Chemical Deposits in Caves:
a New Tool to Study Ecosystems
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Abstract In the last 20-30 years it was clearly shown that

Caves are among the Earth®s most imloortgmeleothemsrepresentthemostpowerfultooldnl;ystu

minerogenetic environments and now over 300 mindP€ Quate'jnam be_cause they are Usefu_l to reaonstr
als are known to develop inside natural cavities $urely the evolution of climate and of the environment, as

true that speleothems are the major aestheticttineof a  well as the seismic activity, allowing also forittzd-

cave, but their scientific importance is even highefact, solute dating (Forti 2002, Antoniat al.2003)
speleothems proved to be the best archive to récans ' ' '

paleo-climates, paleo-environments and paleo-seigmi .
within the Quaternary. Until recently, only carbonate speleothems were

utilized for such studies, but a few years agaisw
Most of the research has been done by using tfe ch@cognized that many more environmental data may
acteristics of the calcium carbonate speleotheres. ré-  pa aytracted from other chemical deposits in caves.
ly it h hat oth i ) ) . .
cently it has been proved that other cave minariy be Therefore, studies started to take into considarati

considered important markers for palaeo-environalent ", ; .
studies. minerals like gypsum, sulphur, opal, dolomite,.etc.

The present paper presents a short, updated owervie ~ After a short summary of the possible studies based
of the principal pglaeo-environmental studie; wltdah be on carbonate formations, this paper presents an up-
performed by using cave speleothems, particul&gynton . . .
carbonate ones. dated overview of paleo-climatological and paleo-en

vironmental studies which can be extracted froraroth
Key words:Speleothems, karst minerology, paleosismicitgave minerals.
paleoclimate, paleoenvironment.

Paleo-climatic and paleo-environmental recon-
Introduction struction from calcium carbonate speleothems

tis well known that the major tourist attractidn he idea that carbonate formations may be proxy
 caves is their speleothems. Calcium carbonate (Cq- for paleo-environmental reconstruction is rather
cite and/or aragonite) formations represent mane thold (Becker, 1929), even if only in the last 20y8@rs
90% of the total, but over 300 cave minerals a&8-prit was worldwide accepted, thanks to the improved

ently known (Hill & Forti 1997) and many othersiltechnology in the textural and chemical analyses of
be unveiled in the near future. speleothems.

The current knowledge of cave minerals, which - Now it is well known that climatic and paleo-cli-

started only a few decades ago, has been baseghgfic data may be extracted simply by studying the
the systematic study on very few caves (some 5@Rrphology of speleothems (Franke 1965, Jakucs
which have been specifically investigated fronmtie 1977). Anyway, much more information comes from

eralogical point of view. their geochemical analysis or from the study of the
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trapped impurities (Bertolani-Marchetti 1985). Even
more accurate data may be obtained from fluid inclu
sions, which allow for a quantitative reconstructid
the chemical content and temperature of the water f
which a given speleothem layer grew.

Another very important field which was recently
developed thanks to speleothems, is seismology and
paleo-seismology (Quinif 1998, Forti 2004a).

Finally, a key property of the speleothems is fun-
damental for any paleo-climatic and paleo-environ-
mental study: the possibility of an easy dating: [&ly-
ered structure of any speleothems allows an immedi-
ate OrelativeO chronology, while the carbonataform
tions may be easily utilized to transform it into@ab-
soluteO one up to over one million years BP thanks
some routine techniques (Ford 1997, Shogal.
1994).

Fig. 1: Longitudinal section of a stalagmite from a submerged
cave of Argentarola (ltaly): the lithodomous drilling on the

Speleothems and sea level variations continental formati_on‘ and the marine overgrowth are evi-
dent ( photo Antonioli).
tis well known that sea level changed dramatically
within the last 500 Kyrs mainly due to variation in
thickness and extension of the ice sheets. Infact, ifin a single cave or in all the cavéa given
area, there are stalagmites showing a progressive o

Speleothems, developed within caves close to gwlden shortening of their diameter towards tipsiy t
sea level, are probably the easiest tool to rensststit is evident that in the last period the net trdifion
in detail the eustatic variations (Antonioli, 200B)e decreased. This means that the climate of théarea
presence of continental formations inside submergeine dryer (Fig. 2, left). The inverse processiifro
caves (Fig. 1), or of submarine deposits withisg@né dry to wet) is not so easily observed becausestioesah
day dry caves, allow not only to define the amadintevolution of the stalagmite growing layers masks th
variation in the sea level, but also to date witeim increase of the diameter (Fig. 2, right).
years this variation.

