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Is it really plausible that earthquakes break speleothems? May unbroken speleothems
prove that no strong earthquake has ever occurred during a certain period of time?
The mechanical behaviour of speleothems has been investigated through static bending
tests performed on stalactites and soda straws. These tests give an indication not only
of the mean tensile resistance, but also | more importantly | of its variation. In
fact, it is this variation that makes it di�cult to estimate the acceleration necessary to
break an individual speleothem. That is why a statistical approach is mandatory. The
potentially most vulnerable unbroken as well as broken stalactites were measured in a
pilot cave (Milandre, Switzerland). Four classes of stalactites were de�ned, according
to their shapes. For each of these classes, a vulnerability curve (probability of breaking
as a function of peak ground acceleration) was obtained by means of a Monte Carlo
simulation. Dynamic ampli�cation as well as heterogeneity of bending resistance within
each speleothem were taken into account. Finally, an original statistical approach, valid
for incomplete and imprecise data, was developed. This approach allowed to estimate
the probability that at least one moderate earthquake has occurred in the past.
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1. Introduction

Many reports that interpret broken speleothems (soda straws, stalactites and sta-

lagmites) as indicators of past earthquakes can be found in various literature. A

concise overview of what has been published so far can be found in Forti [1997;

1998]. Most of these publications are purely descriptive from a mechanical point of

view. However, several e�orts have been undertaken to date broken speleothems by

means of radiometric methods [Postpischl et al., 1991]. Before broken speleothems

can be related to earthquakes, it is obvious that all other possible breakdown causes

must be discounted. And this is not an easy task [Delange & Guendon, 1998, Gilli,

1999]. Gilli [1999] further cites high seismicity areas in Costa Rica and Japan where
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no evidence of broken speleothems have been seen. However, these caves may ac-

tually contain no vulnerable speleothems.

The key question is whether it is really plausible that earthquakes break

speleothems. The complementary question is whether unbroken speleothems may

prove that no strong earthquake has ever occurred throughout their lifetime. To the

knowledge of the present authors, the publication of Gilli et al. [1999] presents the

�rst attempt of quantitatively looking at the mechanical behaviour of speleothems

during an earthquake. Cadorin et al. [2001] performed static and dynamical bend-

ing tests on four broken stalagmites of the Hotton cave in Belgium in order to

determine the calcite rupture stress. They found a minimum tensile rupture stress

of 0.42 MPa. Based on this value, they calculated the acceleration that would have

been necessary to break 34 broken stalagmites observed in the Hotton cave. A

1 m high stalagmite, 50 mm in diameter, would be expected to break at 2 m/s2.

For all others, the acceleration values varied between 9 m/s2 and 667 m/s2. These

values can decrease to 0.3 to 100 m/s2 if geometrical irregularities are taken into

account.

Lacave et al. [2000] carried out in situ measurements to determine the range

of fundamental natural frequencies and structural damping of typical speleothems.

It turned out that only exceptionally long and thin speleothems have natural fre-

quencies within the range of seismic excitation, say below 30 Hz (see Fig. 1). This

means that most of them do not undergo dynamic ampli�cation phenomena during

seismic motion. They move along with their basement as a rigid structure. How-

ever, those few having natural frequencies within the seismic range may undergo

signi�cant dynamic ampli�cation, of a factor of 4 or 5, due to extremely low struc-

tural damping of the order of 0.1% critical damping. It seems that speleothems can
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Fig. 1. Estimation of the natural frequency of a speleothem as a function of its type and length.
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only be expected to break during an earthquake either if they are exceptionally

long and thin or at particularly weak sections due to structural anomalies. Hence,

a statistical approach is mandatory. This means that many more material tests are

necessary other than those that were carried out so far in order to constrain the

distribution of the bending tensile rupture stress in speleothems.

