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a b s t r a c t
Most proxy records used for reconstruction of Holocene climate of Amazonia are unable to quantitatively
distinguish between the effect of temperature and rainfall amounts.
We present a new isotope technique applied to a ∼ 13,500 yr stalagmite archive from Peruvian Amazonia. By
analysing the coupled isotope composition of fossil dripwater trapped in stalagmite ﬂuid inclusions, and that
of the calcite hosting the ﬂuid inclusions, we were able to calculate independent paleotemperatures and
rainfall amounts.
This stalagmite record shows that Holocene climate variation was controlled by orbitally-forced Southward
migration of the Inter Tropical Convergence Zone. While temperature remained constant, isotope variation of
rainwater, reﬂected in ﬂuid inclusion water δ18O composition, suggests a ∼ 15–30% increase in convective
rainfall through the Holocene.
A comparison of the low-land Peruvian ﬂuid inclusion record with the high Andean Huascaran ice core record
shows a constant ∼ 12‰ offset of δ18O curves for the Holocene, suggesting that Andean vertical temperature
gradients (lapse rates) did not vary much over the last 9000 years. During the Younger Dryas interval, however,
the offset of δ18O values was much higher than in the Holocene. This may be attributed to a relative drop in air
temperatures in the highlands (higher lapse rate), caused by long distance teleconnections to climate
perturbations in the North Atlantic.
In a wider perspective, ﬂuid inclusion isotope analysis drastically improves paleotemperature reconstructions
based on speleothem calcite δ18O data, because it provides the δ18O value of drip water through time, which is
usually the most important unknown in paleotemperature equations.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
The climate history of the Amazon Basin has been studied
intensively over the last decades, with particular focus on GlacialInterglacial variability, and its effect on biodiversity in Amazonia
(Hooghiemstra and van der Hammen, 1998). Of crucial importance for
our understanding of the relation between climate and biodiversity is
our ability to quantitatively determine temperature and rainfall
variation in space and time. However, nearly all currently applied
climate proxy records in Amazonia are affected by temperature as well
as rainfall amounts (Hooghiemstra and van der Hammen, 1998;
Thompson et al., 2000). This is particularly limiting for the interpretation of high-resolution stable isotope climate records, like ice cores
(Thompson et al., 1995, 2000; Ramirez et al., 2003), lacustrine calcite
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(Seltzer et al., 2000) and speleothems (Cruz et al., 2005). While these
isotope records are highly valuable for our understanding of high
resolution Holocene climate variation, quantiﬁcation of the variation of
temperature relative to rainfall amounts remains problematic.
Here, we present new speleothem-based isotope records from
Peruvian Amazonia, which allow quantiﬁcation of the effect of temperature and rainfall amounts on isotope signals in Amazonia. Of pivotal
importance in the present study is the application of a technique to
analyze the stable isotope composition of fossil dripwater trapped as
ﬂuid inclusions in speleothem calcite (Vonhof et al., 2006, 2007).
Speleothems (stalagmites) commonly contain microscopic waterﬁlled cavities. These so-called ﬂuid inclusions are ﬁlled with cave drip
water from the time of formation of the relevant speleothem growth
increment (Schwarcz et al., 1976; Harmon et al., 1979). It has been
established that cave drip water, and thus ﬂuid inclusion water, is
isotopically identical to local rainwater (for δ2H and δ18O; Caballero
et al., 1996; McDermott et al., 2006). In arid regions cave drip water
may deviate from rainwater due to evaporation. However, this is not
likely to be the case in the humid tropical climate of our study area.
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Speleothem calcite hosting the ﬂuid inclusions can be dated at
high precision by Uranium-series chronology (Richards and Dorale,
2003; McDermott et al., 2006).
Stable isotope records from speleothem calcite are commonly
used as paleoclimate proxy (Bar-Matthews et al., 1999; Wang et al.,
2001; Fleitmann et al., 2003; Genty et al., 2003; Yuan et al., 2004;
Cruz et al., 2005; Wang et al., 2005). It is a powerful tool, because a