Another example of the climatic control over
The morphology of the speleothems and paleo-speleothemsO morphology is given by glaciations.
climates
During a glacial, without any liquid water inside

The climate exerts control over the external andtbie caves, no deposition may occur and therefibre, a

internal shape of some speleothems, among thiéyi® speleothems stop their growth, restarting anly
stalagmites which allow easiest paleo-climaticyanathe beginning of the following interglacial.
ses. It was proven (Franke, 1965) that the equilitor
diameter of a stalagmite is controlled by the gbant ~ These alternations normally lead to the develop-
of water dripping over it and this is the reasolywh ment of peculiar forms only within the growing lese
a single cave stalagmites of the same age, but vtht in a few occurrences, peculiar telescopic (B)g.
extremely different diameters may coexist. Utitiginis  stalactites have been reported (Jakucs, 1977). They
property, itis very easy to perform paleo-climstiely. consist of alternations of scarcely cemented dlay-s
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Fig. 2: Climatic control of the stalagmite shape. Left: stalag-
mite which experienced a sudden lowering of the feeding
water (D and d equilibrium diameters, A wet period, B dry
period). Right: stalagmite which experienced a sudden in-
crease in water supply (D and d equilibrium diameters, A
dry period, B wet period) in this case the climatic variation
cannot be observed directly because the evolution of the
growing layers masks the dry period shape.

layers overgrowing normal calcite layers, the kihd
deposit being controlled by the climate. In faatjg
most of an interglacial, calcite stalactites depetb
but they interrupted their growth at the beginrahg
glacial. When a new interglacial started with desig
completely depleted of vegetation, the seepingrwe
was poor in CQand rich in clay and silt. Therefore
these materials were deposited over the stalacti
but in a short time the vegetation recovered theis
amount of CQin the seeping water rose whiJe the si
lowered. As a consequence, the OnormalO depos
of calcium carbonate progressively substitutedeide
mentation of clay and silt and a new calcite lalger
veloped.

Another effect of glaciations (Kempe, 2005) i
the breakdown of a large number of speleothems
duced by ice movements inside the cave. This pl
nomenon may be misinterpreted as caused by a sti
earthquake: in reality it is often possible to dis¢
nate between breakdown induced by glaciations ¢
the seismic ones analyzing the peculiarities dbtbe
ken speleothems.

Inclusions and paleo-climates

Il the growing speleothems trap inside their struc

ture different solid and/or fluid inclusions. Pate
and fluid inclusion proved to be particularly uséu
paleo-climatic studies.

Pollens are used to broadly define the intervals in
which they were actively growing and also to recon-
struct the evolution of the environment of the oegi
where the cave is located (Bertolani Marchetti5) 98

The definition of the paleo-climate is better
achieved by studying the fluid inclusions. In féog
analysis of the trapped water gives a quantitagive
construction of the hydrochemistry at the moment of
the deposition of the hosting layer and definestixa
its temperature of deposition, which is in turrcdir
linked to that of the surface.

Fig. 3: Sketch of telescopic stalactite, developed due to
aglaciations (after Jakucs, 1977).
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ter, while only a few parts per million comes frthra
CaCQ of the hosting rock and from the C&f the
atmosphere (Ford, 1997).

