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Abstract

The growth of stalagmites can be approximated by a simple mathematical model, which depends on growth rate
and equilibrium radius. These two parameters are controlled by the climate. Temperature variations derived from ice
and deep-sea core data, together with models for changes in precipitation and soil cover, are used to derive stalagmite
stratigraphies, which reflect the palaeo-climate variations imposed. In general, stalagmite growth is strongly correlated
to temperature and the amount of carbon dioxide available in the soil. Furthermore, precipitation is correlated to the
stalagmite diameter. However, several assumptions need to be made: (i) A functional relationship between
temperature on the one hand and precipitation and soil cover on the other needs to be established. (ii) The kinetics of
calcite dissolution and precipitation needs to be assigned, either under soil and epikarst conditions open to the
atmosphere or under fractured rock conditions closed from the atmosphere. These assumptions are difficult to access
from field data, and therefore a stalagmite stratigraphy can be ambiguous and not easily converted back into an
unknown palaeo-climate signal.
/ 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The Earth’s climate has undergone dramatic
variations during the last 1 million years. Several
cycles of roughly 100 000 yr duration have seen
large ice sheets growing on continental areas dur-
ing glacial periods, which then quickly collapsed,
leaving the Earth in an interglacial stage as today.
Simultaneously, the sea level has £uctuated by

more than 100 m during the glacial cycles, and
vegetation zones have moved hundreds of kilo-
metres.

Unravelling the climate variations controlling
the ice-age cycles is a primary goal in scienti¢c
research. Several archives recording climate infor-
mation such as isotopic variations and changes in
vegetation are used to study the palaeo-climate:
ice cores and deep-sea cores dating back to more
than 400 000 yr BP represent the marine record,
while pollen and loess stratigraphies record the
terrestrial variations. Speleothems, the calcite de-
posits common in cave environments [1], also con-
tain valuable information about climate change,
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both in their stratigraphy and the variation of
stable isotopes. Frequently, stalagmites and £ow-
stones are dated and their oxygen-isotope and
carbon-isotope content is analysed to derive pa-
laeo-climate information, e.g. from stalagmites in
Oman [2,3], in Israel [4,5], in North America [6],
in the European Alps [7^9], in Italy [10], and in
Germany [11].

A number of studies [12^14] employ measured
growth rates of speleothems (stalagmites and
£owstones), and compare them to modelled
growth rates based on mathematical models for
the precipitation of calcite [15^18]. Baker et al.
[12] have measured growth rates in the range of
0.01^0.05 mm yr31 from three sites in southeast
England and ¢nd a satisfactory agreement with
modelled growth rates. However, the modelled
growth rates, which are derived under the as-
sumption of high drip rates, overestimate the
measured growth rates by a factor of two to
¢ve. Baker et al. [13] have extended the measured
growth rates to encompass sites in Belgium and
France, and employed a more complicated model
for growth including drip-rate dependence [19].
Measured and modelled growth rates agree well
within the assumed uncertainty. More recently,
Genty et al. [14] collected data from six cave sites
throughout Europe, measuring drip-water chem-
istry and annual growth rates, and again were
able to reconcile measured and modelled grow.
Additionally, a good correlation between growth
rates and both annual temperature and drip-water
calcium concentration could be established, which
indicates the signi¢cance of a palaeo-climate sig-
nal inscribed into the speleothems.

In this paper, we use a mathematical model to
calculate stalagmite stratigraphies, based on pa-
laeo-temperature variations derived from ice and
deep-sea cores. We assess the potential of stalag-
mite stratigraphies to discriminate between di¡er-
ent climate variations.

2. Stalagmite growth model

Speleothems in caves have a wide variety of
shapes, ranging from simple straw stalactites and
candlestick stalagmites, which are fed by puncti-

form drip sources, to more complicated forms
such as canopies, shields, shelfstones, columns
etc., which deposit from more complicated water
sources (see [1] for a more comprehensive discus-
sion). As we employ a simple mathematical model
to determine stratigraphies [19^21], we need to
focus on the simple form of a stalagmite, where
water supersaturated with calcium is dripping
from a point source. At this stage, we do not
consider fall height of the drop or evaporation
as signi¢cant. When a water drop hits the rock
surface, a thin ¢lm of water spreads out radially,
and CO2 degasses from the solution. Calcite is
precipitated in a thin layer around the impact
area. At the centre, precipitation of calcite is
greatest, and precipitation rates drop from the
centre radially outwards. As the direction of crys-
tal growth is directed perpendicularly to the sur-
face of the stalagmite, growth continues upward
and the stalagmite maintains its radius, as long as
the prevailing equilibrium conditions do not
change. Hence, changes in the shape of a stalag-
mite re£ect changes in climate.

2.1. Geometry

In Fig. 1, the old stalagmite surface is given by
the polygon with points Pi, i=0, n from the centre

Fig. 1. Geometry of stalagmite surfaces.
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outwards. Each point Pi can be described in Car-
tesian coordinates (xi, yi), and the length segment
between neighbouring points is described by the
relation li =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi3xi31Þ2 þ ðyi3yi31Þ2

p
, i=1, n.