wide variety of climate phenomena like El Niño events (Frappier
et al., 2002), the Little Ice Age (Holmgren et al., 1999), the Younger
Dryas (Bar-Matthews et al., 1999; Yuan et al., 2004; Vacco et al.,
2005; Genty et al., 2006) and Dansgaard Oeschger events (Wang
et al., 2001; Genty et al., 2003) are recognised in these isotope
records. Oxygen isotope records of carbonates are commonly used
as a direct paleotemperature proxy, because at known δ18O values
of formation water and calcite that forms from it, the temperature
of calcite formation can be calculated (Epstein et al., 1953; Craig,
1965; Kim and O'Neil, 1997). This proxy system is based on the
known temperature dependency of oxygen isotope fractionation
between calcite and the water in which the calcite precipitates. The
most important limitation for the application of this proxy to
calculate paleotemperatures concerns the uncertainty on the
assumed δ18O value of past formation water. For marine records,
this is not too much of a problem because past δ18O variation in the
oceans is limited, and relatively well understood (Shackleton and
Opdyke, 1973). However, for continental records like speleothems,
climate change affects drip water isotope composition in a less
predictable way. Therefore, quantiﬁcation of the contribution of
temperature to speleothem δ18O records is impossible based on
the δ18O value of the speleothem calcite alone (Hendy and Wilson,
1968; Harmon et al., 1978; Schwarcz and Yonge, 1983; Fairchild
et al., 2006).
The ability to analyse stalagmite ﬂuid inclusion δ18O values
eliminates the uncertainty associated with reconstruction of drip
water δ18O values back in time, and thus allows for the reconstruction
of independent speleothem growth temperatures based on paired
ﬂuid inclusion and host CaCO3 δ18O values. Since drip water isotope
composition is believed to reﬂect that of rainfall recharging the cave
aquifer, ﬂuid inclusion isotope values in stalagmites furthermore
provide temporal records of rainfall isotope variation which can be
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related to changing rainfall patterns through time (McDermott et al.,
2006; Vonhof et al., 2006).
2. Results
We analysed δ18O values of ﬂuid inclusions and host calcite of
speleothems collected in the Cueva del Tigre Perdido near the town of
Nueva Cajamarca in the Peruvian district San Martín (Fig. 1). This cave
lies in a densely vegetated area in the foothills of the Andes, at ∼ 1000
meter above sealevel. The composite record consists of two stalagmites, with an age model based on 15 TIMS U-series ages from the lab
of VU University Amsterdam, and 5 additional MC-ICP-MS ages from
the lab of Melbourne University (Fig. 2, Table 1; see also the additional
material). A high-resolution δ18O record of speleothem calcite shows a
long cycle through the Holocene (Fig. 3), with an amplitude of ∼ 2‰.
Petrographic analysis of both speleothems studied, reveals the
presence of abundant ﬂuid inclusions in speleothem calcite (Fig. 4).
Speleothem mineralogy and ﬂuid inclusions are interpreted to be
primary, which leads us to conclude that ﬂuid inclusion isotope composition is undisturbed since the time of formation.
A total of 18 cubes of speleothem calcite, weighing ∼0.3 g each,
were cut from a central slab of the stalagmites, crushed, and the
liberated inclusion water analyzed for δ2H and δ18O, applying the
technique described by Vonhof et al. (2006, 2007).
Results show ∼ 15‰ variation in δ2H values and ∼ 2‰ in δ18O
values. δ2H values of the youngest part of the stalagmite record plot
at approximately − 42‰ (SMOW) which is in reasonably good
agreement with the − 46‰ value analysed for some local rainshowers and from the river that runs through the cave. δ18O and
δ2H values combined plot on the Global Meteoric Water Line
(GMWL; Fig. 5). Since modern rainwater isotope data for Amazonia
generally plot on the GMWL (Gat and Matsui, 1991), this observation
provides further support for the excellent preservation of the
original isotope composition of ﬂuid inclusion water in these
speleothems, P post-depositional changes in the ﬂuid inclusion
water isotope composition would have driven the water away from
the GMWL. Three cubes, however, gave isotope values that plotted
away from the GMWL. These were samples with a low water yield
(b0.1 μl), resulting in erroneous δ18O values, as was conﬁrmed by

