laurin Technique, Australia), described elsewhere (Solari
et al., 2010), and ﬂushed with He at 800 ml/min. This conﬁguration
minimizes the possibility that aerosols with different chemical
composition from adjacent sites are mixed after ablation, allowing
the immediate visualization and detection of slight changes in the
chemical composition of the ablated sample. Laser ablation scans
were carried out with a 60-mm-diameter laser beam, 5 J/cm2 ﬂuence and 5 Hz laser sampling rate. The sample was moved at a scanrate of 500 mm/min via a computer-controlled stage. The system is
attached to a Thermo X-series II ICP-QMS ﬁtted with Xt cones. U/Ca
and Mg/Ca molar ratios were determined along with analysis of the
standards NIST SRM 612 and NIST SRM 614. Scanning electron
microscopy on selected samples was performed using a JEOL JSM6060LV scanning microscope on carbon-coated thin-sections with
a 12 kV accelerating voltage and a 24 mm observation height.
Subsample powders (50e200 mg) for U-series age analyses
were drilled from the halved stalagmite surface near the growth
axis. Subsample locations for the calcites were chosen based on
proximity to aragonite areas within or near the same growth band.
Powders were dissolved in nitric acid and spiked with a mixed
229
The233Ue236U solution, and the separates analyzed by a Thermo
Neptune multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) in the Radiogenic Isotope Laboratory at the
University of New Mexico (Asmerom et al., 2006). All ages are reported in calendar years before present, where ‘present’ is the year
of analysis (2009). U isotope compositions are reported as activity
ratios, calculated using the decay constants from (Cheng et al.,
2000) and (Jaffey et al., 1971), and are denoted by square
brackets. The reported age uncertainties are 2s of the mean and
include analytical errors and uncertainties in the initial 230Th/232Th
ratio of 4.4  2.2  106, assuming a source with a bulk Earth
232
Th/238U atomic ratio of 3.8 and in secular equilibrium
(McDonough and Sun, 1995). The initial 230Th/232Th ratio was
varied in an age-calculating spreadsheet to test for sensitivity to
variations in initial ratio.
3. Results and interpretation
3.1. Stalagmite stratigraphy and description
Stalagmite JX-1 is 1118 mm tall (all distances in mm height from
the base), and consists of both aragonite and calcite (Fig. 1). Areas
with high or little-to-no calcite are easily distinguishable in hand
sample and thin section. Relative to aragonite, the high-calcite
material is differentiated by its lower porosity, higher density,
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Fig. 1. Stalagmite JX-1 above 530 mm height from base shows U-series ages (aragonite ¼ black text and lines; calcite grey text and lines) and internal stratigraphy. The stalagmite
below 638 mm is almost entirely calcite and is not shown. A hiatus at 638 mm (black dashed line) separates calcite below from aragonite above; a hiatus at 1080 mm is indicated by
U-series ages. Vertical growth axis shown in solid vertical line with digitized tick marks every 50 mm. Details A (854e945 mm height) and B (694e804 mm height) show the
complex aragonite/calcite relationships of the analyzed material. Outlines of calcite mineralogy are indicated by the black dotted lines. The bottom right inset shows JX-1 in growth
position, with an outer surface completely covered by aragonite and no apparent evidence of internal calcitization.

and shiny surface after polishing. Areas with little to no calcite are
deﬁned by higher porosity and a dull ﬁnish. Below 638 mm, the
stalagmite is composed almost completely of calcite, with the
exception of two thin aragonite layers at 112e124 mm and 556e
559 mm (not shown in Fig. 1). Above 638 mm, the mineralogy of
the stalagmite becomes more variable. The entire stalagmite is
characterized by mm- and sub-mm-thick irregular banding that
displays mm- to cm-scale vertical micro-topography representing
the former irregular surface of the growing stalagmite. The banding
in both aragonite and calcite is ﬂuorescent under UV light, apparently deﬁned by porosity variations, but aragonite shows a greater
ﬂuorescence contrast within laminae. Small dissolution vugs 2e
10 mm long (Frisia et al., 2000) are commonly present parallel to

crystal growth, primarily off the main drip axis. We also note that
the entire outer stalagmite surface consists of aragonite with no
visible evidence of calcitization, such that the ﬁeld evidence was
not sufﬁcient to avoid sampling this altered stalagmite, highlighting a problem with selecting suitable aragonite stalagmites for
paleoclimate studies in similar cave systems.
Macroscopically, calcite appears in four main forms: 1) as single
thin uninterrupted calcite layers following the growth bands (e.g.
866 mm in Fig. 1A); 2) as isolated calcite “lenses” off the growth axis
(e.g. between 695 and 755 mm, Fig. 1B) where the growth axis
consists of aragonite, with well-deﬁned margins and similar in
appearance to the aragonite “islands” from Spötl et al. (2002); 3)
irregular zones where the lower boundaries inter-ﬁnger with
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aragonite botryoids (e.g., between 910 and 935 mm, Fig. 1B), with
the lower boundaries of the calcite layers being irregular and the
upper boundaries more closely deﬁned by the stalagmite growth
banding; 4) as isolated euhedral calcite crystals dispersed within
primarily aragonitic layers, visible only in thin section. Transitional
forms also occur, and there is no clear relationship between the
position relative to the growth axis of aragonite and calcite layers.
The aragonite/calcite stratigraphy is also clearly evident in the Useries dating discussed below.
In thin section, aragonite layers are deﬁned by clear sub-mmwidth acicular crystallites that are commonly bundled into
botryoids, and are characterized by a dull ﬁnish in hand specimen.
Most of the microfabrics along the stalagmite growth axis above
638 mm height consist of closely packed aragonite needles.
However, in several locations ghosts of aragonite botryoids can be
found (Fig. 2A) where the aragonite has been replaced by calcite, as
observed in other speleothems (Frisia et al., 2002). Such calcite
displays a distinct interwoven or cross-hatched structure, possibly
representing recrystallization of interﬁngering aragonite