The polygon length of the surface then is gi li.
After a time step vt, a new surface has been

deposited, which is given by polygon points PPi.
This new surface is derived by assuming that each
new point PPi is located perpendicular to the old
surface, and the distance from the old point Pi is
calculated from the growth rate Wi :

Wi ¼ W 0exp 3
X
i

li=R0

 !
ð1Þ

with R0 the equilibrium radius of the stalagmite
and W0 the maximum growth rate at the centre of
the stalagmite. Both R0 and W0 depend on cli-
matic conditions and thus control the growth of
a stalagmite, as will be explained in the next sec-
tions. However, we ¢rst deduce the iteration
scheme used to calculate the new surface from
an old one. The new coordinates are derived
from the relation:

x0i ¼ xi þWi cos L i

y0i ¼ yi þWi sin L i
ð2Þ

where

L i ¼ 903K i

K i ¼ sin31 yi3yi31

li

� � ð3Þ

and Wi is derived from Eq. 1.

2.2. Growth rate and equilibrium radius

The growth rate of stalagmites can be derived
either from numerical modelling or experiments
on deposition rates of calcite. Deposition and pre-
cipitation rates of calcite within the ternary sys-
tem H2O^CO2^CaCO3 (water, carbon dioxide,
calcite) have been studied theoretically [17,18].
The theoretically derived rates have been veri¢ed
experimentally [22,23]. It has been shown that the
kinetics of the calcite deposition and precipitation
is controlled by three processes: (i) The chemical
reactions at the crystal surface described by the
PWP-equation [24] ; (ii) the slow conversion of
HCO3

3 and Hþ into CO2 and H2O in the solution

[25], which becomes important for small water
¢lm thicknesses, and (iii) mass transport of the
dissolved species by di¡usion.

2.2.1. Growth rates
The maximum deposition rate F (in mol m32

s31) can be approximated by the linear relation
[13] :

F ¼ K ðc3cappÞ ð4Þ

with K a rate constant (in m s31) as given in
[13,19], and c (in mol m33) the actual calcium
concentration in the dripping water, which de-
pends on the soil cover and the type of pathway
through the rock. capp (in mol m33) is the appar-
ent calcium concentration at equilibrium [23],
which is above the calcium concentration at equi-
librium, ceq (in mol m33), a result of the inhibiting
e¡ect of precipitation studied by [26] and [21].
While the rate constant K depends on temperature
T (in ‡C) and the thickness of the water ¢lm N (in
m), the apparent calcium concentration capp is a
function of temperature and CO2 pressure pcave
(in atm) in the cave:

K ¼ K ðT ; N Þ

capp ¼ cappðT ; pcaveÞ

We ¢x the ¢lm thickness to N=0.01 cm, which
is in agreement with measurements from [21] and
[13]. For the CO2 pressure in the cave, we assume
a constant value of pcave = 400 ppm, which is in
accordance with measurements reported in [13].
As the latter assumption a¡ects the growth rate
by a factor of two, we note that the growth rates
reported here are maximum growth rates; in
caves with higher CO2 concentrations, stalagmite
growth will be slower [12].

The maximum deposition rate Eq. 4 is only
achieved for high drip rates, which we express
as drip interval vd (in s). If the drip rate is low,
and hence the drip interval vd is large, the depo-
sition rate drops to lower values. Converting the
deposition rates F into growth rates W0 (in m
yr31), the drip-rate-dependent growth is expressed
as [19] :

W 0 ¼ 1:174U103ðc3cappÞ
N

vd
13exp 3

K

N

vd
� 	h i

ð5Þ
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For low drip rates, a minimum growth rate can
be derived:

Wmin
0 ¼ 1:174U103ðc3cappÞ

N

vd
; vdE

N

K

ð6Þ

while for high drip rates, the growth rate reaches
a maximum:

Wmax
0 ¼ 1:174U103ðc3cappÞK ; vdI

N

K

ð7Þ

2.2.2. Equilibrium radius
The equilibrium radius of a stalagmite can be

derived from the following consideration: Under
equilibrium conditions, water £owing across the
stalagmite surface loses all excess calcium and
the stalagmite grows vertically upwards, while
keeping its shape [27]. Then, the amount of cal-
cium deposited onto the surface within a given
time interval is equal to the supersaturation of
the drop, (c3capp). From this consideration, an
equilibrium radius R0 (in m) can be derived
[21,19] :

R0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V

ZN 13exp 3
K

N

vd
� 	h i

vuut ð8Þ

with V the drop volume (in m3) and vd the time
interval between two drops (in s). Typical drop
volumes are in the order of Vv0.1 cm3 [28], while
drip intervals can vary signi¢cantly, vdn[1, 106] s.
Here, small values correspond to high-£ow re-
gimes, large values to low-£ow regimes. From
Eq. 8, two asymptotic values can be deduced,
the low-£ow diameter:

Rmin
0 ¼

ffiffiffiffiffiffiffi
V
ZN

r
; vdE

N

K
ð9Þ

and the high-£ow diameter :

Rmax
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
V

ZKvd

r
; vdI

N

K

ð10Þ

For low £ow rates, R0 depends on drop volume
and ¢lm thickness, while for high £ow rates, R0

depends on precipitation kinetics and drip rates.
Both the growth rate W0 and the equilibrium

radius R0 are functions of several parameters,
which depend on climatic conditions. Using the

fundamental parameters temperature T, CO2

pressure p, and drip interval vd, the dependences
read:

W 0 ¼ W 0ðT ; p; vdÞ

R0 ¼ R0ðT ; vdÞ

Both W0 and R0 depend on temperature and
drip interval, but while the growth rate W0 also
depends on the CO2 pressure p, and therefore the
calcium excess concentration in the drop, the
equilibrium radius R0 is independent of it. The
parameter dependence of growth rate and equilib-
rium radius is shown in Fig. 2. For the temper-
ature and drip-interval ranges considered, the
growth rate is always below 0.25 mm yr31. For
large drip intervals (vds 1000 s) corresponding to
low precipitation rates, the growth rate is almost
independent of temperature and increases with
smaller drip intervals. If the climate is more hu-
mid (vd6 1000 s), temperature also controls the
growth rate. Comparing the growth rates for two
di¡erent CO2 concentrations, it is obvious that
the vegetation dominates the growth-rate signal.
Equilibrium diameters mainly depend on the drip
interval. For drip intervals larger than vdv1000
s, a minimum equilibrium diameter is established
(Rmin

0 v4 cm), as predicted by Curl [28]. Diame-
ters above the 20 cm range require shorter drip
intervals around vdv10^100 s. Note that the gen-
eration of massive cone-shaped stalagmites with

Fig. 2. Growth rate W0 and equilibrium diameter D0 as a
function of temperature and drip interval. The growth rate is
shown for two CO2 concentrations: p=0.02 atm (solid lines)
and p=0.05 atm (dashed lines). Values are derived for the
closed system.
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diameters in the meter range need both short drip
intervals and low temperatures.

3. Calcium and CO2 concentrations

Stalagmite growth is only possible if the water
dripping into a cave is supersaturated with calci-
um. Therefore the water needs high CO2 concen-
trations from the vegetation cover. If water seeps
underground through bare rock, the CO2 concen-
tration is too low and, instead of precipitation,
corrosion may occur in the cave.

If the water is supersaturated with calcium, on
entering the cave CO2 is degassed from the drop
and the excess calcium vc is deposited as calcite
(or aragonite) in the cave. The amount of calcite
deposited depends on the calcium equilibrium
concentration ceq of the drop in the cave atmo-
sphere.

Generally, the calcium equilibrium concentra-
tion depends on the temperature T and the initial
carbon-dioxide partial pressure p= pi of the solu-
tion. An analytical relation derived for a simpli-
¢ed charge balance reads [21] :

c3eq ¼ K1KCKH

4K2Q Ca2þ Q
2
HCO2þ

3

p ð11Þ

with K1, K2, KC, and KH reaction equilibrium

parameters and QCa2þ and QHCO2þ
3

activity coe⁄-
cients for calcium and bicarbonate (Table 1).
Eq. 11 is valid for the open system, in which the
solution is in contact with the atmosphere. Under
closed-system conditions, however, the carbon-di-
oxide concentration in the solution decreases with
time, as dissolution proceeds. In this case, p in Eq.
11 needs to be replaced by:

p ¼ pi3
ceq

KH 1þ 1
K0

� � ð12Þ

with pi the initial carbon-dioxide concentration
and K0 a reaction equilibrium parameter (Table
1). Inserting Eq. 12 into Eq. 11 yields a cubic
equation for the calcium equilibrium concentra-
tion, which needs to be solved to derive the cal-
cium equilibrium concentration corresponding to
an initial carbon-dioxide partial pressure. While
the carbon-dioxide partial-pressure dependence is
explicitly seen in Eq. 11, the temperature depen-
dence is given through the temperature-dependent
reaction equilibrium coe⁄cients (see Table 1).

The non-linear dependence of the calcium equi-
librium concentration on carbon-dioxide partial
pressure can be seen in Fig. 3. In a typical cave
atmosphere (Tcave = 10‡C, pcave = 400 ppm), the
calcium equilibrium concentration is around
ceqv0.6 mol m33, as indicated by the grey-shaded
area. Stalagmite growth in this cave atmosphere

Table 1
Kinetic parameters

Parameter Description Unit Value

Tc Temperature [‡C] 0^20
T Temperature [K] 273.16+Tc

I Ion activity [^] 3c
Aa Debye^Hu«ckel coe⁄cient [^] 0.4883+8.074U1034Tc

Ba Debye^Hu«ckel coe⁄cient [^] 0.3241+1.600U1034Tc

log QCA
b Activity coe⁄cient [^] 34A

ffiffiffi
I

p
/(1+5.0U1038 B

ffiffiffi
I

p
)

log QHCO3
b Activity coe⁄cient [^] 31A

ffiffiffi
I

p
/(1+5.4U1083 B

ffiffiffi
I

p
)

log K0 Mass balance coe⁄cient [^] K5/K1

log K1
c Mass balance coe⁄cient [mol l31] 3356.309430.06091964T+21 834.37/T+126.8339 log T31 684 915/T2

log K2
c Mass balance coe⁄cient [mol l31] 3107.887130.03252849T+5151.79/T+38.92561 log T3563 713.9/T2

log K5
c Mass balance coe⁄cient [mol l31] 1.707U1034

log KC
c Mass balance coe⁄cient [mol2 l32] 3171.906530.077993T+2839.319/T+71.595 log T

log KH
c Mass balance coe⁄cient [mol l31 atm31] 108.3865+0.01985076T36919.53/T340.45154 log T+669 365/T2

a From [43].
b From [44].
c From [42].
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will only initiate when the actual calcium concen-
tration c is above the apparent calcium equilibri-
um cappv1.2ceq (cs 0.7 mol m33). An excess con-
centration vc= c3capp therefore needs a solution
with higher carbon-dioxide concentrations. Given
that the atmospheric CO2 concentration is around
patmv340 ppm, we need additional sources of
CO2 for speleothem deposition. These usually re-
sult from organic activity in the soil, where CO2

concentrations can be as high as 100 000 ppm. As
a ¢rst approximation, we can deduce a depen-
dence of CO2 concentration on temperature, as
soil generation and organic activity depend on
the climatic conditions.