Fig. 1. Map of South America showing the generalized position of the Inter Tropical Convergence Zone (ITCZ; black line) during Boreal summer (July) and Austral summer (January).
The black dot marks the position of Cueva del Tigre Perdido, which lies under the ITCZ in Austral summer. Arrows indicate the prevailing wind direction, during the season. “H”and “L
indicate the position of high- and low pressure areas.
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Fig. 2. Age model of stalagmites NC-A and NC-B. Shown are all TIMS and ICP-MS uranium series ages from labs in Amsterdam and Melbourne combined. 1 and 2 sigma errors are
indicated in different shades. Procedure for U and Th isotope analysis at the VU University Amsterdam is given in the additional materials. Procedure for U and Th isotope analysis at
the University of Melbourne is described in detail in Hellstrom (2003). The age correction is according to equation 1 of Hellstrom (2006), for an initial [230/232] of 1.5 ± 1.5. The agedepth modelling techniques used are as described in the supplementary materials of Drysdale et al. (2005).

yield tests with an in-house water standard. Duplication of two of
these analyses with larger cubes of calcite, suggests that the δ2H
values of these low-yield samples are accurate, but the δ18O values
are not. For the following discussion of the data, only the δ18O
values of these three low-yield samples were discarded.
3. Discussion
Results are plotted stratigraphically in Fig. 3. The δ2H and δ18O
values of ﬂuid inclusion water appear to vary in phase with speleothem
calcite δ18O values and with orbitally-forced wet season (February)
insolation (Fig. 3). After an isotope maximum at ∼9000 years BP,
coincident with the Holocene insolation minimum, a trend towards
lower isotope values runs parallel with slowly increasing insolation
energy.
Such a Holocene isotope pattern is not unique in Amazonia. Similar
isotope trends were reported for the Andean Ice cores (Thompson
et al., 2000, 2006) and Lake Junin on the Peruvian Altiplano (Seltzer
et al., 2000) (Fig. 6). Although small differences exist, the general
Holocene trend for all these records appears to be insolation-forced.
Although the patterns are similar, the interpretation of these
records in terms of Holocene temperature and rainfall variation is
still debated. Some interpret the Holocene isotope pattern to be
mainly temperature controlled (Thompson et al., 1995, 2000), while

others advocate rainfall as the controlling parameter (Broecker, 1997;
Henderson et al., 1999; Seltzer et al., 2000; Ramirez et al., 2003;
Vimeux et al., 2005).
Insolation forcing of Holocene Amazonian climate may have
affected temperature as well as rainfall amounts, because increased
insolation energy can raise surface temperatures, or convert to latent
heat and enhance convective rainfall (Thompson et al., 2000; Vuille
et al., 2003).
In our study area in Northern Peru, insolation controls the dynamics
of the Inter Tropical Convergence Zone (ITCZ; Fig. 1). This results in
characteristic seasonal rainfall patterns as the ITCZ band of maximum
convection migrates over the continent tracking the latitudinal displacement of maximum insolation (Marengo and Nobre, 2001). An
orbitally-forced southward displacement of the complete ITCZ system
through the Holocene resulted in a gradual increase in convective
rainfall in our study area, as opposed to a decrease of rainfall over
northern South America (Seltzer et al., 2000; Haug et al., 2001).
Intensiﬁcation of convective rainfall typically decreases δ18O values of
rain water (Garreaud et al., 2003; Vuille et al., 2003). Southward displacement of the ITCZ system in the Holocene and the associated
increase of total insolation in our study area may also have had an
effect on surface temperatures, if one assumes that part of the increase
in insolation energy was not converted to latent heat (Rozanksi and
Araguás-Araguás, 1995).

