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Abstract:

The Cuatro Ciénegas area is renown worldwide for its thermiagspwhich feed a unique ecosystem
consisting of many pools, lakes and marshes. The pools also represgninaportant water resource in a
region characterized by scarce rainfalls. Field investigatias emphasized the role of karst in the
hydrogeology of the area. Only few and restricted forms of surfased&a represented; caves are mainly
relics of old speleogenetic phases of thermal and bathyphreatic water flow.

Key words: speleogenesis, hydrothermal karst, biogenic cave forms, Cuatro Cegas, Mexico.

INTRODUCTION

The Cuatro Ciénegas plain, located in the Sierra Madre Oriahtle eastern edge of the
Chihuahuan Desert, was designated a Natural Protected Area in I@@4dove its very peculiar
flora and fauna. Although it receives little rain, the plain has aburstddnérranean water, which
rises in a wide area to form hundreds of pools (locally cpibed3, marshes, rivers, lakes (large,
temporary saline lakes locally call&bunasor playag, and canals with a unique biota of great
interest to the international scientific community and which iseatous risk of extinction.
Springs and surface water create a groundwater-dependent ecoskisi@cterized by a high
level of endemism, which includes mainly fishes, amphibians, repsles)s, crustaceans,
molluscs, insects and scorpions (Grall, 1995). A peculiar feature gqiotbls is the presence of
living stromatolites, which serve as a primary part of the local food chain.

Understanding the mechanisms of water circulation is fundamenthktoonservation of this
important ecosystem (Johannesson et al.,, 2004). To achieve this goallath¥ehta”
Geographical Association performed a study from 1999 to 2003 (Bernadlei 2002; Forti et
al., 2003). This paper describes the geomorphic aspects of karst landfmtncaves surveyed
during the field investigation, which testify to an ancient bathypicreagional flow of thermal
and meteoric waters, probably similar to that which feeds the present sprirtgst(&lby 2004b).

STUDY AREA

Geographical features

The Sierra Madre Oriental crosses the state of Coahuilafrdm S, with a series of parallel
mountain ridges, which enclose fluvio-lacustrine intermontane flathfigirent extension. The
Cuatro Ciénegas plain is one of these flat areas. It extendsuioaea of about 840 Krand is
located at 27° N and 102° W, at an altitude of about 700 metres. The highgshagls of the
Sierra Madera, which reach an altitude of 3020 m a.s.l., and the |leevex Blenchaca, form the
northern boundary of the area. The Sierra San Vincente and SigParisama border the plain
on the eastern side. The southwestern boundary is the Sierra lua,Rrdgereas the Sierra San
Marcos y Pinos divides the Cuatro Ciénegas plain into two parts southern part (Fig. 1). All
these mountains consist mainly of Cretaceous limestone folded int@syngmetric anticlines.
Their more steep slopes, usually the southwestern sides, often show vertical oneddraals.

www.laventa.it 1




®LAV

ESPLORAZIONI GEOGRAFICHE

103° 102° 101° 100°

BOQUILLAS
DEL CARMEN A

Il o
PIEDRAS 2
NEGRA:!

FEp—
S s.micuEL
; i

J ! §
28° Lo Ny NUOVA

~23
ROSITA-] /. \ 28°

SABINAS

PR
% SIERRA 3

+ fMOJADA ) OCAMPO \
e p

o XU
e i R T P

i MONCLOVA ,
/J N

:
i+r-, SAN PEDRO
TORREON /

26° |-

26°

VIESCA =
SALTILLQ
ALILEC

25° $7T .
p 75 T 5 25

TN

Rt T\ G

e

b q\:

100 km [
L

103° 102° 101 100°

Fig. 1 - Location and sketch geological map of Cuatro Ciénegas Mi®) Sierra Madera, MC) Sierra
Menchaca, FG) Sierra La Fragua, MP) Sierra San Marcos y Pinos, SV)&iarkéncente, PS) Sierra La
Purisima. Qal — Quaternary continental deposits, Qb — Quaternaranitel; Tcg — Tertiary
conglomerate, Ks — Upper Cretaceous sandstone and limestone, Ki —Cmt&ceous limestone, Js —
Upper Jurassic limestone and evaporites, Tigi — Tertiary intrusive rocksi:(Fargas et al., 1993).