However, a further complication arises from
the complex pathway the water can take on its
way down to a cave. Precipitation seeping down
into the karst passes through soil, the epikarst,
and the fractured carbonate rock, and ¢nally
reaches an air-¢lled cave, where calcite deposition
might occur. Several situations can arise: (i)
Water takes up CO2 in the soil, and dissolves
limestone mainly in the soil and in the epikarst.
In this case dissolution occurs under open-system
conditions, as the solution is still in contact with
the atmosphere. Assuming CO2 concentrations
around p=0.05^0.1 atm, the water can dissolve
up to 3^3.7 mol m33 calcium (dashed lines in
Fig. 3), resulting in a large excess concentration

around vcv2.3^3 mol m33. (ii) Water takes up
CO2 in the soil, but dissolves limestone mainly in
the narrow water-¢lled ¢ssures below the epikarst
zone. In this case, dissolution occurs under
closed-system conditions, and the CO2 concentra-
tion in the solution decreases according to Eq. 12.
As a consequence, calcium concentrations are
much lower, reaching only 2^2.8 mol m33 (solid
lines in Fig. 3), and consequently the calcium ex-
cess concentrations are only around vcv1.3^2
mol m33. Thus, the calcium excess concentration
vc also depends on the pathway of the seepage
water, which is very di⁄cult to assess and which
may vary signi¢cantly even over a small area.

4. Results for simple models

Based upon the theory derived in the previous
sections, we discuss stalagmite growth for a sim-
ple climate model (Table 2), which depicts the last
interglacial from 10 000 yr to the present. We
compare several growth models, in which only
one of the controlling parameters temperature,
CO2 concentration, and drip interval is varied.
For each of these scenarios, the two extreme cases
for seepage water, dissolving under open- and
closed-system conditions, are discussed.

The ¢rst model establishes a reference case, and
assumes constant parameters throughout the in-
terglacial. Results are shown in Fig. 4. Typical
values chosen are T=10‡C, p=0.03 atm, and
vd=100 s (Fig. 4a). For these parameters, con-
stant growth rates of 0.3 mm yr31 under open-
system conditions and 0.1 mm yr31 under closed-
system conditions result, and the equilibrium di-
ameter is around 10 cm (Fig. 4b). The resulting
stalagmites are evenly growing candlestick stalag-
mites, which only di¡er in their height according
to the prevailing £ow conditions of the seepage
water.

For the second model, we assume a tempera-
ture increase over the entire period from 0 to
10‡C, while all other parameters are kept ¢xed
(Fig. 5a). As temperature controls both the
growth rate and the equilibrium radius, changes
can be seen in Fig. 5b: Growth rates increase
about a factor of three for both open- and closed-

Fig. 3. Calcium equilibrium concentration as a function of
partial carbon-dioxide pressure for three temperatures (T=2,
10, 20‡C). In the open system, dissolution proceeds along
horizontal (dashed) lines, while in the closed system dissolu-
tion proceeds along sloping (solid) lines. The grey area indi-
cates calcium concentrations in equilibrium with a typical
cave atmosphere.
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system cases. Simultaneously, the equilibrium di-
ameter decreases from around 16 to 10 cm, inde-
pendent of the percolation pathway. In both
cases, a tapered stalagmite develops (Fig. 5c),
which again di¡ers only in the height reached.

In the third model, the CO2 concentration in-
creases from 0.003 to 0.03 atm during the inter-
glacial, with the remaining parameters ¢xed (Fig.
6a). As the change in carbon dioxide only a¡ects
the calcium excess concentration, only growth
rates are a¡ected, while the equilibrium diameter
remains constant (Fig. 6b). However, the one or-
der of magnitude increase in CO2 concentration

results in a change of the growth rate of about
one order of magnitude. Consequently, we again
obtain stalagmites with constant diameter as in
the ¢rst model, but now they are less tall, as
growth was slow during the early phase.

The fourth model simulates a one order of
magnitude change in drip intervals from one
drop per 1000 s to one drop per 100 s, with all
other parameters kept ¢xed (Fig. 7a). Growth
rates in this case increase by a factor of two, while
the equilibrium diameter increases from around 4
to 10 cm (Fig. 7b). The resulting shapes resemble
club-like stalagmites (Fig. 7c), which again di¡er

Fig. 4. Stalagmite growth during the last 10 000 yr under open and closed £ow conditions: Constant climatic conditions.
(a) Temperature T, CO2 concentration p, and drip interval vd. (b) Growth rates W0 for open (thick line) and closed (thin line)
system conditions, and equilibrium diameter D0. (c) Stalagmite shape for open- and closed-system conditions. Shapes are redrawn
every 200 yr.