Table 1
All U–Th ages from Amsterdam and Melbourne labs combined
Sample

Depth
(mm)

2s

[230/238]

2s

[234/238]

2s

Age(suppl.)
(ka)

2s

[232/238]

2s

AgeCorr
[0/2]i = 1.5 ± 1.5

2s

[234/238]i corr

2s

NC-A
NC-A
NC-A
NC-A
NC-A
NC-A
NC-A
NC-A
NC-A
NC-A
NC-B
NC-B
NC-B
NC-B
NC-B
NC-B
NC-B
NC-B
NC-B
NC-B

25.0
35.0
58.0
72.5
110.0
162.0
230.0
232.0
250.0
305.0
15.0
32.5
45.0
77.5
155.0
190.0
235.0
237.5
292.5
300.0

4.0
4.0
4.0
2.5
4.0
4.0
2.0
4.0
4.0
4.0
4.0
2.5
4.0
4.0
4.0
4.0
4.0
2.5
2.5
4.0

0.0045
0.0049
0.0191
0.0217
0.0302
0.0384
0.0440
0.0449
0.0578
0.0630
0.0542
0.0623
0.0733
0.0916
0.1194
0.1346
0.1482
0.1514
0.1793
0.1832

0.0003
0.0006
0.0005
0.0004
0.0008
0.0002
0.0007
0.0004
0.0009
0.0003
0.0011
0.0008
0.0007
0.0028
0.0003
0.0009
0.0019
0.0011
0.0011
0.0034

1.5986
1.5997
1.5960
1.5603
1.5927
1.5874
1.5715
1.6044
1.6079
1.5759
1.5500
1.5193
1.5714
1.5763
1.5876
1.6150
1.6115
1.5740
1.5433
1.5725

0.0019
0.0256
0.0014
0.0035
0.0014
0.0013
0.0028
0.0012
0.0014
0.0014
0.0009
0.0030
0.0009
0.0011
0.0008
0.0007
0.0008
0.0027
0.0029
0.0009

0.306
0.337
1.313
1.524
2.089
2.674
3.087
3.092
3.989
4.447
3.883
4.547
5.200
6.517
8.498
9.454
10.473
10.931
13.340
13.427

0.022
0.047
0.037
0.031
0.055
0.013
0.051
0.031
0.067
0.025
0.085
0.060
0.057
0.211
0.029
0.071
0.143
0.082
0.085
0.270

0.000288
0.000076
0.000020
0.000153
0.001051
0.000758
0.000272
0.000147
0.003516
0.001709
0.000142
0.000477
0.000871
0.000696
0.000922
0.000059
0.000144
0.000132
0.000291
0.000048

0.000021
0.000009
0.000001
0.000001
0.000034
0.000015
0.000002
0.000003
0.000089
0.000035
0.000004
0.000003
0.000019
0.000026
0.000019
0.000001
0.000003
0.000001
0.000002
0.000001

0.277
0.326
1.306
1.506
1.975
2.581
3.057
3.067
3.618
4.247
3.850
4.493
5.091
6.419
8.371
9.409
10.418
10.922
13.308
13.376

0.036
0.043
0.035
0.033
0.123
0.078
0.057
0.031
0.367
0.178
0.081
0.080
0.104
0.222
0.097
0.065
0.141
0.086
0.095
0.262

1.5991
1.6002
1.5982
1.5626
1.5960
1.5917
1.5765
1.6097
1.6142
1.5829
1.5560
1.5259
1.5797
1.5869
1.6017
1.6316
1.6298
1.5921
1.5641
1.5946

0.0019
0.0260
0.0014
0.0034
0.0014
0.0013
0.0028
0.0012
0.0016
0.0014
0.0009
0.0031
0.0009
0.0012
0.0008
0.0007
0.0009
0.0027
0.0030
0.0010

Amsterdam
Amsterdam
Amsterdam
Melbourne
Amsterdam
Amsterdam
Melbourne
Amsterdam
Amsterdam
Amsterdam
Amsterdam
Melbourne
Amsterdam
Amsterdam
Amsterdam
Amsterdam
Amsterdam
Melbourne
Melbourne
Amsterdam
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Fig. 3. Plot of the February solar insolation curve at 6° South (Laskar et al., 2004) (panel A) compared with isotope data obtained from the Cueva del Tigre Perdido record. Shown are
δ18O values (panel B) and δ2H values (panel C) of ﬂuid inclusion water. Dating error is smaller then the size of the symbol used. Panel D shows δ18O values of speleothem calcite. Long
term trends in all isotope records are in phase with the solar insolation curve. Paleotemperatures, shown in panel E, are calculated based on δ18O data from panel B and D, using the
paleotemperature equation by Craig (1965). Horizontal dashed line in panel E represents the average temperature calculated. Error bars on ﬂuid inclusion isotope data and on
calculated temperatures are based on 1SD reproducibility of standard waters routinely analyzed within ﬂuid inclusion isotope runs (Vonhof et al., 2007). In panel D, solid (open) dots
represent data from the NC-B (NC-A) stalagmite. The black solid curve represents an 11-point running average through the data.