Fig. 2. Crossed-polar thin-section microphotographs of stalagmite JX-1 A) microphotograph composite showing replacement of aragonite (A) by interwoven calcite (xC).
Note that the secondary calcite (xC) retains the morphology of the aragonite botryoids,
and displays an interwoven texture. B) Aragonite botryoids growing upon interwoven
calcite (xC); length of ﬁeld 5.6 mm, arrow indicates stalagmite growth direction, C)
microphotograph composite showing aragonite botryoid growing on top of columnar
calcite (cC); length of ﬁeld 5.6 mm. D) Columnar calcite (cC), suspected to be of
primary origin, interbedded between two aragonite layers. Dashed line indicates LAICPMS transect.
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crystallites in adjacent botryoids (Fig. 2A) that contrasts with the
typical columnar fabric observed in most calcite speleothems.
Laterally, coalescent aragonite botryoids are common above calcite
layers (Fig. 2B, C), suggesting that the botryoids began growth
following calcite formation, and then transitioned into the closely
packed needle conﬁguration.
In addition to the interwoven texture (referred to as xC), calcite
can also be present as columnar calcite (referred to as cC), the
variety more frequently found in speleothems, that can encompass
several growth layers, and from which aragonite (referred to as A on
ﬁgures) botryoids can develop (Fig. 2D). The latter suggests that cC
might be primary, particularly since it is common to see 2e3 mm
layers of cC with no traces of aragonite. However, based only on
the petrographic evidence presented here, it is not possible to rule
out a secondary origin for columnar calcite in the JX-1 stalagmite.

3.2. Stalagmite dating and U-series characteristics
The U-series characteristics of JX-1 are deﬁned by high uranium
concentrations in the aragonite layers of 895e9597 ng/g, low
uranium concentrations in the calcite layers of 116e395 ng/g, and
generally low 232Th concentrations (507  300 pg/g in the
aragonite layers, excluding the tip, and 166  94 pg/g for the
calcite layers) (Table 1; Fig. 3). The apparent initial (234U/238U)
(activity ratio) ranges from 1.708 to 2.061. The U-series ages for the
aragonite and calcite layers are plotted in Fig. 4. The aragonite ages
are insensitive to the initial 230Th/232Th correction and thus are
likely to reﬂect the ‘true’ ages of the aragonite, assuming that no
uranium leaching has occurred. While uranium loss from the other
aragonite samples is possible, the robust age model suggests that
either no alteration has occurred or, alternatively, it had minimal
impact on most aragonite samples analyzed. The aragonite dates
deﬁne a stratigraphically correct age model that closely constrains
the stalagmite growth interval, with the exception of the interval
surrounding subsamples at 863 and 826 mm, where a stratigraphic
inversion is present. Without additional data, it is unclear whether
the 863 mm or the 826 mm subsample is incorrect. The 863 mm
subsample age is slightly older than expected given the
surrounding dates, but it has a high uranium concentration of
9664  24 ng/g, suggesting that its anomalously ‘old’ age is not due
to uranium loss. However, because this subsample is located
directly beneath a secondary calcite layer (Fig. 4, detail A), the
closed-system conditions may have been compromised; thus, we
exclude this age from our age model. The two age subsamples at the
base of the aragonite section (2458  65 yr BP at 644 mm, and
1977  10 yr BP at 655 mm) suggest either slow growth rates or
a potential hiatus. Petrographic observations of this interval show
radiating aragonite needles spanning the two ages, so we infer slow
growth rates and an absence of a hiatus.
Although most of the JX-1 stalagmite beneath 638 mm height
consists of calcite, a thin aragonite layer 120 mm above the base
was dated to 4284  17 yr BP, indicating that stalagmite growth
began before 4300 yr BP. At 638 mm, there is a clear transition
between calcite below and aragonite above, which may represent
a hiatus or calcitization of material below this height. Because only
one discrete aragonite layer is present at the base of the basal
calcite section (Fig. 4), we are unable to determine if a hiatus is
present at 638 mm based on U-series ages alone. However, the clear
demarcation between calcite below and aragonite above the
638 mm height suggests the presence of a growth hiatus of
unknown duration. The very large age difference between the
aragonite above this hiatus at 644 mm (2458  65 yr BP) and the
calcite age below it at 636 mm (4012  91) supports a hiatus of
signiﬁcant duration. The w1500-year age difference between these
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Table 1
Uranium-series data for stalagmite JX-1.
Type

238

120
644
655
672
686
743
826
863b
875
913
976
1048
1053
1070
1083
1096
1114
1117
41
235
636
743
767
913
983

Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Aragonite
Calcite
Calcite
Calcite
Calcite
Calcite
Calcite
Calcite

9855
4160
3664
895
8043
8534
5296
9664
8186
8755
9597
5348
4023
3005
1881
4825
4100
3187
116
137
156
118
152
160
395

U (ng/g)



























23.2
10.0
10.6
2.4
19.9
20.7
13.0
24
22.0
20.2
24.2
12.5
10.6
8.6
5.1
21.1
9.8
8.6
0.3
0.4
0.4
0.3
0.4
0.5
0.9

230

Th (pg/g)