Fig. 4: Effect of the flow of an ice tongue inside a cave: the
speleothems (A) were broken (B) and transported by the
ice flow (C) and left on the floor when the ice melts where
new formations may develop over them (D).
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Stable isotopes and paleo-climate

nthe Crystal lattice of a spe|eothem there are eleFig. 5: Inside large chambers the lateral expansion of ice
. . . . may break speleothems; later, when ice melts, the frag-
ments like 01 C1 etc... which exist as differeablt ments may result in instable equilibrium (after Kempe 2005,

isotopes of different atomic weight, the ratio diiei modified).
IS constant.

Any phase change induces the heavier isotopeS®eleothems and paleo-seismicity
concentrate in the solid and/or liquid phases aithé
lighter migrates into the gas phase. Therefor@ttier | n the last few tens of years speleothems became
environmental parameters being constant, the higlidhe most powerful tool to study the earthquakes of
the cave temperature, the evaporation will regylign  the past. Data may be extracted from broken forma-
and the heavier isotopes will concentrate themselWens and still-standing stalagmites (Forti, 2004a)
within the speleothems thus allowing for paleo-atim
analyses. But breakdowns are often induced by local events,
unrelated to seismic activity and the use of a8t
Oxygen is the element which provides best ranalysis of the breakdowns is normally enoughlt@so
sults, because rather all comes from the seeping Wi problem.
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Sometimes, in those areas interested by gladize dripping restart normally, a new layer stestgett
tions, the seismic induced breakdowns may reawyit veping. In this manner, up to 20-30 different layers
similar to those caused by ice tongs (Kempe 2008jay develop in a single year.

Anyway, it is often possible to discriminate amdngs

these two induced breakdowns: the speleothem frag- Therefore, a detailed analysis of such speleothems

ments produced by an earthquake may be moved ailgws to reconstruct in detail the rain pattern for a

by gravity, while an ice tongue transports therfragts given area for all the period of development of the

coherently with its flow (Fig. 4). Moreover, thedbr studied formation (Cazzadi al.1988).

ken speleothems in unstable equilibrium (Fig. &) ar

surely a product of a glaciation, because in rooioir A completely different situation is that of the eav

stances an earthquake may lead to unstable depgs#arls recently found in an abandoned mine in Mexic
(Forti 2004b) These speleothems, unique to thaiyvorl

Another method to study paleo-seismicity is byompletely lack a layered structure. Probablyrthe
analyzing in detail the inner structure of thesgpalites, development was constant over the 50 years of sup-
which may be regarded as long period recordergpoiked growth without any effect of the seasonésyc
the verticality (Schillat, 1977).

The hot desert climate of that area may explain

The seismic study based on speleothems allativis phenomenon. In fact, the hot, and humidrair e
to go far back in time, and therefore to definesth@n- tering the mine galleries induce fast condensatien
gest possible event for a given area with an acguréhe walls, which after seepage, induce dripping tha
far higher than with the traditional seismic anays feeds the pearl nest. Due to the fact that raséat
Therefore, such studies are very useful to deffiee practically absent, all the water of the mine comes
seismic hazard.

Speleothems and chronology of the events

he layered structure of a speleothem auto-

matically gives a relative chronology of the re-
corded events. In fact, the upper lamina is always
younger than the lower ones.

Often each layer corresponds to a year, but some
times it does not. For this reason the growingriaye
are utilized only to integrate other dating methods
(Shopowet al.1996).

Speleothems and rainfalls

yfar, the majority ofthe speleothems Iayers are aFig. 6: Cua_tro Cilnagas desert: an aragonite cave p e_arl
. developed in 50 years due the seepage of condensation
consequence of the seasonal climate changes and
therefore correspond to a year. But sometimes the
structure of speleothems evidences a frequenay-of |
ers much higher. from condensation and therefore its @0ntent is
absolutely constant without seasonal fluctuatiwhigh
Normally, it happens where the speleothems angurn characterize the meteoric seeping water.
very close to the surface and the dripping comiglete
stops between one rain and the next. In this wées
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Cave minerals and paleo-environments Gypsum deposition, being controlled by evapo-
ration, will prevail in the hot arid hot areas fdnt, the
U ntil a few years ago, all the paleo-environmentakgest display of gypsum formations are reportad f
studied, were based only on carbonatlee desert of New Mexico (USA) and Sorbas (Spain),
speleothems. Therefore, the single analyzed mmetait widespread speleothems are also present along
were calcite and aragonite. the coast of the Southern Mediterranean Sea.dh all
these areas the vegetation is scarce or abseheaad
Recently, it has been discovered that many otffiere, the CQcontent of seeping water is very low
cave minerals may supply important data to deffiee and consequently, carbonate formations are extyemel
environment in which they were deposited. rare or completely lacking.