The Tigre Perdido stalagmite record offers new insights in the
relative changes of temperature and convective rainfall through the
Holocene, because this record provides independent paleotemperatures and rainfall isotope composition. Paleotemperatures are calcu-

lated by using coupled calcite δ18O and ﬂuid inclusion δ18O values as
input parameters in a paleotemperature equation. Most commonly
used for inorganically precipitated calcite is the equation by Kim and
O'Neil (1997). Resulting paleotemperatures for the Tigre Perdido

Fig. 4. Petrographic images of typical ﬂuid inclusions found in the stalagmites studied. A) provides an example of ﬂuid inclusions patterns in thin sections of NC-B stalagmite.
B) Scanning Electron Microscope (SEM) image of a freshly broken calcite surface from NC-B, showing dense calcite with relatively large ﬂuid inclusions. Distribution and geometry of
ﬂuid inclusions suggest that they are not interconnected and have not been diagenetically modiﬁed since their formation.
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Fig. 5. δ18O and δ2H values of all analysed ﬂuid inclusion samples. The black line
represents the Global Meteoric Water Line (GMWL) Most ﬂuid inclusion values plot on
the GMWL, except for three obvious outliers (open dots). These three samples had the
lowest water yields of the dataset at b0.1 µL per crush. Standard water injection
experiments conﬁrmed that δ18O values are no longer reproducible at such low water
yields, leading us to reject the δ18O values of these three low-yield samples. Subsequent
duplicate analysis of two of these three samples conﬁrmed that δ2H values of the lowyield samples were still reliable.

record show little variation, as to be expected for this area in the
Holocene. However, at ∼17 °C, calculated temperatures are much
lower than the modern cave temperature which lies at ∼22 °C. This
apparent mismatch is a well known phenomenon for speleothem
based paleotemperature reconstructions. Mickler et al. (2004) show
that modern speleothem calcite from Barbados precipitates in oxygen
isotope disequilibrium, and suggest that this is due to kinetic fractionation. Such fractionation will lead to calculated paleotemperatures
that can be several °C too low. A recent compilation of available cave
monitoring data, McDermott et al. (2006) demonstrates that this effect
occurs in other caves as well. This compilation further shows that
among the different paleotemperature equations available, the Kim
and O'Neil (1997) equation leads to temperatures that are several °C
too low. More accurate temperatures appear to be calculated by the
equation of Craig (1965). Application of the Craig (1965) equation to
the Tigre Perdido record results in a Holocene paleotemperature of
∼20 °C (Fig. 3), indeed much closer to modern cave temperatures
of ∼22 °C than the 17 °C calculated from the Kim and O'Neil (1997)
equation. The total observed variation around the mean value does not
exceed the analytical uncertainty on the input parameters, which are