12.754
2.632
1.996
0.426
4.240
4.084
2.270
3.716
3.003
3.152
2.693
1.169
0.846
0.541
0.174
0.274
0.113
0.192
0.153
0.162
0.158
0.065
0.094
0.075
0.140



























0.039
0.069
0.008
0.003
0.024
0.014
0.010
0.014
0.011
0.011
0.010
0.006
0.006
0.003
0.003
0.003
0.010
0.004
0.001
0.003
0.003
0.002
0.006
0.004
0.004

232

Th (pg/g)

1094
616
66
282
381
389
336
261
53
441
421
80
904
708
1321
844
423
21693
156
122
152
172
367
79
114



























39
72
64
56
66
45
59
62
58
54
52
56
47
45
54
46
107
84
23
38
50
46
54
85
48

230

Th/232Th
atomic
ratio (106)

11,761
5822
30518
1523
11210
10583
6812
14372
57362
7214
6444
14833
944
771
133
328
269
9
993
1347
1053
383
258
956
1246



























417
727
29607
304
1944
1225
1196
3414
63433
876
793
10475
49
49
5
18
68
0.04
147
425
348
102
38
1030
522

(230Th/232Th)

2177
798
5649
282
2075
1959
1261
2660
10618
1335
1193
2746
175
143
25
61
50
2
184
249
195
71
48
177
231



























77
96
5480
56
360
227
221
632
11741
162
147
1939
9
9
1
3
13
0
27
79
65
19
8
191
97

(232Th/238U)

3.63E-05
4.84E-05
5.89E-06
1.03E-04
1.55E-05
1.49E-05
2.08E-05
8.83E-06
2.11E-06
1.65E-05
1.44E-05
4.86E-06
7.35E-05
7.71E-05
2.30E-04
5.72E-05
3.37E-05
2.23E-03
4.39E-04
2.91E-04
3.19E-04
4.75E-04
7.92E-04
1.61E-04
9.42E-05



























1.3E-06
5.7E-06
5.7E-06
2.1E-05
2.7E-06
1.7E-06
3.6E-06
2.1E-06
2.3E-06
2.0E-06
1.8E-06
3.4E-06
3.8E-06
4.9E-06
9.4E-06
3.2E-06
8.6E-06
1.0E-05
6.5E-05
9.2E-05
1.1E-04
1.3E-04
1.2E-04
1.7E-04
3.9E-05

(230Th/238U)

7.91E-02
3.87E-02
3.33E-02
2.91E-02
3.22E-02
2.92E-02
2.62E-02
2.35E-02
2.24E-02
2.20E-02
1.71E-02
1.34E-02
1.28E-02
1.10E-02
5.65E-03
3.48E-03
1.68E-03
3.67E-03
8.07E-02
7.25E-02
6.21E-02
3.37E-02
3.79E-02
2.84E-02
2.17E-02



























3.0E-04
1.0E-03
1.7E-04
2.4E-04
2.0E-04
1.2E-04
1.4E-04
1.1E-04
9.9E-05
9.2E-05
7.8E-05
7.2E-05
1.0E-04
7.2E-05
8.7E-05
4.6E-05
1.4E-04
7.2E-05
7.5E-04
1.3E-03
1.4E-03
1.1E-03
2.3E-03
1.5E-03
6.1E-04

(234Th/238U)

2.048
1.733
1.852
1.730
1.960
1.960
1.988
1.762
1.767
2.000
1.762
1.742
1.763
1.761
1.781
1.785
1.763
1.760
1.865
1.699
1.711
1.755
1.738
1.788
1.723



























0.001
0.002
0.005
0.005
0.004
0.002
0.003
0.002
0.002
0.001
0.002
0.008
0.002
0.003
0.003
0.010
0.002
0.004
0.004
0.008
0.006
0.007
0.009
0.012
0.003

(234Th/238U)o

2.061
1.738
1.856
1.734
1.964
1.964
1.992
1.765
1.770
2.003
1.765
1.744
1.765
1.762
1.781
1.786
1.763
1.761
1.877
1.708
1.719
1.758
1.743
1.790
1.725



























0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Uncorrected
age (yr BP)
4286
2460
1978
1851
1807
1639
1446
1465
1393
1207
1067
840
798
684
347
213
104
228
4813
4747
4028
2112
2403
1749
1385



























17
65
10
16
11
7
8
7
6
5
5
5
6
5
5
3
9
4
46
88
90
72
146
90
39

Corrected
agea (yr BP)
4284
2458
1977
1845
1806
1639
1445
1464
1393
1206
1066
840
795
681
335
210
102
115
4793
4732
4012
2088
2363
1741
1380



























17
65
10
17
11
7
8
7
6
5
5
5
7
6
13
3
9
113
47
89
91
73
147
91
40

a
Corrected ages use an average crustal value for the initial 230Th/232Th atomic ratio ¼ 4.4  2.2 ppm, and 230Th/238U and 234U/238U ¼ 1.0 þ/ 0.1. Years before present ¼ yrs BP, where present is AD 2009. All errors are absolute
2s. Subsample sizes range from 50 to 130 mg. Activity ratios are denoted between parentheses and were calculated using the following decay constants (l) 9.1577  106 year1 for 230Th, 2.8263  106 year1 for 234U (Cheng
et al., 2000), and 1.55125  1010 year1 for 238U (Jaffey et al., 1971).
b
Sample at 863 mm was not used in the age model.
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Fig. 3. Uranium and thorium plots show low uranium and thorium concentrations in
the calcite layers relative to aragonite layers. Low uranium suggests that uranium was
lost during recrystallization. Low Th suggests that thorium in-growth primarily reﬂects
decay of uranium after recrystallization events closely following aragonite deposition.
The calcites are also associated with low [234U/238U] initial ratios.