The general objective of the present study is to �nd out what can be concluded

from the observation of broken and unbroken speleothems in quantitative terms. Is

it plausible that earthquakes break speleothems? If broken speleothems do indicate

past earthquakes | \speleo-earthquakes" |, then is it possible to quantify the

\strength" of such earthquakes in some way? And if yes, what would be the uncer-

tainty of this quanti�cation? Can unbroken speleothems de�ne an upper limit of the

\strength" for earthquakes that could have ever occurred during the speleothems’

life time?

The �rst step was to develop vulnerability curves for typical speleothems. To

achieve this aim, the bending resistance of a relatively large number of speleothems

taken from the pilot cave was determined in the laboratory. This resulted in a

probability density function for the rupture stress in bending. In the pilot cave, the

geometry of many speleothems was measured in situ by photographic means. A

simpli�ed numerical model for the dynamic behaviour of the measured stalactites

and soda-straws, allowing for geometrical irregularities and uncertainties, was then

developed. Finally, a comparison was made between the stress induced by a seismic

event and the rupture stress, giving us a vulnerability curve for each investigated

speleothem. It was assumed that the ground motion in a shallow cave is similar

to that at the free surface. Hence, the di�raction of the waves by the cave was

neglected. This approximation is justi�ed in view of the large uncertainties linked

to other aspects of the modelling. In fact, what counts for the present study are

the orders of magnitude.

The second step was to estimate whether past earthquakes can be identi�ed and

quanti�ed for the pilot cave under study. To achieve this aim, an original statistical

approach for incomplete inhomogeneous data was developed.

The cave \Milandre" near Porrentruy in the Swiss Jura, close to the French

border, was chosen as the pilot cave. This cave is characterised by a wide variety of

speleothems, particularly many stalactites and soda-straws, some of them broken.

The history of the exploration of Milandre indicates that none of the investigated

galleries was visited by human beings before 1964, because of the existence of some

siphons along the river, and the great distances from the natural entrance (before

the construction of an arti�cial pit). It is also impossible, for the same reasons, that

animals have ever been to these parts of the cave. This makes it clear, at least, that

the broken speleothems observed in these galleries are not broken by human beings

or animals. In fact, most of them are re-calci�ed on the 
oor, which indicates that

they have not been broken recently.
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2. Laboratory Resistance Tests on Stalactites

In order to preserve the unique cave environment of Milandre, no intact speleothems

were broken. Only pieces lying on the ground that were not re-calci�ed on the 
oor

were collected within the upper part of the cave. In total, about 30 pieces of broken

stalactites were collected.

A fundamental problem could not be circumvented: all the test specimens have

fallen down to the ground. Their internal structure could have been damaged, so

the measured bending stress might be too low. However, the opposite could be true

as well: the stalactites had to break before falling down, and then may have broken

up into several pieces at the impact on the 
oor. It is reasonable to assume that the

weakest sections broke at the time. Thus, in today’s bending tests, one can no longer

measure the lowest bending resistance. Since calcite is nearly an ideally brittle

material, there is little or no damage expected until a sudden fracture develops. This

seems to give more weight to the second hypothesis, i.e. that the bending resistance

measured on broken stalactites might be | statistically speaking | too high.

In order to avoid any structural disturbance in the test specimens, the bending

tests were carried out on stalactites without any previous treatment. The \base"

was glued into a metallic ring that could be held by the testing machine (clamped

end). The load was applied statically to the thin end (Fig. 2). These tests were

carried out at the Swiss Federal Laboratories for Materials Testing and Research.

The rupture moment was calculated with respect to the true rupture section which

was in many cases not the section at the clamped end. The maximum rupture stress

was evaluated with respect to an ellipse matching the rupture section.

The laboratory tests were made on 20 stalactite specimens. This gave 20 bending

tensile rupture stresses, henceforth called \rupture stress", for the calcite material

Fig. 2. Procedure used to perform the laboratory tests on stalacties.
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Table 1. Rupture stress obtained from laboratory tests on 20 stalactite specimens.