Table 2
Model parameters for stalagmite growth

Climate
T Temperature [‡C] 0^20
p CO2 pressure in drop [atm] 3U1034^1031

vd Drip interval [s] 1^106

Kinetics
K Kinetic rate constant [m s31] (4^30)U1038

cin Calcium concentration in drop [mol m33] 0^4
ceq Calcium equilibrium concentration [mol m33] 0^1
capp Apparent calcium equilibrium concentration [mol m33] 1.12Uceq
Fixed
N Film thickness [m] 1034

V Drop volume [m3] 1037

pcave CO2 pressure in cave atmosphere [atm] 4U1034

mr Molecular weight of CaCO3 [kg mol31] 0.10009
bc Density of CaCO3 [kg m33] 2689
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in their ¢nal height, depending on the pathway of
seepage water.

The changes in stratigraphy and form found in
these simple models agree with earlier inferences
from Dreybrodt [19], who noted that for climatic
variations with a period longer than that required
to obtain equilibrium growth (200^2000 yr), the
stratigraphy is recording the climatic change.
Keeping in mind the above results, we proceed
to more realistic climate-change scenarios.

5. Climate control

The complex interdependence of stalagmite
growth and palaeo-climate needs to be parameter-

ised for a more realistic numerical model, and
therefore several assumptions and simpli¢cations
need to be made.

5.1. Temperature

We start discussing these dependences by intro-
ducing the atmospheric temperature T as a master
variable. We separate T into a spatial part T1

depending on geographical location (latitude a,
longitude P) and altitude (h), and a time-depen-
dent part T2 (time t) simulating the temperature
variations during the ice-age cycles:

T ¼ T1ða ; P ; hÞ þ T2ðtÞ ð13Þ

While T1 can be chosen as the average annual

Fig. 6. As Fig. 4, but for CO2 increase.

Fig. 5. As Fig. 4, but for temperature increase.
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temperature at a given cave location, T2 is as-
sumed to be known from palaeo-climate data,
e.g. ice cores, when the numerical forward model
of stalagmite growth is considered. Most palaeo-
temperature records are recovered from either ice
cores such as the Greenland GRIP ice core
[29,30], or the Antarctic Vostok ice core [31], or
from marine sediment cores such as the V19-30
SPECMAP core [32,33]. Note that these palaeo-
temperature records do not necessarily re£ect the
temperature variations at a speci¢c continental
cave site, where a stalagmite sample has been tak-
en.

As a present-day reference temperature, we
choose T1 = 10‡C, which is a characteristic value
for middle European sites [34]. For the time-de-
pendent change in temperature T2, we adopt sev-
eral scenarios: A ¢rst simple parameterisation
represents a temperature di¡erence of 10‡C be-

tween glacials and interglacials for four ice-age
cycles simulated with a sawtooth function (light
grey area in Fig. 8). The 0‡C for glacials result in
no stalagmite growth, while the 10‡C for intergla-
cials favour stalagmite growth.

Two temperature functions are taken from ice
core data: Data from the Vostok ice core in East
Antarctica (78‡S, 106‡E, 3488 m asl, 3623 m core
length) include pro¢les of the deuterium variation
of the ice NDice. The deuterium is linearly related
to the temperature above the inversion level, and
from this temperature the variation in surface
temperature has been derived [31]. Combining
the surface temperature log with a timescale de-
rived from the core depth and ice-£ow as well as
mass-balance modelling [35], the palaeo-tempera-
ture variation shown in Fig. 8 has been derived.
The record extends over four glacial cycles, is
characterised by a clear 100 000 yr signal, and
some smaller variations during each glacial cycle.
The temperature range between glacials and inter-
glacials is around 12‡C, and the average temper-
ature and its variance is T2 = 5.23S 2.77‡C.

For the GRIP ice core in Greenland (72.57‡N,
37.62‡E, 3246 m asl, 3028 m core length), temper-
atures are derived from the oxygen-isotope pro¢le
N
18Oice, using a non-linear relation between the
oxygen isotope record and palaeo-temperatures
[36,37]. The timescale for the GRIP ice core is
derived from counting annual layers for times
younger than 14 000 yr BP, and extended by ice-

Fig. 7. As Fig. 4, but for drip-interval decrease.

Fig. 8. Temperature functions for stalagmite growth. Temperatures are based on stable isotope records of either ice cores (GRIP
and VOSTOK) or marine cores (SPECMAP). The grey-shaded area depicts a simple sawtooth-temperature function for four gla-
cial cycles. Numbers and blocks above the ¢gure indicate the marine isotope stages (MIS).
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£ow and heat-transport modelling before that
time. The record extends over two glacial cycles,
with a large glacial^interglacial temperature con-
trast of around 20‡C. The variation of tempera-
tures during a glacial cycle is also very pro-
nounced for this core, with is attributed to rapid
changes in the ocean/atmosphere circulation in
the North Atlantic [30]. The average temperature
and its variance is T2 = 2.31S 6.10‡C. This aver-
age is signi¢cantly lower than for the Vostok ice
core, but the large variance re£ects the much larg-
er £uctuations during a cycle.

For comparison, we have used the SPECMAP
oxygen-isotope stack [38]. This dataset is recov-
ered from marine core V19-30 (3‡S, 83‡W, 33091
m) and the N

18Oseawater re£ects changes in global
ice volume, and covers three glacial cycles. For
our purposes, we have rescaled this record into
a temperature variation, with 11‡C during inter-
glacials, and 0‡C during glacials. The average
temperature and its variance is T2 = 5.48S
2.23‡C. As in the Vostok temperature data, a
clear 100 000 yr signal is visible, but variations
during each glacial cycle are much smaller.

