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sediment load will also have an impact on speleothems,
particularly on such fragile formations as soda straws.
Flood events with weak currents will not necessarily
destroy speleothems. If such muddy water reaches sta-
lactites and soda straws at the caveÕs ceiling, they will
be coated by mud. Hence ßoods can be recognized
in caves by a coating of clay and silt on walls and
speleothems.

Frost action

Close to the entrance of caves and in cave sections
close to the EarthÕs surface Ð so-called subcutaneous
caves Ð and in so-called Ôice cavesÕ, frost shattering
and weathering due to freeze-thaw pressures and accu-
mulation of ice in fractures and along bedding plains
can cause severe damage to rock and cave deposits.
A characteristic feature of gelifraction is the accumu-
lation of rock fall debris on the cave ßoor consisting
mainly of coarse angular components similar to scree
(B¬ogli, 1978; Schmid, 1958).

Decompression, load and slope movements

Rock decompression that affects caves when they are
close to the surface is another important cause of de-
struction. The opening of cracks may break the ßow-
stone that covers the walls. On the other hand, highly
stressed pillars or thin walls separating neighbouring
cave sections can fail under the load of the overburden
rock mass causing cracking and spalling of the rock
and speleothems (Gilli 1986, 2004).

Slope movements are an important cave forming
process, generating Òslope tectonic cavesÓ simply by
the opening of fractures by valley-ward movements of
rock slabs. Also many caves formed by rock corro-
sion can, at some stage in their evolution, come close
to the EarthÕs surface in steep terrains or at cliff sites
and become involved in slope movements. Such caves
in unstable slopes can be outstanding recorders for
long-term slope movements, particularly where seen
in speleothem growth anomalies (Gilli, 1995b). How-
ever, slope movements can Þnd their expressions in
caves by slip along bedding planes, opening of frac-
tures, reactivation of faults and tilting of the caveÕs
ßoor, which could be misinterpreted as expressions of
active tectonics or strong ground shaking. The use of
such caves for paleoseismic studies has to be based on

a very careful analysis of the local situation to avoid
misinterpretations.

Sediment deformations

Clastic deposits are widespread in caves. Investiga-
tions often involve trenching, which can be very dif-
Þcult in narrow cave passages. It may happen that a
stream cuts into the deposits, generating a freely ac-
cessible outcrop. Such ideal conditions were met in the
Sous-les-Sangles Cave in the southern Jura Mountains,
permitting the detailed analysis of late Pleistocene
deposits, particularly for traces of strong earthquake
shocks (Lignier and Desmet, 2002). Most interesting
are the laminated (ÔvarvedÕ) Þne-grained silty sandy
layers, which were deposited in a low-energy sedi-
mentary environment (Fig. 9). Small scale faults with
minor offsets and slumps can be easily recognized
in such deposits (Fig. 10a). In addition, such sedi-
ments, when kept in water saturated conditions, are
susceptible to liquefaction under the inßuence of strong
ground motions (Fig. 10 b,c). Similar sedimentary con-
ditions and earthquake-induced soft sediment struc-
tures in Þne-laminated lacustrine deposits have been
described for the late Quaternary (Monecke et al.,
2004; Ringrose, 1987). The deformation of such sedi-
ments permit estimates of the required earthquake in-
tensities (Davenport, 1994; Rodriguez-Pascua et al.,
2000), which could equally be applied to similar de-
formation features in caves. However, interpretations
in caves are complicated by Òsite and tunnelÓ response
effects.

In using sediment deformation, it is necessary to
distinguish between (i) those deformations which were
generated syn-depositional or shortly after their depo-
sition (i.e. early diagenesis) in an environment which
still closely reßects the situation during the sedimen-
tation and (ii) those which were generated long after
the sedimentation. In the Þrst case (i), deformations
take place in an aqueous environment most likely in
a ßooded cave section with weak water currents. The
deformations seen in the sediments are thus the ex-
pression of shear failure or liquefaction, which can be
caused, for instance, by small scale slope instabilities
(sub-aqueous sliding), rapid lowering of the water table
or seismic shocks. In the second case (ii), deformations
take place in a sub-aerial environment, even in dry sed-
iments. These are predominantly brittle deformations.
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Fig. 11 In a cave which is not particularly unstable (a), rock
falls (incasion) triggered by earthquakes may be rare events (b).
Such rock falls may damage speleothems (c), and the fragments,
together with the rock fall blocks, may rest on sediments (d).
Finally, the debris will be embedded in sediments and regrowth

will form on top of speleothem stumps (e). Dating of the event
is possible either by sampling the broken stalagmites (cf. Fig. 1)
or by sampling the sediments below the event horizon (1) and
above (2), respectively