It has been proved that sometimes the amount of On the other hand, where the gypsum outcrop is
rain and its pattern may control the kind of mitheraovered by a thick vegetation and well developésl so
being formed (Woet al.2000, Calaforrat al 2007, due to high CQcontent,(such as in Continental Eu-

Dalmonteet al.2004, Forti & Rossi 2005). rope, Northern Italy, Cuba) the seeping water alow
Finally, today some cave minerals may be regartc o

as perfect proxy of the physical-chemical condéiol , . L e m

existing inside the cave at the time of their déjoos Tl m

(Forti & Mocchiutti 2004).

Gypsum Gypsum -
deposition deposition
Calcite Calcite
. . .. LN \(corros ion fossilization
Mineralogical composition and paleo-climates ;\\\ %
Calcite Calcite

deposition deposition

Gypsum dissolution

Caicite deposition
_—
Temperate T

Dry

L

The climate may influence the kind of forming mi
eral. This process is particularly evident withi
gypsum caves where it is common to see calcite ¢
gypsum speleothems growing together.

The two genetic processes (Calafetral 2007) s
leading to the deposition of calcium sulphate amel ¢ —
Expected climatic trends in the

bonate are different. The evaporation, which cdstr Sub.Arctic evolution of speteothems in
the deposition of gypsum, is ruled by the tempegati e
and the relative humidity of the atmosphere. The |
congruent dissolution, inducing the depositioradf ¢
cite, is controlled by the C@vater content, whichin o , _

. . . Lo . . Fig. 7: Relationships between gypsum/calcite formations
turnis ruled by bIO|OgIC61| aCthlty inthe ovelmg soil within gypsum karst and climatic variations (after Calaforra
and/or by the amount of organic matter within #epps et al., 2007).
ing water.

EVAPORATION

0 INCONGRUENT DISSOLUTION 100%

Therefore, in a given gypsum cave, the preserfoethe development of large Cal¥peleothems and

of a single type of deposits (CaC@ CaSQ) or, scarce or absent gypsum formations.

more frequently, the prevalence of one of this naine

with respect to the other is strictly controlledtbg It is therefore evident that the mineral prevailing

relative efficiency of the two genetic mechanisrhetv - within a gypsum cave may be regarded as a proxy of

compete against each other. the climate during the development of the minéral i
self. If the speleothems of a given gypsum cave sud
denly changed their composition (from dominant cal-
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cite to dominant gypsum or the reverse; from domi- The observed mineralogical changes allowed for
nant calcite or gypsum to no deposit at all) ies- a detailed reconstruction of the variation the gebu
sonable that it happened because the climate ofwaer level of the thermal aquifer of Naica underive
area changed. in the last few thousand of years (Fettal.2007).

It is then possible to schematize the climatic in- The first stage in the development of the pseudo-
duced variation in the speleothem deposition wahirstalagmite (Fig. 9A), consisting of a gypsum macro-
gypsum cave (Fig. 7). But it must be stressed here
that some of the climatic changes induce variatizats g ==
may be preserved for a relatively long span of i -
while others may not be. This happens because gf
sum and calcite have completely different charsete
tics. In particular, the higher solubility and ditwlity
of gypsum does not allow its preservation oveng loja
time interval.

In any case, the mineralogical study of thf
speleothem developed in gypsum caves may resulg
important tool for paleo-climatic reconstructioBat
the use of this methodology is restricted to the |
100 Kyrs, because this is the average time of degra
dation of a gypsum outcrop (Cucetial. 1998).