Steep slopes and vertical walls are deeply cut by longitudinal randverse streams, which
together form a typical “trellis” pattern. The northeast-fagtapes, many of which correspond
to the bedding surfaces of the limestone, are moderately steepreanddaly incised by a
complex network of streams that follows the dip of the beds. Sorae ah®w an inversion of
relief, where the anticlines have been deeply eroded due to theitorraftongitudinal valleys,
which indicates lengthy geomorphic evolution of the landscape (Fig. 2).

In the piedmont areas, the several coalescent fans, made up sdetdtfluvial deposits, form
regular inclined surfacedvdjadas)marked by a discontinuous and mazy network, which testify
to the intense mechanical erosion of slopes, despite the factireins are now active only
during rare yet violent storms. Such drainage may thus represenerforvetter climatic
conditions (Meyer, 1973; Metcalfe et al., 1997, 2000).

In contrast, the central portion of the valley consists of endorp&agds typical of arid regions,
mostly lacking water drainage, with wide flat basins. In sgadt@ools and marshes, sulphates
are deposited as the result of strong evaporation (Forti et al., 2@éandwater reaches the
surface by flowing through evaporites and calcareous rocks, and fisaily into the pools with

a large load of dissolved solids. Particles of gypsum are @dngievind and are deposited as
dunes, which survive only because of the arid climate.
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Fig. 2 — Satellite image of Cuatro Ciénegas area, which ensglsaie structural morphology of sierras,
with the location of caves described in the text (cave numbers as in table 1).

Geologic and geomorphic framework

In the study area a thick succession of Cretaceous limestoneeswatitinental mudstones and
sandstones. Massive to medium thick beds of limestone crops out piafigteand contains
discontinuous beds of gypsum and marl. It is overlain by Paleogene mudastoheandstones
(Lehmann et al., 1998, 1999).

The present tectonic setting is the result of the Late (&etscto Tertiary “Laramide”
deformation, which accounts for the formation of the Coahuila Fold Belt Sierra Madre
Oriental. The tectonic movements reactivated Mesozoic faultg., an Marcos fault) and
formed strong asymmetric folds (Sierras La Madera and SaooslgrPinos). At the end of the
Laramide tectonic phase, huge deposits of turbidite sandstones, coonmthé& emerging areas,
terminated the marine sedimentation (McKee et al., 1990; Dickinsdm#ion, 2001). A
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magmatic phase, coeval to the compressive tectonics, affectedhible area during the
Oligocene. Tectonic distension started about 19 Ma (Early Miocenera@ntinued during the
Pliocene accompanied by the effusion of calco-alkaline lavas.

Carbonate rocks were progressively uplifted and exhumed by erosion theigte Tertiary.
The deeply entrenched valleys, longitudinal and transverse to the matures, as well as
morphological features of relict karst on the wall of the canystifyt¢o a rapid lowering of the
base level, which forced fluvial incision and deactivated endokarst systems.

The relationship between drainage incision and neotectonic evolution isleaot the last
downcutting phases of drainage could have also been the result obmatemind progressive
retrograde erosion of major rivers, not necessarily relatedctonie uplift. Nevertheless, the
occurrence of travertine deposits, probably due to hydrothermal spriagg,the western slope
of Sierra San Marcos y Pinos, up to 40-50 m above the present vatiegtdiggests neotectonic
uplift.

Major canyons display terraces of fluvial sediment, which are prplibbl results of climatic
changes in the late Quaternary, and which confirm a progressivénaost aontinuous lowering
of the regional base level. Undoubtedly, the abrupt climatic changeaffibeted the Quaternary
must have influenced the present landscape of these mountain ridges, (M 3; Metcalfe et
al., 2000).