two samples is likely a result of both uranium-loss in the 636 mm
calcite subsample, and growth interruption.
Above 638 mm height, the stalagmite was dated to the last ca.
2500 years of growth (Fig. 4). This upper portion is the main focus of

Fig. 4. U-series ages and age-depth model for stalagmite JX-1. Aragonite ages are
shown in black circles, and ages from calcites are shown as squares. Uncertainties for
the aragonite subsamples are plotted, but are in some cases are obscured because they
are smaller than the symbol size. Below 638 mm height, stalagmite JX-1 is almost
completely calcitized, except for a single basal aragonite layer centered on 120 mm
height, which was dated to 4284  17 yr BP.
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this study. Stalagmite growth rate increased to a relatively steady
0.32 mm/yr above 655 mm (1977  10 yr BP); a hiatus is present at
1080 mm which is slightly younger than the overlying aragonite age
of 681  6 yr BP at 1070 mm. Growth resumed above the hiatus at
around 335  13 yr BP and continued to about 100 yr BP at the tip, at
a slower growth rate of w0.13 mm/yr. The missing growth interval
represented by the hiatus is estimated to be approximately 614 to
364 yr BP, based on extrapolation of growth rates above and below it.
The seven calcite age determinations (Fig. 4) are substantially
older than the age-depth trend deﬁned by the aragonite-layer ages,
and show an age inversion at 767 mm. We also observe that the age
offset of the calcite layers is signiﬁcantly larger than the analytical
uncertainty, producing aragonite/calcite ages that do not overlap. The
older ages of the calcite suggest either that uranium was lost during
replacement of aragonite and/or that the subsamples contain high
initial 230Th/232Th ratios, for which the ages were not fully corrected
using initial 230Th/232Th ratio of 4.4  106. Two of these calcite ages
were directly paired with aragonite ages from the same stratigraphic
bands at 743 and 913 mm height. The respective aragonite and calcite
ages for these two pairs are 1639  7 and 2088  73 for 743 mm, and
1206  5 and 1741  91 yr BP for 913 mm, respectively. The paired age
differences are ca. 450 years and 540 years for 743 and 913 mm
heights, respectively. A third pairing consists of an aragonite at
976 mm and a calcite layer at 983 mm, which are nearly at the same
stratigraphic level: their respective aragonite and calcite ages are
1066  5 and 1380  40 yr BP, a difference of ca. 300 years. Using the
average growth rate of 0.32 mm/yr over this interval, the layer at
983 mm should date to around 22 years younger than the aragonite,
so the age difference of ca. 300 years is a minimum.
3.3. LA-ICPMS analysis of the aragonite-calcite transition
Laser Ablation-ICPMS analyses were carried out on selected
sections of the stalagmite to observe the effect of calcitization on U
concentrations and isotopic ratios at sub-millimeter scale, and to
identify potential differences between interwoven and columnar
calcite that might provide further information on their origin. Fig. 5
shows three U/Ca and Mg/Ca proﬁles obtained across the A-cC and
A-xC transitions. The proﬁles closely match the mineralogy,
revealing stark elemental ratio contrasts between aragonite and
calcite. The calcite bands have U/Ca ratios from w1  105 to
5  105 mmol/mol, signiﬁcantly lower than the adjacent aragonite,
which consistently has U/Ca ratios between 5  104 and
5  103 mmol/mol Fig. 5 also shows abrupt transitions in U/Ca
across CaCO3 phases, as well as U/Ca spikes related to small
aragonite crystals engulfed by secondary calcite (Fig. 4C).
Proﬁles of U/Ca show muted but clear periodic variations in
aragonite, but large amplitudes and less-periodic variability in
calcite (Fig. 5B and C). The heightened variability of the U/Ca ratios
in calcite relative to aragonite in Fig. 5B and C can be attributed to
the ablation of traces of aragonite embedded by the calcite,
resulting from the incomplete recrystallization of aragonite. Additionally, we note that the chaotic variability observed in the calcite
domains is independent of texture (i.e. interwoven or columnar
calcite). These observations are consistent with a secondary origin
of the calcite layers. The U/Ca proﬁles in Fig. 5 document depletion
of uranium in calcites relative to aragonites by two orders of
magnitude on a mol/mol basis. Thus, it seems reasonable to assume
that differences in U/Ca ratios between aragonite and calcite layers
are due primarily to loss of uranium during calcitization. Considering the porosity of aragonite and the high solubility of uranyl
ions, it is surprising that no reaction front where U is being gradually lost is discernable in the three proﬁles. Moreover, the results
in Fig. 5 do not suggest an enrichment of U in the aragonite-calcite
boundary as suggested by Ortega et al. (2005).