Fig. 6. Comparison of the Cueva del Tigre Perdido δ18O ﬂuid inclusion (panel A) and δ18O calcite (panel B) records with the Huascaran δ18O ice core record (panel C) (Thompson et al.,
2000) and with the Cariaco Basin Ti% record (panel D) (Haug et al., 2001). All records show Holocene trends in phase with the solar insolation curve (panel E). Rapid climate oscillation
occurs in all three records during the Younger Dryas (YD) interval (grey zone) The much stronger response in the Huascaran δ18O record, compared to the Cueva del Tigre Perdido
δ18O record, suggests a stronger impact of YD climate change in the highlands. A comparison of the Cueva del Tigre Perdido isotope record with the Cariaco Basin Ti% record, reveals
that wet YD conditions in Amazonia, coincided with Dry conditions over Northern Venezuela. This seasaw pattern suggests that climate change over Amazonia in the YD interval was
primarily controlled by a general Southward movement of the ITCZ. A more detailed comparison of Cueva del Tigre Perdido calcite δ18O with the Cariaco Basin Ti% record shows
another similarity between the two records, in that the amplitude of high-resolution variation drastically increases in the last 4000 years. Haug et al. (2001) attributed this to
increased ENSO activity from ∼ 4000 years BP onwards.
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largely controlled by the analytical uncertainty of the ﬂuid inclusion
isotope analyses (reproducibility (1σ) is b1.5‰ for δ2H, and b0.3‰
for δ18O (Vonhof et al., 2006, 2007)).
At stable Holocene temperatures, the observed 2‰ δ18O variation
in speleothem calcite and ﬂuid inclusion water apparently reﬂects
rainwater isotope variation related to increasing convective rainfall
through the Holocene. Estimates of the relation between δ18O and
rainfall amount for the Amazon Basin, based on modern IAEA precipitation data, show that the majority of lowland IAEA stations cluster
between −0.4 and −0.8‰ /100 mm (Vuille et al., 2003). For the Tigre
Perdido record this would relate to a 250 to 500 mm rainfall increase
from 9000 yr BP towards the present day value of ∼1500 mm/yr. This
must probably be taken as a maximum estimate because Cueva del
Tigre Perdido is located at ∼1000 m ASL, already in the foothills of
the Andes, and the slope of the δ18O — rainfall amount relation
for highland IAEA stations is signiﬁcantly steeper than for the lowlands
(Vuille et al., 2003).
Tigre Perdido isotope data thus conﬁrm that insolation-forced
changes in rainfall, and not temperature, are the dominant parameter
affecting the climate of lowland Amazonia, as was already suggested
by several previous studies (Ramirez et al., 2003; Seltzer et al., 2000;
Cruz et al., 2005).
To further investigate the transfer of atmospheric moisture from
the Amazonian lowlands to the Altiplano, we compare the Tigre
Perdido record with the Holocene interval of the Huascaran Ice core
record (Fig. 6). There is a striking similarity in the shape of the
Holocene δ18O curves of both records, with a nearly constant ∼12‰
offset between Huascaran and Tigre Perdido water δ18O values, in good
agreement with the expected orographic fractionation effect for
rainfall between the two sites (Grootes et al., 1989; Rozanksi and
Araguás-Araguás, 1995; Thompson et al., 2000). This suggests that the
Huascaran Ice Core record accumulated from essentially the same
moisture that ﬁrst produced the rainfall trapped in the ﬂuid inclusion
record of Tigre Perdido. No isotope fractionation other than the orographic effect is required to match the general Holocene isotope curves
between the two sites which implies little variation of the vertical
atmospheric temperature gradient (lapse rate) between the two sites
through the Holocene.
This situation is different for the Younger Dryas interval (Fig. 6).
Here, the Ice core record shows a deep minimum in δ18O values which
are ∼6‰ lower than those of the early Holocene (∼9000 yrs BP) and
∼ 4‰ lower than late Holocene values. The Tigre Perdido δ18O record
shows a much smaller Younger Dryas excursion which is ∼2‰ lower
than the early Holocene maximum, and comparable to modern values.
The extra ∼ 4‰ decrease of δ18O values for snowfall at Huascaran
compared to that of rainfall at Cueva del Tigre Perdido can be
interpreted in two ways: The ﬁrst option is an increased lapse rate, by
which the altiplano was ∼2–3°cooler in the Younger Dryas relative to
the lowlands. The second option is that atmospheric circulation
changes in the Younger Dryas interval drove up the mean condensation level of precipitation over the altiplano, resulting in isotopically
colder snow while the lapse rate remained unchanged (Thompson
et al., 2000).
The isotope signature of the Younger Dryas interval in the Tigre
Perdido stalagmite suggests increased convective rainfall compared to
the early Holocene interval of the same record. Isotope values are
similar to modern values, suggesting rainfall amounts of ∼1500 mm/yr,