N° VV1 VV2 V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 V12 V13 V14 V15 V16 V17 V18

MPa 3.3 7.0 6.2 4.3 3.0 3.3 2.8 7.7 2.9 2.6 5.6 4.0 2.0 4.5 2.6 2.7 3.5 6.1 7.0 4.0

Rupture stress probability density
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Fig. 3. Rupture stress probability density obtained with a kernel estimation of density from the
results of the laboratory tests.

(Table 1). Based on these 20 values, a distribution of the rupture stress was es-

timated. A parameter free kernel estimation of densities [Silverman, 1986] that

does not need any a priori for a particular distribution shape was used. The kernel

distribution obtained from the laboratory test data is shown in Fig. 3.

The material tests conducted by Cadorin et al. [2001] gave lower values than the

ones performed for the present study. Their tests were performed on specimens from

only 4 distinct speleothems, whereas here, 20 distinct stalactites were used. This

simple comparison between the di�erent rupture stresses, shows the great variability

of this parameter (even within the same cave population: see the variability of the

results shown in Table 1). It is therefore not possible to consider a single value

for the rupture stress in the modelling of the speleothems’ behaviour. This is the

reason why a kernel distribution of this parameter was used here (Fig. 3), allowing

the variability to be accounted for between di�erent speleothems, as well as along

a single speleothem (see Sec. 4.2).

3. Measurements of the Stalactites

An inventory was made in the Milandre cave. The goal was to gain an overview

on the speleothem population and to be able to measure later on | as precisely

as possible | the geometry of the speleothems. To this aim, digital photos of
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Table 2. Geometrical features and natural frequency of the 10 test stalactites.

Name Stt01 Stt02 Stt03 Stt04 Stt05 Stt06 Stt07 Stt08 Stt09 Stt10

Length [m] 1.178 0.803 1.970 0.770 1.260 0.780 0.806 0.510 0.578 0.376

d0 [mm] 89.0 21.8 290. 14.6 76.0 25.1 15.3 29.7 25.8 20.0

d1 [mm] 91.7 21.8 293. 17.2 72.0 15.5 16.7 10.9 19.0 15.0

d2 [mm] 86.2 23.3 264. 22.3 70.0 14.8 18.9 12.1 15.3 9.50

d3 [mm] 77.7 23.3 246. 13.7 74.0 12.6 11.3 13.4 16.3 10.0

d4 [mm] 63.8 24.7 216. 12.9 76.0 12.6 10.4 13.4 13.6 9.70

d5 [mm] 63.8 24.7 194. 11.2 65.9 15.5 10.4 15.0 15.3 9.50

d6 [mm] 55.7 27.7 194. 7.80 63.8 14.8 9.00 16.3 14.3 8.20

d7 [mm] 44.4 23.3 264. 8.60 61.8 14.8 7.68 17.6 15.3 8.40

d8 [mm] 17.6 10.2 102. 7.80 43.2 4.00 10.4 21.7 10.5 8.20

Measurement

uncertainty [mm]

2.0 1.5 4.4 1.0 2.0 1.0 2.0 1.0 1.0 1.0

Shape

irregularity [mm]

+/- 6. +/- 4.5 +/- 45. +/- 6. +/- 15. +/- 4.5 +/- 7. +/- 8. +/- 4. +/- 4.

Natural frequency

[Hz]

28.5 21.0 36.5 13.5 26.0 15.0 11.5 39.5 29.0 47.0

most of the important stalactites and long soda-straws were taken, together with

a scale. Some four hundred photos were taken during this �eld campaign. It was

then possible to measure their geometry afterwards with su�cient precision on the

computer screen. Ten stalactites were measured as precisely as possible (Table 2).