Fig. 5. LA-ICPMS scans across aragonite-calcite transitions in JX-1 reveal stark differences in U/Th and U/Ca. Thin-section microphotographs or scanning electron microscope
microphotographs show the ablation transects and petrography. Note the abrupt change in U/Ca coincident with the AragoniteeCalcite transition, suggesting uranium loss during
calcitization, Aragonite (A), cross-hatched calcite fabric (xC), and columnar calcite fabric (cC) are indicated on the thin section images. i) Transect through A-cC-A-cC-A at w675 mm
from base. ii) Transect through A-xC-A-xC at w743 mm from the stalagmite base, iii) Transect through A-xC at w910 mm from the stalagmite base, stars denote traces of aragonite
engulfed by calcite. Dashed line in ii and iii illustrate the calcite-aragonite boundary. Scale bar is 500 mm in all cases.
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Because columnar calcite has been commonly interpreted as
a primary speleothem fabric, we compared the Mg/Ca and Sr/Ca
ratios measured by LA-ICPMS between columnar calcite and the
secondary interwoven calcite. Our results show that interwoven
calcite has Mg/Ca and Sr/Ca ratios (0.047  0.007 mol/mol and
0.024  0.003 mmol/mol, respectively) that overlap those of
columnar calcite (Mg/Ca and Sr/Ca ratios 0.039  0.011 mol/mol
and 0.025  0.003 mmol/mol, respectively). Hopley et al. (2009)
have shown that secondary calcite from aragonite recrystallization has a different Mg/Ca than primary calcite in their samples
because both are precipitating from essentially different ﬂuids.
Consequently, the fact that the analyzed calcite (xC and cC) have
similar Mg/Ca and Sr/Ca in JX-1 suggests that at least some of the
columnar calcite in stalagmite JX-1 may share a diagenetic origin
with the interwoven calcite that has replaced aragonite.
3.4. Isotopic analysis of coeval aragoniteecalcite
3.4.1. (234U/238U) characteristics of aragonite and secondary calcite
The secondary calcites show (234U/238U) initial and measured
ratios that are lower relative to the aragonite ratios (Fig. 3). This
observation suggests that the (234U/238U) ratio of the ﬂuid that
recrystallized the aragonite to calcite was lower, because uranium
loss during leaching should not have resulted in a signiﬁcant fractionation of uranium isotopes. Because the samples are contemporary or nearly coeval (only few mm apart), an external
environmental control on (234U/238U) (e.g. Zhou et al., 2005) seems
highly unlikely. The similarity in (234U/238U) between some aragonite layers relative to large changes in (234U/238U) in the corresponding calcite shows that U leaching with selective loss of 234U
due to recoil damaged sites (Osmond and Ivanovich,1992) is unlikely
to be the cause. This can be easily demonstrated. The bulk of 234U in
a carbonate a few thousands of years old comes from the solution
from which the carbonate was formed. The in situ produced radiogenic 234U* should be small. The total 234U* is equal to:
234

U ¼
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where l refers to the corresponding decay constant. For
a maximum age of 4500 years and (234U/238U) of 1.9 of aragonite (a
minimum in order to maximize possible recoil effect), the ratio of
234
U* to total 234UT ¼ (2)/(3) is only 6.69  103, less than one per
cent; this is insufﬁcient to explain the observed difference between
the aragonite and calcite pairs even if we assume every 234U* atom
was lost to recoil. In contrast, the difference between the
(234U/238U) values of the calcite and the proximal aragonite layers is
large, typically a difference in (234U/238U) of 0.2. The ratio of calcite
234
Ucal atoms to the ratio of aragonite 234Uarag atoms is:

234 U
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U
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recoil contribution to the difference in (234U/238U) values between
aragonite and calcite would thus be [6.69  103/0.897]
100 ¼ 0.75%. This analysis shows that the difference in the
(234U/238U) between the two minerals is likely related to the
alteration of aragonite by a ﬂuid with lower (234U/238U). Such
diagenetic alteration has important implications for the stable
isotope systematics of the aragonite-calcite pairs, because the d18O
value of the two ﬂuids may have differed, and the water to CaCO3
oxygen isotope fractionation factors differ for calcite and aragonite
(Lachniet, 2009). Signiﬁcant differences in (234U/238U) values
between calcite and aragonite is an indication that palaeoclimate
information in the O and C (especially the O) isotopic values in the
calcitized sections has likely been corrupted in least parts of this
stalagmite.
3.4.2. Implications for U-series dating
In the previous sections we have presented evidence supporting
a scenario where U is lost during the replacement of aragonite by
calcite. However, if evidence for open-system diagenesis is unrecognized, U-series data from calcitized stalagmites could lead to
signiﬁcant age bias. For example, we show that visible lamina and
banding is preserved during calcitization of aragonite, but uranium
loss is a clear indicator of open-system conditions. Such altered
stalagmites would return ages that are anomalously old because of
the uranium loss. Further, we note that typical U concentrations
(w170 ng/g) in the diagenetic calcite in JX-1 are similar to those
observed in other tropical stalagmites that have been interpreted to
be of primary origin. The low U concentrations result in low 230Th
concentrations in the calcite layers from the ingrowth of Th from
decay of low U calcites. Moreover, our results show that columnar
calcite (cC), whose trace-element composition is identical to the
interwoven calcite, is likely of a secondary origin, xC, but it is nearly
indistinguishable from primary calcite even by petrographic
analysis.
A problem arises in the interpretation of ages of calcite affected
by U loss, because the anomalously old ages may be erroneously
attributed to ‘detrital’ contamination with a high initial 230Th/232Th
ratio. To demonstrate the effect of uranium loss on ‘apparent’ initial
230
Th/232Th ratios, we performed a sensitivity test on the calcite
and aragonite subsamples by varying the apparent initial
230
Th/232Th ratio for the ages of the three aragonite/calcite pairs
until the aragonite and calcite ages were concordant. The results of
this hypothetical exercise show that the apparent initial
230
Th/232Th ratios required for calcite and aragonite age concordance are 89, 329, and 338  106 for the 743 mm, 913 mm, and
976/983 mm aragonite/calcite pairs, respectively, substantially
larger than the bulk Earth 230Th/232Th ratio and 50% uncertainty of
4.4  2.2  106.
The large apparent initial 230Th/232Th required to rectify the
calcite ages may be explained by a model in which 230Th is
inherited from the altered aragonite layer. The 230Th/232Th ratio at
time of calcite formation, after some time t since the formation of
the primary aragonite may be calculated as follows:
230 Th
232 Th