the Franconian Jura, which he related to the ÒAD 1356
Rothenburg earthquakeÓ. Although such an earthquake
is now believed not to exist, the damage in Rothenburg
is attributed to the MSK (or EMS) IX-X AD 1356 Basle
earthquake (Mayer-Rosa and Cardiot, 1979). Becker
(1929) seems to have described a far-Þeld effect of
the Basle earthquake in an area that experienced a
MSK intensity around VI. After BeckerÕs 1929 pub-
lication, incasion was rarely used as a possible indica-
tor for past earthquakes (Kagan et al., 2005; Lemeille
et al., 1999). An obstacle is the problem of dating sin-
gle blocks and establishing an unambiguous link with
an earthquake. In the Pappenheim cave, Becker solved
his dating problem using 13th to 14th century pottery,
which he could Þnd in the former cave ßoor and within
the rock debris.

As described in Section 5.3.6, slope movement is
an important cave forming process. This is particu-
larly true in rapidly uplifting terrains with deeply in-
cised river valleys like the Pyrenees or Alps. Most
slope movements can be considered to be the ex-
pression of common slope degradation processes, as
for instance in case of the Langenfeld cave (Kempe,
1989); however, in some cases these movements may
also be caused by earthquakes, triggering rock falls,
slumps, slides, debris avalanches (ÔsturzstromsÕ) and
mass ßows (Jibson, 1996; Keefer, 1984). Earthquakes
may not cause a complete failure of a slope but mi-
nor movements within the rock formation, which can
be recognized (i) in the Þeld by the opening of Þs-
sures behind cliff faces or minor displacements along
pre-existing fractures and faults, and (ii) in caves by

the slip along bedding planes, the opening of fractures
generating Þssures, the reactivation of faults causing
normal or inverse displacements, and the tilting of a
caveÕs ßoor. In such an environment, caves are often
not suitable for paleoseismic studies due to persistent
slope movements, their positionnear theEarthÕssurface
or unfavourable speleothems. However, where they are
suitable, they may provide an outstanding record of
earthquake-triggered slope movements. In any case, a
careful analysis of the local geological situation is im-
portant to recognize the processes which caused the
observed displacement in the cave.

Seismogenic faults in caves

Many excellent examples for (non-slope) tectonic
faults in caves are published (Bini et al., 1992; Gilli,
1986, 1996; Gilli and Delange, 1999; Gilli et al., 1999;
Jeannin, 1990; Vandyke and Quinif, 2001), however, as
to our knowledge, no seismogenic fault with co-seismic
displacements has been discovered so far in caves. A
possible candidate has been seen in Corredores cave,
Ciudad Neilly, Costa Rica, described by Gilli (1995a),
which, however, still awaits further investigations.

Dating of speleoseismic events

One of the most critical aspects of speleoseismological
work and a difÞcult subject is the dating of events with
appropriate accuracy. The dating has to show that de-
structions and deformations seen in different parts of
the cave are synchronous (within the error bars of the
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Fig. 12 Sudden displacements along pre-existing fault surfaces
caused by co-seismic tectonic movements or slope instabilities
may be responsible for an offset in the stalagmite-stalactite-
system (a,b). After the displacement (b), the old stalagmite stops
growing whilst a new stalagmite starts to grow some distance

apart from the old one (c). When the dip (� ) is known, the off-
set d1 can be used to calculate the displacement on the fault. To
date the event, samples can be taken from the top of the inactive
stalagmite [1] and the base of the new stalagmite [2], which will
respectively pre- and post-date the event

dating method) and belong to one seismic event. In this
publication it is not possible to go into details of the dif-
ficulties involved with the methods used to date cave
deposits (Eikenberg et al., 2001; Genty et al., 1999;
Geyh and Schleicher, 1990; Ivanovich and Harmon,
1992; Kaufman, 1993; Kaufman et al., 1998). A vari-
ety of different dating methods are available, of which
the most commonly used are the U/Th and the radio-
carbon methods. All the dating methods have certain
limitations and very often much effort is needed to ac-
curately date speleothems and cave deposits. In some
cases, a number of different methods need to be used
just to identify the most suitable dating method to be
applied in one single cave. Also a combined use of dat-
ing methods with stabile isotope analyses can help to
significantly improve the dating accuracy for single pa-
leoseismic events seen in broken speleothems (Kagan
et al., 2005). Many problems with dating arise either
by the nature of the cave environment itself, for in-
stance due to (a) discontinuous sedimentation, (b) lack
of organic material or (c) organic material that has been
re-deposited, (d) open systems in an aqueous system
causing leaching or contamination of datable material,
or (e) incomplete knowledge about Earth’s surface pro-
cesses, e.g. unknown details about the climate and veg-
etation history as well as the soil formation.