5.2. CO2 concentration and precipitation

Two more climate variables need to be known
for the stalagmite-growth reconstruction, palaeo-
precipitation and changes in the carbon-dioxide
concentration (CO2 variation) in the soil. Both
quantities are di⁄cult to reconstruct from pa-
laeo-records. We adopt a simple approximation:
For CO2 variations, we argue that during cold
glacial phases no soil has been present on the
karst surface, hence water seeping down into the
rock was in equilibrium with the low atmospheric
CO2 concentration, de¢ned as pminv340 ppm.
During warmer interglacials, a soil cover was
present, and due to organic activity the CO2 con-
centration was considerably higher, up to levels of
pmaxv40 000 ppm at 20‡C. For the palaeo-precip-
itation, we assume high precipitation rates during
interglacials, as the weather was more dynamic due
to higher temperatures. Hence the drip interval in
the cave has been at a minimum, vdmaxv10 s.
During the peak glacial phases, precipitation
was retained at the surface as snow and ice, hence

drip intervals have been very large, dminCr. We
assume a linear relation of both p and vd with
palaeo-temperature T :

pðTÞ ¼ pmin þ
pmax3pmin

Tmax3Tmin
ðT3TminÞ ð14Þ

vdðTÞ ¼ vdmin þ
vdmax3vdmin

Tmax3Tmin
ðT3TminÞ ð15Þ

Here, Tmin and Tmax are the temperature ex-
tremes of the ice-age cycles. We also de¢ne a
CO2 concentration in the cave atmosphere,
pcave = 400 ppm, which is assumed to be constant.
The dependences of the CO2 variation and the
drip interval on temperature are plotted in Fig.
9a,b. For temperatures below 0‡C, p and vd re-
main at their glacial values pmin and vdmin, repre-
senting the glacial stage with bare rock surface
and almost no water seeping down into the karst.
For larger temperatures, both p and vd increase
towards their interglacial values pmax and vdmax,
which they reach at a temperature of 20‡C. The
CO2 variation can be compared to a relation de-
rived by Drake and Wigley [39]. Here, several
karst springs in North America with water almost
saturated with respect to calcite were studied, and
a linear relation between CO2 and temperature
could be established. As shown in Fig. 9a, our
model closely follows the model of [39] for tem-
peratures above 5‡C; below that, our CO2 varia-
tion is considerably lower. Consequently, the
model of [39] would enhance stalagmite grow at
low temperatures.

Variations of the calcium excess concentration
vc are shown in Fig. 9c. The dependence on pa-
laeo-climate in this case is more complicated, as
both temperature and CO2 concentration control
the calcium excess (see Eqs. 11 and 12). Addition-
ally, £ow through either the open or the closed
system is important. In the closed system, a cal-
cium excess is only present above a temperature
of 6‡C, and from this threshold the calcium excess
increases to 0.7 mol/m3. If £ow occurs under
open-system conditions, precipitation is possible
above 0‡C in this model, and vc increases to al-
most 2 mol/m3.

This large di¡erence in calcium excess concen-
tration translates directly into di¡erences in
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growth rates, as can be seen in Fig. 10a. For
warmer climates, growth rates for droplets perco-
lating through the open system are twice as large
as for the closed system. For the model chosen,
maximum growth rates for both systems are
around 0.6 and 0.3 mm yr31, respectively. The
equilibrium diameter is shown in Fig. 10b. In con-
trast to the simple models discussed before, values
now increase as temperature increases. This in-
crease is caused by be strong dependence of the
drip interval on temperature.

6. Results for climate-driven models

6.1. Variations in palaeo-temperature

Now we have collected information about aver-
age present-day temperatures in Middle Europe,
T1(a, P, h), various palaeo-temperature variations,
T2(t), and we have established simple approxima-
tions to couple variations in precipitation and
CO2 change to the temperature. Using the four
palaeo-temperature scenarios shown in Fig. 8,
we start comparing the stratigraphies of stalag-
mites grown under these di¡erent palaeo-climate
scenarios (Fig. 11), which are derived under
closed-system conditions.

For the simple sawtooth-temperature function,
the resulting SAWTOOTH-stalagmite re£ects the
four cycles of the simpli¢ed palaeo-temperature
variation clearly. Maximum growth occurs during
the interglacials, while hiatuses occur during peak
glacial periods. As the driving temperature varia-
tion is the same for all four ice-age cycles, the
stratigraphy is simply repeated for each cycle.
During interglacials there is an increase in stalag-
mite diameter that corresponds to the intervals of

Fig. 10. Growth rate (a) and diameter (b) as a function of
temperature. Dashed line is for the open-, solid line for the
closed-system case.

Fig. 9. (a) CO2 pressure p, (b) drip interval vd, and (c) calci-
um excess concentration vc as a function of temperature. In
panel a, the grey line indicates the soil-CO2 pressure derived
by Drake and Wigley [39]. In panel c, the dashed line is for
the open-, the solid line for the closed-system case.
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faster growth, while minima are found during
peak glacial periods. Stalagmite growth is around
70 cm per glacial cycle, and the entire stalagmite
is almost 3 m tall.