Fig. 8: Vertical (1) and horizontal (2) sections and graphi-

Also, the speleothems developed within Ii_mestonef;;eriff;‘;“gﬂe‘jatzg |F;Zeég§a3t:éa%ﬁsgﬁwg ;Z'ggnf[‘ee
caves may experience mineralogical variations con-c gypsum, D aragonite, E gypsum, F calcite, G clay and
trolled by climatic changes, but the correlatiopyis S
far more complex. For instance, the depositioabf ¢
cite or aragonite may be controlled by climatiojes.
In general, calcite prevail when the depositi@hniieen crystal, corresponds to a thermal saturate comditio
by CQ, diffusion (in temperate humid climates) whil@he beginning of the deposition of acicular aratgoni

aragonite becomes dominant where evaporation isitha clear evidence that Ckiad the chance to diffuse

main process (hot arid climates). within the thermal water. Therefore, the conditiohs
the cave were partially aerated (Fig. 9B). Afttame

The mineralogical composition interval of a few thousand years, the groundwetet |

and the fluctuation of the groundwater rose and saturation conditions were re-estabilished

thus gypsum deposits covered the aragonite (F)g. 9C
ecently, (Fortet al 2007) it has been provedrhis alternation continued (Fig. 9D & E) and fipall
that the chemical composition of speleothems midaermal water definitively left the caves allowiiog
sometimes be strictly related to fluctuations of threeteoric water seepage, which gave rise to the thin
groundwater level. calcite crust (Fig. 9F). Finally, in 1910, the sty of
the mining work dewatered the cave completelyg-cau
Detailed analyses of a pseudo-stalagmite devielg the deposition of the clay and silt (Fig. 9G).
oped inside the Cueva de las Espadas (Naica, Mexico
(Fig. 8) have shown the alternation of gypsum,@rag_ave minerals and variation in the rain pattern
nite, calcite and finally, of silt.
S)metimes, the variation in the amount, or even only
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T > 56°C CO2 H20 T > 56°C CO2 Hz20

Caso, CaCO3

T >56°C

T >56°C
Argilla e Silt

evolutionary steps for

the pseudo-stalagmite
of the Cueva de las

Espadas (Naica-Mexico)

Fig. 9: Evolutionary steps of the pseudo-stalagmite: A- development of a pseudo-hexagonal twin gypsum crystal from thermal
waters (T<59°C) in saturate conditions; B - lowering of the groundwater level which caused the partial emersion of the cave
with consequent deposition of calcium carbonate (aragonite) due to CO, diffusion from the cave atmosphere into the solution;
C - uplifting of the thermal water which restored the total saturation of the cave; D + lowering of the groundwater with partial
emersion of the cavity; E + uplifting of the groundwater with restauration of the cave saturation; F + definitive lowering of the
thermal water and development of the calcite crust due to meteoric water seepage; G * total fossilization of the cave due to
mining activities and consequent sedimentation of wash load.

thedistribution of the rainfall, may induce a chamg enhanced the seepage thus avoiding the posshuitity
the deposited cave mineral. all CO, would be neutralized by dissolving CaCO
while crossing the thin layer of broken shells. As a
This effect has been described for the lava tulEsequence, the water reaching the caves was still
of Jeju Island, South Korea (Webal.2000). These aggressive with respect to calcium carbonate, while
caves are absolutely peculiar because they host wits acidity lowered the solubility of silica. Thuspal
spread CaCQspeleothems (Fig. 10), which is thetarted to substitute calcite and/or aragonitesistruc-
direct consequence of the presence of a thin tdyeture of the cave corals.
calcareous shell fragments covering the wholedslan
and of an overlaying thick soil. Even the simple variation in the distribution afira
falls, recently observed in many areas of the world
The study of the cave corals has shown that trdiye to Oglobal changeO, is able to produce mineral
were originally composed of calcite and aragohié, ogical changes within speleothems. In the Bologeea a
they presently consist almost completely of opal. (Italy), in the last few decades, the rainfallscam
trated two periods, thus causing the appearance of
The corrosion of calcium carbonate and its simiwo OdryO seasons.
taneous substitution with silica is the direct conse-
guence of the increase of the rainfalls. This iasee
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Fig. 10: Calcite formations of Dangcheomul lava tube (Jeju island, South Korea) (Photo Wo0).