Sampling sites for dating in case of broken
speleothems have been described by Postpischl et al.
(1991) in some detail and are also marked in Fig. 1. To
bracket the event, the top layer of the fallen stalagmite
has to be used and the oldest layer of the stalagmite
regrowth. For stalactites, it is best to date the base and
the top layer of the sediments where the fragments are
embedded (Fig. 3c [1, 2]); most favourable being flow-
stones (Gilli, 1999b). The same is true for incasion
blocks resting on sediments: a sample should be taken
directly from the top layer on which the block rests and

the oldest layer on top of the block (Fig. 11e [1, 2]),
for instance the basal layer of a stalagmite growing on
top of the incasion block (Kagan et al., 2005). In cases
of soft sediment deformation features, one should try
to date the oldest layer on top of the deformed horizon
which just post-dates the deformation event (Fig. 9c
[2, 1]). For growth anomalies, the layers which just
pre- and post-date the event should be dated (Fig. 2b,c
[1, 2]). The same is true in cases of the fracturing of
speleothems; most important in this case is the top-
sample which post-dates the fracturing event and an-
other sample from the layer just below the undisturbed
top-layer still containing fractures.

Even if it is not possible to date the damaging
event(s) in the cave archive with high accuracy, this
information at least gives an indication about timing.
Strong earthquakes should be expected to not only leave
traces in the cave archive but also leave stronger evi-
dence in surface geological archives such as lake de-
posits, active faults or cliff sites. If an event seen in the
cave archive can be dated only with large error bars, it
may be possible to improve the estimate based on evi-
dence seen in the geological archives outside the cave
archive (Becker et al., 2005; Kagan et al., 2005).

Discussion

Caves are a ‘micro-cosmos’ which can cover all sur-
face archives commonly used in paleoseismological
research e.g. active faults, rock falls and slope in-
stabilities, sediment deformations. In addition there
are archives which are exclusively developed in caves
and are mainly related to the growth and damage of
speleothems (Forti, 2001). The decision that an earth-
quake caused deformations and damage in a cave
should not be taken before alternative explanations
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have been excluded. Broken speleothems in unusual
positions, long broken pieces of fragile soda straws
on the caveÔs ßoor, remnants of sediments at the cave
wall or in niches, corrosively-enlarged fracture traces
in the caveÕs roof may all point to a former massive
sedimentary inÞll of the cave. Ice may also break ßow-
stone layers and speleothems, remove coatings from the
cave walls, also bring broken speleothems into unusual
positions, form moraine deposits and, together with
melt-water, characteristically corrode cave rock walls,
stalagmites and coatings. A ßood, if not completely dis-
astrous for the speleothems, may be indicated by thin
Þne-grained sedimentary layers embedded in various
speleothems. Also the effects of slow movements along
bedding and (non-seismogenic) fault planes have to be
excluded as possible indications of former earthquakes.
In a case where all non-seismic trigger mechanisms
for the observed deformations and destructions can be
excluded, the question whether an earthquake caused
the damages seen in the cave is best resolved by the
(i) comparison with observations from neighbouring
caves, (ii) investigation of geological archives outside
the cave archive, and (iii) the careful dating. This is be-
cause strong earthquakes should not only leave traces
in one cave, they should leave traces in a number of
caves in the epicentral area in addition to stronger ev-
idence in surface geological archives such as lake and
ßood-plain deposits, cliff sites or active fau lts.

Conclusions

Based on what is known from tunnel engineering,
underground cavities are expected to be very stable
during earthquake shaking. This view is supported
by the observations of eye-witnesses in caves, which
rarely report damage triggered by earthquakes. How-
ever, caves close to the EarthÕs surface and topograph-
ically exposed positions may suffer from strong earth-
quake shocks, as reported by speleologists who visited
such caves shortly after strong earthquakes. Progress
in speleology during the last decade has increased the
possibility of recognizing the causes of non-seismic
cave damage. Laboratory and Þeld experiments show
that most speleothems are quite robust and most of
them can resist earthquake shocks. Most sensitive are
soda straws, which can break directly due to earthquake
shaking. Although it seems that the cave archive is los-
ing its potential to be a powerful tool in paleoseismol-

ogy, we believe that this is not the case. Speleothems are
only one of the potentially vulnerable features in caves.
A particularly interesting class of cave deposits display
signs of soft-sediment deformation caused by earth-
quakes. Also rock falls and related deposits in caves,
as well as the effects of instabilities of slopes containing
caves Ð which may cause displacements along bedding
plains, pre-existing faults and the tilting of whole cave
sections Ð could be valuable in paleoseismic studies.
We believe that it is important to widen the view on
the cave archive, not only speleothems but all the cave
phenomena which are part of a complex geological en-
vironment.
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