The Vostok temperature record covers the same
four glacial cycles as the simple sawtooth func-
tion. However, due to the temperature variations
in between each glacial cycle, the stratigraphy of
the VOSTOK-stalagmite is much more compli-
cated: We can still identify the four hiatuses cor-
responding to the peak glacial periods, but
growth between the hiatuses is very di¡erent for
each cycle, re£ecting the temperature £uctuations
recorded in the Vostok ice core. The cycle MIS
11^10 is characterised by rather smoothly falling
temperature, hence the shape of the VOSTOK-
stalagmite for this period is smooth (bottom
cycle). The interglacial MIS 9 was very warm,
which is re£ected in the thick fast-growing section
(second cycle). Similarly, the interglacial MIS 7
also was warm, and a large diameter again ap-
pears in the stratigraphy (third cycle). However,
as temperature during MIS 7^6 was generally
lower than during MIS 11^10, the stratigraphic
section of the third cycle is short. The last cycle
also had low temperatures, and the recent growth
phase on top is very homogeneous, a result of the

stable temperatures during MIS 1. The total
length of the VOSTOK-stalagmite is around
3.3 m.

The GRIP temperature record only covers two
glacial cycles, starting at MIS 7. As a conse-
quence, the GRIP-stalagmite is much shorter,
only around 1.8 m. More important, however,
are the large temperature variations during the
glacial cycles in the GRIP record. These large
variations result in a complicated stratigraphy of
the GRIP-stalagmite, and the hiatuses related to
the peak glacial phases MIS 6 and MIS 4 are not
easily identi¢ed. The two high-temperature peaks
during MIS 6 boost growth during this period,
but in between growth has stopped several times.
During the last glacial cycle, temperatures accord-
ing to the GRIP ice core have been very low, and
growth was stopped for a long time between MIS
5 and MIS 2. Relative stable temperatures during
the last interglacial MIS 1 produced a stable stra-
tigraphy, similar to the last part of the VOSTOK-
stalagmite.

The SPECMAP-stalagmite resulting from the
temperature function derived from the SPEC-
MAP record is around 2 m tall, just taller than
the GRIP-stalagmite, despite the additional gla-
cial cycle. While the peak glacial periods produce
clear hiatuses in this stratigraphy, growth during
the interglacials was low, because peak tempera-
tures were never above 11‡C. This is also re£ected
in the smaller variations in diameter, when com-
pared to the GRIP-stalagmite.

Apart from the stratigraphy several other pa-
rameters can be studied in detail. Firstly, growth
rates as a function of time are shown in Fig. 12a.
For the SAWTOOTH-stalagmite, growth rates
follow an asymmetrical shape, with steep in-
creases at the beginning of an interglacial, and
slower decreases during the build-up of the next
glacial phase. The maximum growth rate is
around 40 Wm yr31, a reasonable value for stalag-
mites. Growth stopped during the glacial inter-
vals, marking three clear and distinct hiatuses.
For the VOSTOK-stalagmite, we observe larger
growth rates, with maxima around 90 Wm yr31.
Growth begins at the beginning of MIS 9, 7, 5,
and 1 with a sharp rise in growth rates, but
growth then only lasts for about 20 000 yr. During

Fig. 11. Stratigraphies of stalagmites for di¡erent palaeo-tem-
perature variations, as depicted in Fig. 8. Surfaces are re-
drawn every 1000 yr. The horizontal lines mark the begin-
ning of glacial phases in the marine isotope record (MIS).
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MIS 7, two more growth periods are present due
to the higher temperatures, resulting in additional
hiatuses. For the GRIP-stalagmite, growth behav-
iour is even more £ashy: While growth also starts
at the beginning of the interglacials, the large tem-
perature £uctuations interrupt the growth period
and therefore additional hiatuses are generated.
The large temperature variations during MIS 6
result in peak growth rates above 100 Wm yr31.
The SPECMAP-stalagmite grows more uni-
formly, but with less than 60 Wm yr31 peak
growth rates are lower. Also the individual
growth phases are mostly shorter than 15 000 yr.
When we compare the maximum growth rates to
¢eld data, our calculated values ranging between
50 and 100 Wm yr31 are more typical for warm-
temperature climates such as Oman, where Ne¡ et
al. [3] show maximum growth rates of around 600
Wm yr31. Observed growth in cold-temperature
climates such as the European Alps is much low-
er, with values between 15 and 35 Wm yr31 as
reported by Wurth et al. [8].

Secondly, the equilibrium diameter is very sen-
sitive to the temperature function driving the sta-
lagmite growth, as can be seen in Fig. 12b. The
regular palaeo-temperature variations for the saw-
tooth-history are re£ected in the regular pattern
of equilibrium diameters for the SAWTOOTH-
stalagmite. During interglacials MIS 9, MIS 7,
and MIS 5, the diameters are around 5 cm, with
little variation during each interglacial. In con-
trast, the VOSTOK-stalagmite exhibits variations
in diameter between 4 and 9 cm during peak in-
terglacials. Clearly visible are the strong growth
phases of MIS 9, MIS 7, and MIS 5 triggered by
the temperature peaking around 12‡C. Similarly,
the GRIP-stalagmite also shows variations in di-
ameter between 4 and 9 cm, and due to the very
strong temperature variations recorded in this ice
core, the recorded signal is very often interrupted,
as already discussed for the stratigraphy. Finally,
the SPECMAP-stalagmite shows again a smooth-
er variation in diameter, clearly related to the
smoother palaeo-temperature signal present in
this deep-sea sediment core.

We conclude that the key parameters of stalag-
mite growth, the growth rate and the equilibrium
diameter, are very sensitive to di¡erent palaeo-cli-

mate scenarios, and thus a stalagmite from a par-
ticular region is a unique record of climate vari-
ability in that region. However, more local
climate parameters such as variations in soil ac-
tivity and precipitation events will obscure the
stalagmite record on a regional scale, as we dis-
cuss next.