while the insolation was distinctly lower. Since the Younger Dryas
interval typically is a higher latitude phenomenon, long distance teleconnections are required that translate high latitude cooling to the
tropics. Modelling as well as proxy record studies suggest that increased meridional (North to South) sea surface temperature gradients
in the Paciﬁc and Atlantic Oceans cause convective rainfall to migrate
southwards (Haug et al., 2001; Garreaud et al., 2003), leading to dryer
conditions in the northern tropics (Haug et al., 2001) and wetter
conditions in the southern tropics (Baker et al., 2001), where our
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stalagmite record is located. The seesaw pattern between the northern
and southern tropical records is particularly clear in the comparison
of the (southern tropics) Tigre Perdido δ18O record with the (northern
tropics) Cariaco basin Ti and Fe record (Haug et al., 2001; Fig. 6). Both
records primarily record rainfall amounts on the South American
continent over the last ∼ 13500 years. Although thousands
of kilometres apart the shape of both curves is remarkably similar,
correlating dry phases in Venezuela, with wet phases in Peru (Fig. 6).
The consistency of these records underlines the regional signiﬁcance
of the Tigre Perdido record, and again pinpoints ITCZ migration as the
main control on tropical South American rainfall patterns. We tentatively suggest that even the higher-frequency variation, interpreted
to be ENSO related in the interval after 3800 yrs BP in the Cariaco
record (Haug et al., 2001), can be identiﬁed in the Tigre Perdido record
as well (Fig. 6).
4. Conclusions
The present study shows how stalagmite ﬂuid inclusion isotope
analyses provide information on the isotope composition of paleorainfall in a datable context.
In Amazonia the δ18O composition of rainwater is affected by
temperature and rainfall amounts, which complicates the quantitative
interpretation of ﬂuid inclusion isotope data. However, by combination
of δ18O values of ﬂuid inclusion water and its surrounding calcite,
independent paleotemperatures can be calculated based on the known
temperature dependency of δ18O fractionation between speleothem
calcite and formation water. By application of this technique to the
Cueva del Tigre Perdido stalagmite record, we can distinguish between
the effects of temperature and rainfall δ18O values on the isotope
patterns in stalagmite calcite.
Holocene climate variation, as recorded in the stalagmite, appears
to be controlled by orbitally forced Southward migration of the ITCZ,
causing increasing convective rainfall in our study area. While temperature remains stable, isotope variation of rainwater reﬂected in
ﬂuid inclusion water δ18O composition suggests a ∼ 15–30% increase
in convective rainfall through the Holocene.
The isotope pattern observed in stalagmite ﬂuid inclusions matches
isotope patterns in the high Andean Huascaran Ice Core record. This
similarity suggests that Andean lapse rates did not vary much through
the Holocene (Vizy and Cook, 2007). Since temperatures calculated
for the Cueva del Tigre Perdido stalagmite were stable, it follows
that not temperature but ITCZ dynamics controlled the long trend in
Holocene δ18O values for Huascaran. This coupling between the two
records does not exist for the Younger Dryas interval. Here, the higher
amplitude δ18O excursion in the Huascaran record compared to the
Cueva del Tigre Perdido record, may suggests a temporarily increased
lapse rate or a change in atmospheric circulation over the altiplano,
forced by increased meridional sea surface temperature gradients
due to cooling of higher latitudes. This same effect would account for
a southward shift of the ITCZ, that caused increased rainfall in the
southern tropics, and decreased rainfall in the northern tropics during
the Younger Dryas.
In a wider perspective, ﬂuid inclusion isotope analysis drastically
improves paleotemperature reconstructions based on speleothem
calcite δ18O data, because it provides the δ18O value of cave drip water
through time, which is usually the most important unknown in
paleotemperature equations. Results for the Cueva del Tigre Perdido
show that some of the commonly used equations underestimate the
actual temperatures in the cave more than others. Our poor understanding of the differences in accuracy between equations underlines
the importance of further investigation into isotopic equilibrium
during growth of speleothems.
In any case, the technique presented here allows for reconstruction
of past rainfall δ18O variation, in climate zones where ice cores are
scarce or absent. This is highly signiﬁcant for our understanding of
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past climate variation, particularly in view of recent developments
of isotope modules in climate models (Vuille et al., 2003).
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