Hydrology and geochemistry of groundwater

In the plain of Cuatro Ciénegas, several small lakes, pools andhevapscur in a relatively
restricted area (the last inventory reports more than 165 pools). dédsem are located all
around the northern part of Sierra San Marcos y Pinos. All the pe@drained by Mezquites
river and other artificial channels, whose total discharge is 3%'m

Physical and chemical analyses of pool and spring water show adrigbility in temperature
(19.2 to 33.6 °C), electrical conductivity (543 to 4300 uS) and salinity (0.2 tg/I3.§Forti et
al., 2003; Johannesson et al., 2004). Temperature and electrical condumtigey clearly show
the presence of different waters that can be grouped in two datedaold” low-salinity waters
and warm high-salinity waters. The formers occur in pedemontanggspnd they are fed by
local infiltration, usually they have a small discharge. Mosheffools have temperature ranging
from 30 to 32 °C, that is to say about 10 °C upper than local mean temperggir (22°C) and
thus they are real thermal springs. The results of major atenceemical analysis display two
major group of water: sulphate-alkaline earth, deep-flow waterdbmadoonate-alkaline earth,
surface waters.

SURFACE KARST

Dissolution by meteoric water seems to have been limited, sdtifegerms of the development of
surface karst forms. This is due to climatic conditions. The pigsemfall is sparse, ranging
from 250 mml/year in the plain to 400 mm/year in the higher si¢f@si et al., 2004a). Even
during the wetter climatic phases throughout the second half of therQary (Metcalfe et al.,
2000), surface dissolution of limestone must have been relatively nangraced to the physical
erosion by streams. As a result, the development of epikarst t@adeck Only in some small
areas the surface of bare limestone is modelled by solutiongfwtod (e.g.,spitzkarrenand
rinnenkarrer), but these features are not particularly accentuated (Fig. 3).

Because of the persistent physical degradation, it is quitéordired areas where well-developed
solution forms can be observed; they are generally summit areasmoentain crests, along
both the main ridges and secondary drainage divides. The lithologic wéttire bare rock is
also crucial: solutional gullies and grooves can originate only ossiw®a limestone that is
competent enough to resist physical degradation.
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Karst landforms resulting from diffuse or concentrated infilratare almost entirely absent too.
Typical forms of karst landscapes, such as dolines and surfacean@tsimost completely
missing. Sinkholes formed by the collapse of underground voids are alsorayeitdn some
cases the few caves opening to the surface as well asloagated depressions, which mostly
appear in crest areas, originated from local gravitational maviealeng fractures in steep
slopes.

Niches and rock shelters are more abundant, especially in the e€amagor canyons. For the
most part these features develop along bedding planes or vertatatdsaand form circular or
elliptical openings (Fig. 4). Although they often resemble phreate< intersected by stream
erosion, these caves were usually generated by physical weatheaimdy condensation and
evaporation with salt precipitation, related to the particular onignatic conditions of the
canyon walls.

Fig. 3 — Solution rills onto bare limestone (photo: Associazione Geografica La Venta)

SPELEOGENESIS AND MORPHOLOGY OF CAVES

True solution caves are concentrated in a few restricted amdaare generally small. Only a few
caves have a significant length and display features that idémgify as segment of ancient cave
systems. Most of the caves have a horizontal pattern (see Thirlealve dimensions). Solution
forms on walls and ceiling, such as solution pockets and cupolas, suggestatdofow under
bathyphreatic condition, whereas only few marks of a vadose flow céoubé. Unfortunately
an exhaustive geomorphic analysis of such caves is made difficiétdpydegradation of conduit
walls, calcite deposits, or guano.

Some of the most important caves in the area of Cuatro Ciénegaypogenic, having been
formed by rising thermal waters (Forti et al, 2004b). The beshpbeais the Cueva Rancho
Guadalupe, in the northeastern part of Sierra la Fragua. This caeent@ze pattern and consists
of anastomotic conduits and spherical rooms.
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Fig. 4 — The entrance of a large cavern enlarged by meteoric viegtal®ng a canyon wall (photo: Arch.
La Venta).

The speleogenetic mechanisms responsible for the long evolution ofveaneesaried, and each
produced a peculiar morphology. These mechanisms may be divided into fouphasges,
which roughly follow this chronological order:

1) formation isolated, mineralised voids and fissure (“mine caves”);

2) formation of hydrothermal caves;

3) origin of meteoric karst (classical karst);

4) development of biogenic solutional forms.