¼
þ

(4)

For a calcite (234U/238U) ratio of 1.75 and aragonite value of 1.95
(difference of w0.2), the 234Ucal/234Uarag ¼ 0.897, an almost 10%
difference between the 234Ucal/234Uarag. The maximum possible
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where the 234U/238Uo is the initial 234U/238U atomic ratio and the
238 232
U/ Th is the measured atomic ratio (see appendix). The initial
230
Th/232Tho is the initial ratio that was incorporated during the
formation of the aragonite. Using a 238U concentration of 1000 ng/g,
232
Th of 300 pg/g and 234U/238U of 1.10  104, equivalent to
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(234U/238U) w2, similar to the aragonite layers, and a lapse time of
300 years, the apparent calculated initial is 315  106. Using
a higher 238U concentration of 8000 ng/g, which is more typical of
the aragonite layers, the time required to produce the calculated
high initial of 315  106 is only w40 years. If complete dissolution of
the overlying stalactite or aragonite layer occurred, then some of the
230
Th may have been transported and deposited within the newly
recrystallized calcite layer as particulate matter, which could also
have contributed to the high apparent initial thorium ratios needed
to bring the calcite ages into agreement with aragonite ages.
3.5. Model and timing of aragonite calcitization
Based on our observations for uranium loss during calcitization,
we present a ‘ﬂushing’ model for the replacement of aragonite by
calcite. We suggest that the calcite layers and lenses recrystallized
from aragonite during periods when the drip feeding the stalagmite
became undersaturated with respect to aragonite, likely due to
a rapid ﬂushing of fresh water into the drip system when water/
rock interaction time was low. Upon reaching the stalagmite tip,
this undersaturated water percolated some depth into the porous
aragonite, where it dissolved the metastable aragonite and reprecipitated it as stable calcite at the stalagmite tip.
The aragonite saturation state of the drip waters that fed the JX1 sample site may have varied abruptly. Our observations of solutional ‘drilling’ on stalagmite tips near JX-1 support this speculation
(Lachniet, 2009). One likely possibility for creation of undersaturated drip waters is rapid inﬁltration related to high-intensity rain
events that charge the epikarst with aragonite-undersaturated
waters. Drip-water acidity may have been enhanced as cave
atmosphere CO2 dissolves into the epikarstic and drip waters,
allowing the undersaturated and aggressive solution to dissolve the
aragonite on the stalagmite tip.
The presence of secondary calcite suggests that the ﬂuid that
dissolved the primary aragonite became saturated with calcite but
not aragonite, thus favoring recrystallization to calcite. Because
aragonite is typically precipitated at high Mg/Ca(aa) ratios, recrystallization to calcite could have resulted from a ﬂuid with a low Mg/
Ca ratio. The Mg/Ca in the JX-1 secondary calcites of w0.05 mol/mol
implies precipitation from a ﬂuid with a Mg/Ca ratio of w1.4, using
the distribution coefﬁcient of Mg between ﬂuid and solid of (de
Choudens-Sanchez
and
Gonzalez,
2009):
. This (Mg/Ca)aq ratio plots within
DMg ¼ 0.0419  ðMg=CaÞ0:4314
aq
the calcite þ aragonite precipitation ﬁelds of (de ChoudensSanchez and Gonzalez, 2009) at low CaCO3 saturation states, suggesting the model is plausible. Because the primary aragonite has
very low Mg/Ca ratios, little Mg would be liberated by its dissolution, further maintaining low (Mg/Ca)aq ratios.
A low (Mg/Ca)aq may be favored by prior precipitation of calcite
(PCP) (Cruz et al., 2007; Fairchild et al., 2006), decreased dissolution
of dolomite relative to calcite bedrock in the epikarst (Fairchild and
Treble, 2009), and decreased water/rock reaction times (Cruz et al.,
2007; Fairchild and Treble, 2009). We note that these three
mechanisms are not mutually exclusive and may happen simultaneously. Lastly, changes in drip-water routing due to changing
inﬁltration intensity may result in delivery of drip waters of varying
aragonite and calcite saturation states and (Mg/Ca)aq ratios
(Fairchild and Treble, 2009).
Changes in the (Mg/Ca)aq due to the above mechanisms are
consistent with our ﬂushing mechanism. A decrease in PCP is
consistent with our ﬂushing mechanism, whereby rapid water
transit through the epikarst due to heavy rainfall events minimizes
the time for PCP, thus maintaining a low (Mg/Ca)aq because less Ca
has been removed from solution due to CaCO3 precipitation.
Similarly, because dolomite (the likely source of Mg in Juxtlahuaca