The length and the development of the diameter along the stalactite’s axis were

measured. All sections were assumed to be circles. Each stalactite is �nally modelled

as a succession of n truncated cones of equal height q = L=n, L being the total

length and n is chosen to be 8 throughout the whole study. The cone elements are

numbered from i = 1 to I = n (ith element is between section di�1 and section di).

Figure 4 shows a schematic shape of a typical stalactite as it is measured.

Obviously, the measurements are characterised by a certain amount of uncer-

tainty. Typically, a standard deviation of 1 mm, supposing a normal distribution,

was estimated for the measurements of the diameters.

4. Modelling of the Mechanical Behaviour of Stalactites

In a previous study [Cadorin et al., 2001; Delaby and Quinif, 2000], the acceler-

ation necessary to break the stalagmites was estimated. They were modelled as

rigid homogeneous cylinders with irregular diameters. In the present study, only
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stalactites are considered. These are modelled as a succession of truncated cones.

First a model for rigid stalactites with homogeneous resistance was developed. Then

the assumption of homogeneous resistance was dropped. Finally, it turned out that

the stalactite deformation, with the possibility of dynamic ampli�cation, had to be

taken into account.

4.1. Maximum bending stress in a section

If the rupture stress were homogeneous within a given stalactite, and as far as

the geometrical shape is not too irregular, seismic breaking should occur at the

stalactite’s base. Therefore, the maximum bending stress is evaluated for the base

section i = 0. In the case of a rigid stalactite, the internal bending moment at

section i = 0 due to seismic inertia forces, for a unity acceleration, can be written

as:

M0 = � �

n
X

i=1

[(i � 1) � q + Xci] � Vi ; (1)

where � is the density, which is chosen to be constant and equal to 2600 kg/m3

for calcite [Kourimsky and Tvrz, 1983], Vi is the volume of each truncated cone

element and Xci is the distance between section i � 1 and the centre of gravity.

Then, the maximum bending stress is given by:

�0 =
32

�
�

M0

d3
0

: (2)

Since stalactites do not necessarily break at their base, the maximum bending

stresses must also be calculated for any other section. This can be done by gener-

alising the derivation of the bending stress in the section i = 0. If the speleothem

can break at any section br located within the kth cone element (between sections

dk�1 and dk), as shown in Fig. 4, the internal bending moment at this section, due

to seismic inertia forces of unity acceleration, is given by:

Mbr = � �

"

(Xcbr � Vbr) +

n
X

i=k+1

[qsl + (i � 1 � k) � q + Xci] � Vi

#

; (3)

where Xcbr and Vbr designate the distance to the centre of gravity and the volume,

respectively, of the incomplete truncated cone element below the breaking section

(between section br and section k). qsl is the height of this incomplete element, as

shown in Fig. 4. Then, the stress at the section br can be written as:

�br =
32

�
�

Mbr

d3
br

; (4)

where dbr is the diameter of the breaking section.

A simple check was made to determine whether the stress due to the stalactite’s

own weight was signi�cant, in comparison with the stress due to a seismic accelera-

tion of 1 m/s2. This simple calculation showed that the stress due to the stalactite’s
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Fig. 4. Left: description of the modelled geometry of stalac tites; right: photo of a stalactite with
the measuring scale (each square is 20 mm � 20 mm).

own weight is not signi�cant compared to the value of the dynamic stress. Its own
weight was therefore neglected throughout the study.

4.2. Resistance heterogeneity

Homogeneous cylinders would break at their base. However, both in the caves and
in the material tests, it was observed that only few stalactites break at their base.
This implies that the possibility of a stalactite breaking at any section of possible
weakness has to be accounted for. It is therefore necessary to model the material
resistance heterogeneity along the stalactites.

For the present study, it was assumed that the rupture stresswithin two di�erent
stalactites cross sections are as uncorrelated as they would be for di�erent stalactites
of the same cave, provided that the cross sections are su�ciently distant from
each other. This assumption seems reasonable since stalactites are composed of
many calcite crystals that grow in a heterogeneous way over many centuries (see