The very fast hydrodynamics of the gypsum cav€sive minerals and geochemical environment
of Bologna is characterized by a short exhaustiorec
and arather null base level. Therefore, now thes;a e equilibrium allowing for the deposition of any
or at least part of them, became completely dry fol kind of mineral is strictly controlled by the physi
long periods and peculiar speleothems, like dolomithemical conditions of the environment in which the
moonmilk (Fig.11) squeezed from micro-fracturasineral is forming. Thus, the presence of a given
(Fortiet al.2004) or calcite rafts in small completelghemical compound may theoretically allow to recon-
dry pools (Forti, 2003). struct the boundary conditions at the time ofesal
sition inside the cave and therefore, that mimaegt
The deposition of these two carbonates, whdyecome a paleo-environmental proxy. Anyway, this
calcium sulphate practically does not form, isahie-  kind of correlation is not easy and, until now,yoal
sequence of the complex chemical equilibrium whidew minerals have been used for paleo-environmental
needs a dry cave atmosphere or the capillaryingliftreconstruction.
of water normally trapped within small fracture #haf
gypsum rock. This is the case of elementary sulphur within the
hypogenic caves. It was shown (Forti & Mocchiultti
Nevertheless, these chemical deposits é#@04) that its deposition is strictly controlledsy,
ephemeral.In fact, as soon as the normal hydra@bgiwhich in turn partially depends on the availablargu
pattern is restored, they are rapidly dissolvedandtity of H.S to be oxidized to }$0,.
eroded and therefore, even if being surely proxy of
actual micro-climatic variations, they cannotbecls ~ Normally, gypsum deposits develop inside the
to study the same changes which occurred in ttie pagpogenic caves due to the reaction betwe&OH
and the limestone walls. Rarely do elementary sulph
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Crystal size and morphology and ecosystems

e crystal size of any mineral is always controlled
by the same factors: super-saturation of the solu-
tion and environmental stability. The higher theesu
saturation the higher the nucleation probability an
therefore, development of new crystals is enhanced
with respect to the growing of the already exiséhg
ements.

Fig. 11: The dolomitic moonmilk of the Spipola cave (ltaly): its
development was ephemeral and occurred after a very
long dry period.

deposits occur, but there are always overlying gy
sum speleothems and not limestone. The presenc
gypsum is fundamental because it avoids a direet ¢
tact between condensation water and limesto
Therefore, the produced,$O, cannot be neutral-
ized and the water becomes strongly acid (Fig. 1
Moreover, its SQ concentration rapidly increases
Both these factors hinder the oxidation gBHo
H,SO, and therefore the specific bacteria ruling this
rea_ctlor_1 -q—hIObaCIHUS thIOXIda‘_nS’ SOlfOIObWOD Fig. 12: Mechanism allowing the evolution of sulphur depiosts
their activity. But the condensation process lsrimgyw over gypsum formations in sulphide rich limestone caves.
H.S, which is now oxidized to elementary sulphur
thanks to specific micro-organismBhjobacillus
thioparus, T. thiotri¥, which have now have the Inorder to develop huge crystals, super-satura-
chance to become active lacking any competitiontion must be kept very low to enhance the crystal a
these new boundary conditions. cretion (a bidimensional process) with respedieo t
new nucleation (a tridimensional process), butishis
If the rate of supply of & falls, the process ofnot enough. Itis also necessary to maintain soich ¢
deposition of sulphur may stop, and gypsum depadition will be maintained over long periods of tisne
tion immediately restarts. Therefore, in a limestof his is the case of the giant gypsum crystals ei@u
cave the presence of active and/or fossil sulpéur de los Cristales within the Naica mine (Fig. 1BerE,
posits is a proxy of high concentration gfHn the a thermal aquifer without natural springs assured t
cave atmosphere at the moment of their developmemtvironmental stability in the last million yeasile
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