6.2. Variations in palaeo-precipitation

We discuss the evolution of growth for the
GRIP-stalagmite under di¡erent precipitation re-
gimes. Hence, we assume a common regional tem-
perature variation for the cave location discussed,
but allow for local changes in precipitation due to
rain shadowing or channelling of water on the
surface. We vary the minimum drip interval cor-
responding to precipitation during interglacials.
The standard regime used before was one drop
every 10 s (vdmax = 10 s). We compare this model
with a wet regime (vdmax = 1 s) and a dry regime
(vdmax = 100 s). The corresponding stratigraphies

Fig. 12. (a) Growth rate W0, and (b) equilibrium diameter
D0 for stalagmites shown in Fig. 11. Numbers and blocks
above the ¢gure indicate the marine isotope stages (MIS).
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are shown in Fig. 13. As the drip interval in£u-
ences both the growth rate and the equilibrium
diameter, the three di¡erent stalagmites have
reached di¡erent heights and their diameters vary.

Compared to the standard regime (middle) with
a total height of around 1.8 m, the dry regime
(left) results in a stunted stalagmite only 1.2 m
tall. This is a result of the reduced growth rates,
which are only 80 Wm yr31 at peak growth com-
pared to 100 Wm yr31 for the standard regime.
Also the reduction in drip rate results in a less
irregular shape of the stalagmite, as variations in
diameter are very limited.

The contrast between the form of the simulated
stalagmite under high drip rates (right) compared
to standard conditions is even more marked.
While the total height has only increased to
around 2 m, the variation in diameter is much
more pronounced. Maximum growth rates have
only increased from 100 to 110 Wm yr31, while
the diameter variation for the wet regime is be-
tween 5 and 16 cm, compared to 5^9 cm in the
standard case.

We conclude that local changes in precipitation,
resulting in di¡erent drip rates in a cave, produce
stalagmites with di¡erent heights, and a very pro-
nounced di¡erence in diameter.

6.3. Variations in palaeo-CO2 variation

Another parameter, which can change on a lo-
cal scale, is the CO2 concentration in the seepage
water. An extreme case would be a landscape with
small hills without vegetation cover, overlooking
wide valleys covered with grasslands. Here, seep-
age water from the hills has a very low CO2 con-
centration (it is in equilibrium with atmospheric
CO2), while water seeping through the valleys is
enriched in CO2. Di¡erent vegetation can also
vary the soil-CO2 on a smaller scale.

For our comparison, we again assume a com-
mon regional temperature variation derived from
the GRIP ice core, and a standard regime with a
CO2 pressure of pmax = 40.000 ppm, a low-CO2

regime of pmax = 30.000 ppm, and a high-CO2 re-
gime of pmax = 50.000 ppm. Stratigraphies for the
three di¡erent regimes are shown in Fig. 14: Dif-
ferences in the CO2 regimes result in di¡erent
growth rates, hence the high-CO2 regime produces
a stalagmite about 3.3 m tall (right), while in the
low-CO2 regime the height is only 0.5 m (left).
The standard-regime stalagmite (middle) is again
around 1.8 m tall. Di¡erences in diameter evolu-
tion cannot be observed, as the equilibrium diam-
eter is independent of the CO2 concentration. We

Fig. 13. Stratigraphies of stalagmites with di¡erent drip inter-
vals. The palaeo-temperature variation is taken from the
GRIP ice core (Fig. 8), and drip intervals are given in the
legend. Surfaces are redrawn every 1000 yr.

Fig. 14. Stratigraphies of stalagmites with di¡erent CO2 con-
centrations. The palaeo-temperature variation is taken from
the GRIP ice core (Fig. 8), and CO2 concentrations are giv-
en in the legend. Surfaces are redrawn every 1000 yr.
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derive variations in the maximum growth rates
between 50 and 140 Wm yr31. The diameter var-
iations are similar for all cases, as the equilibrium
diameter is independent of the CO2 concentration,
but as the CO2 concentration also a¡ects the cal-
cium excess, the growth intervals become longer
for the high-CO2 regime.

7. Discussion

We have modelled stalagmite stratigraphies
based on di¡erent palaeo-climate forcings. The
palaeo-temperature variations are taken from ob-
servational data, while changes in palaeo-precip-
itation and soil cover are derived from the palaeo-
temperature data using simple functions. The re-
sulting stratigraphies show signi¢cant variations
for all three palaeo-climate variables temperature,
drip interval (precipitation), and CO2 concentra-
tion (soil cover). Hence, in principle each stalag-
mite stratigraphy contains a unique and detailed
archive about the local variability of the climate
above the sample location.

From the complicated interdependence of sta-
lagmite growth and palaeo-climate we conclude
that it is di⁄cult to infer palaeo-climate variations
from a single stalagmite stratigraphy. The di⁄cul-
ties arise from several problems: (i) We do not
know the correct relationship between tempera-
ture as master variable and both drip interval
and CO2 variation. (ii) We do not know the path-
way the seepage water has taken on its way down
from the surface to the cave. These uncertainties
make it di⁄cult to invert a stalagmite stratigraphy
for the palaeo-climate signal, unless more obser-
vational evidence for the relationship between pa-
laeo-temperatures and drip interval/CO2 concen-
tration and the percolation pathway is obtained.
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