Cave) dissolves more slowly than calcite, a rapid transit time of
water through the epikarst would favor a low (Mg/Ca)aq. Finally,
rapid ﬂushing events through fast conduit ﬂow results in decreased
water-rock reaction times, which would result in low (Mg/Ca)aq
ratios (Fairchild and Treble, 2009), such as was observed for the Mg/
Ca ratios of drip waters in Brazil following heavy rainfall associated
with the South American Summer Monsoon (Cruz et al., 2006). We
note that the drip routing through the epikarst is important for
determining rockewater interaction time, with fast conduit ﬂow
and slow diffuse ﬂow being the two end members (Fairchild et al.,
2006). We thus speculate that the JX-1 sample site receives drip
waters from epikarst conduits during heavy rainfall events. Nearby
locations may be less or not at all inﬂuenced by fast conduit ﬂow;
for example, we collected another stalagmite about 100 m away
from the JX-1 location (JX-6) that was entirely aragonitic (Lachniet
et al., 2012).
If our ﬂushing mechanism is correct, then the calcite layers
indicate recrystallization following heavy rainfall events that
rapidly inﬁltrated the epikarst. The study area, located near the
tropical Paciﬁc Ocean, is commonly inﬂuenced by heavy rainfall
events associated with tropical cyclones (Jauregui, 1995), and such
storms may have been responsible for the calcitization of JX-1. In
fact, the calcite layers along the main growth axis are characterized
by very low d18O values (less than 8.5& VPDB) relative to higher
d18O values between 8.5 and 7& VPDB in aragonite layers below
and above the calcites (not shown; the stable isotopic characteristics of JX-1 will be presented in a future paper). Because the amount
effect imparts a negative correlation between rainfall amount and
rainfall d18O and primary aragonite in this area (Lachniet et al.,
2012), the low d18O values in the calcites suggest heavy rainfall
events, supporting our ﬂushing mechanism.
The abrupt upper boundary of the calcite layers, from which
subsequent aragonite botryoids coalesce and bury the calcite (e.g.
Fig. 2D), supports the interpretation of abrupt switching of saturation states in the drip waters. We interpret the irregular lower
calcite boundaries (e.g., Fig. 1A), where calcite ‘interﬁngers’
downward into less-disturbed aragonite layers, to indicate
a spatially-variable recrystallization front associated with downward percolating aragonite-undersaturated waters. This model is
similar to that forwarded to explain analogous aragonite/calcite
layers in a speleothem from Drotsky’s Cave, Botswana (Railsback
et al., 1994). These authors suggested that during wet periods,
inﬁltrating drip waters were unsaturated with respect to aragonite,
and that CO2 exsolution in the cave environment was slow relative
to the rapid ﬂow rates over the stalagmite tip, thus leading to
aragonite dissolution. Our data are consistent with such a model.
Based on our ﬂushing model, the timing of aragonite replacement by calcite could have been essentially instantaneous if the
drip water switched rapidly from saturated to undersaturated with
respect to aragonite. To test quantitatively the assertion that
recrystallization happened soon after initial aragonite deposition,
we analyzed limiting and interpolated ages of aragonite layers that
bracket the calcite layers. We identiﬁed seven calcite layers that
spanned the growth axis above 638 mm (Table 2). With the
exception of layer IV, which could be primary, all of the calcite
layers represent replacement of aragonite. First, we estimate the
bracketing ages of the calcite layers by taking the nearest ages of
aragonite layers above and below the calcite layer. Excluding layer
IV, the difference between these two bracketing ages (Dage) are an
estimate of the maximum time elapsed between aragonite
precipitation and calcite replacement. These Dages range from 39
to 271 years. Second, we provide a narrower estimate of the time
elapsed after aragonite deposition for the secondary calcite ages by
linear interpolation of ages for the heights corresponding to the
base and top of each calcite layer, by use of the age model deﬁned
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Table 2
Bracketing and interpolated calcite layer ages.
Interpolated agesa

Bracketing ages
Calcite layer

Start
height (mm)

End height
(mm)

Minimum age
height (mm)

Minimum
age (yr BP)

I
II
III
IVb
V
VI
VII

675
748
765
805
865
916
983

682
753
785
806
867
936
1050

672
743
743
743
822
913
976

1845
1639
1639
1639
1445
1206
1066









17
7
7
7
8
5
5

Maximum age
height (mm)

Maximum
age (yr BP)

686
822
822
822
913
976
1053

1806
1445
1445
1445
1206
1066
795









11
8
8
8
5
5
7

Bracketing
Dage (yr)

Start age
(yr BP)

End age
(yr BP)

Interpolated
Dage (yr)

39
193
193
193
239
140
271

1837
1627
1585
1487
1403
1199
1044

1818
1614
1536
1485
1401
1155
833

19
12
49
2
2
44
210

Dage is deﬁned as the difference between bracketing or interpolated ages.
a

b

Interpolated ages were calculated based on a linear interpolation between the aragonite layer U-series ages.
This layer may be primary calcite.

by the precise aragonite layers. These interpolated Dages range
from 12 to 210 years. Thus, our age data conservatively demonstrate
that replacement of aragonite by calcite took place within a few
hundred years, and as few as 12 years of aragonite deposition.
These estimates of the time elapsed since calcitization agree with
our estimates based on 230Th ingrowth described above. We note
that if a sufﬁcient pathway is available for aragoniteundersaturated waters to percolate through the stalagmite while
avoiding and not altering more recent overlying aragonite layers, it
is possible that the timing of calcitization is much younger than
allowed for by our ﬂushing model. However, we suggest that it is
highly unlikely for a drip-fed water source, impinging vertically on
the stalagmite tip, to somehow manage to percolate downwards or
inwards without recrystallizing younger aragonite layers to cause
a ‘late’ recrystallization. Thus, we favor rapid calcitization at the
stalagmite tip, where the calcitization age is just older than the ﬁrst
aragonite to be deposited over the calcite.
The presence of two types of petrographically distinct calcites
(interwoven and columnar, Fig. 2), with identical trace element
composition (Mg/Ca, Sr/Ca, U/Ca, Fig. 5), suggests that both
precipitated from ﬂuids with the same chemical composition. We
speculate that columnar calcite in the JX-1 stalagmite is the result of
complete and probably fast substitution of aragonite. Under such
conditions, the calcite crystallization would not be any different
from that occurring in most calcite stalagmites, where it precipitates from a thin-ﬁlm of supersaturated solution, thus forming
columnar calcite. In contrast, interwoven calcite, which retains the
fabric from the preceding aragonite (Fig. 2A), suggests a growth
mechanism where calcite growth is spatially constrained by the
aragonite acicular habit. This mechanism requires that some
aragonite remains while the calcite precipitates, hence, substitution
of the former by the latter should be gradual, rather than
immediate.
As discussed above, the Mg/Ca composition of the secondary
calcite is w0.045 mol/mol. By using the distribution coefﬁcient for
Mg at 25  C, DMg ¼ 0.031  0.007 (Huang and Fairchild, 2001) or
DMg ¼ 0.04 for Mg/Ca w1 (de Choudens-Sánchez and González,
2009), and assuming that the calcite precipitated in equilibrium
with its ﬂuid, we can estimate that the latter had a Mg/Ca between
1.4 and 1.12 mol/mol, which is in reasonable agreement with the
Mg/Ca measured in drip water (1.3e1.9 mol/mol) collected from
different drips nearby the site where JX-1 was collected. Drip water
Mg/Ca ratios between 1.4 and 1.12 mol/mol have been demonstrated to allow the precipitation of aragonite and calcite mixtures
(de Choudens-Sanchez and Gonzalez, 2009), and explains the
presence of isolated euhedral calcite crystals interspersed within
aragonite layers. Experimental results show that the precipitated
carbonate mineralogy depends on both the drip-water Mg/Ca ratio
and saturation state of the drip water relative to CaCO3, and that

both aragonite and calcite may co-precipitate (de ChoudensSánchez and González, 2009) under certain natural-analog conditions. Calcite precipitation is inhibited when Mg/Ca ratios rise, and
aragonite is preferentially precipitated at high Mg/Ca ratios (de
Choudens-Sánchez and González, 2009). Given this context, we
interpret the dispersed euhedral calcite crystals within the
primarily aragonitic layers to result from primary calcite deposition
from a drip that co-precipitated both minerals in a situation similar
to the model of De Choudens-Sánchez and Gonzalez (2009). In
contrast, we presented evidence above that the columnar and
interwoven calcites have similar uranium and thorium isotope
ratios, suggesting a common secondary origin. Although not
abundant in JX-1, the presence of primary mixed aragonite and
euhedral calcite in the stalagmite stratigraphy makes interpretation
of stable isotope variations (d18O and d13C) difﬁcult in a strict
paleoclimatic context (Fairchild et al., 2006), because of the variable
proportions of mixed aragonite and calcite within the layers, and
because of the different H2OeCaCO3 equilibrium fractionation
factors for aragonite and calcite (Lachniet, 2009).
4. Summary
Our data demonstrate that replacement of aragonite with calcite
in an active speleothem is associated with uranium loss due to
recrystallization due to an aragonite-undersaturated ﬂuid. We
present a ﬂushing model that is consistent with petrographic
observations and U-series data whereby heavy rainfall events result
in undersaturated drip waters that fall on stalagmite tips, followed
by recrystallization of aragonite to calcite. Because of the presence
of aragonite-undersaturated drip waters, recrystallization of
stalactites overlying the calcitized aragonite stalagmites is also
likely. The effect of recrystallization in JX-1 on the U-series characteristics results in ages that are older than their ‘true’ age by
several hundred years. The apparent uncertainties of the secondary
calcite ages, based on analytical uncertainty and uncertainty in the
initial 230Th/232Th ratio, are signiﬁcantly smaller than the age offset
from the ‘true’ ages, similar to observations of U-series ages in
diagenetically-altered corals (Scholz and Mangini, 2007). Thus, in
samples that have experienced open-system behavior, the largest
source of age uncertainty is deﬁned by post-depositional
geochemical processes, not analytical uncertainty. Given our
geochemical results described above, in the presence of petrographic signs of alteration (recrystallization) one should never use
initial 230Th/232Th without additional independent evidence (e.g.
isochrons) to correct for age discrepancies. Without such independent evidence for recrystallization, secondary calcite ages may
be misinterpreted. For example, the stratigraphic-constraint
method to estimate initial 230Th/232Th ratios from age/depth
series (Hellstrom, 2006) would return incorrect results if samples
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had been recrystallized, as has stalagmite JX-1 from this study. We
further note that mm-scale laminations were preserved in the
calcitized sections, in contrast to some aragonite stalagmites where
recrystallization to calcite has effaced growth banding (see Fig. 7.25
of Fairchild and Baker (2012).
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Appendix 1. Derivation of Equation (5)
The solution for the decay of a daughter isotope (N2) which in
turn is also radioactive ¼

N2 ðtÞ ¼




l1 1  l1 t
N0 e
 el2 t þ N02 el2 t
l2 l1

Where N2 is the daughter nuclide and N1 is the parent.
For the decay of 234U to 230Th:
230

ThðtÞ ¼
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Dividing by
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þ
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Multiplying the ﬁrst term on the right of the equality by
¼ 1

238 U=238 U

230 Th
232 Th

¼


234 U 238 U 
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þ
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e
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The term234 U=238 Uo is the initial atomic ratio, which can easily
be related to the ð234 U=238 UÞo (initial activity ratio), ð230 Th=232 ThÞo
is the initial Th isotope ratio, and the 238 U=232 Th is the inverse of
the Κ-value (measured).
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.quageo.2012.08.003.
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