The first two phenomena relate to the deep circulation of fluidsthire to the infiltration of
rainwater, and the fourth to the presence of large bat colonies that lived in aecesaisl.

Caves associated with mineral deposits

The most ancient karst phenomena in the area (i.e. paleokarstirelsetsose connected with
deposits of metallic sulphides (mainly galena and sphalerite, aviglgnificant percentage of
silver). The area of Cuatro Ciénegas contains some important orespwodiich were largely
exploited by mining in the past; the largest is that of MinsoRed (today exhausted) in Sierra
La Purisima. In these deposits, sulphides, together with seveoaldseg minerals, among them
mainly carbonates, fill the porosity of limestone breccias and hypoglkssolution voids. The
ore deposits are probably diagenetic (Mississippi Valley typdpwgh an influence from
volcanic fluids cannot be excluded (Vargas et al., 1993).

Presently, most of these hypogenic cavities are almost comyplitieed with mineral deposits
and can be hardly recognized. Somewhere the filling has not been arspl#tat voids can be
partially accessed and the original shapes and structureslche sticognized. The average size
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of such caves is rarely greater than 10 m. Their shapes egalar and only just controlled by
bedding discontinuities. Relevant examples are exposed in sevdeaiegabf Mina Reforma.
They are irregular voids with walls that are typically covered with deystecalcite.

The origin of these caves may be related to the circulation efdowerature thermal solutions
enriched by HS, probably during or just after limestone diagenesis (Forti.et2@D6), as
proposed for the paleokarst of the Guadalupe Mountains (Hill, 1995), in an enembtimat
persisted from the original limestone platform. According to thigothesis, the “mine caves”
represent an old karst stage, only partially connected to the seepageteoric waters, in a
Cretaceous carbonate platform. Another possible model is that thess developed by the
upwelling of thermal fluids, which took place during the intense volcactiwity of the Middle
Miocene (about 15-10 Ma). The diffuse circulation of mid-temperatuiiesi| related to Late
Tertiary volcanic activity, is also demonstrated by the occurreric@uorite veins in the
limestone in some places surrounding Cuatro Ciénegas plain (e.g. therm@ierra San Marcos
y Pinos) (Vargas et al., 1993).

Caves of hydrothermal origin

The most interesting caves in the Cuatro Ciénegas area are those connectesingitigtof

warm, chemically aggressive waters. Such waters, lacking in heavy eneddsw-solubility

salts, could have been the final expression of the same process that formed the hypegenic ¢
associated with ore bodies. The origin of such caves is not connected with the present
hydrogeologic and geomorphic setting, and therefore their exposure at the surfacetagpea
fortuitous, due to the erosion of slopes.

Fig. 5 — A wall niche covered with calcite crust. Cueva Rancho Guadalupe (photo Archntba Ve
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Fig. 6 — Plan view and longitidunal profile of Cueva Rancho Guadalupe (Survey: La Venta, 2001)

One cave in particular, the Cueva Rancho Guadalupe, shows the aeateste for a thermal
origin. The cave entrance, at the foot of the northern slope of tha &&fFragua, is a small pit,
perpendicular to the bedding, which leads to a descending gallery aboutii &ameter with
several ceiling domes. It contains the remnants of white crusiisll calcite) that once covered
the walls. After a few dozen metres the cave divides into daverzels, with a maze-like pattern
that is due to the connection of regular tubes and spherical room#e Calsts and gypsum
crystals cover the walls and the ceiling. The morphology of thei@oltdrms as well as calcite
and gypsum deposits are evidences for the circulation of thermat Wéitl & Forti, 1997;
Dublyansky, 2000; Audra et al., 2002). One of the descending conduits leadsde wnmmel,
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inclined along the bedding planes, which opens into a large chamber, abo80 20etres wide.
Here the dissolving action of thermal waters is evident and has pebtlemispherical niches up
to 4 m diameter in the ceiling and walls (Fig. 5). After theasmation phase, the receding thermal
waters covered the bedrock surface of this vast room with caltigts. Presently, the calcite
crusts have mostly fallen from the walls to form a fine gramiggosit on the floor. Some calcite
dripstones and flowstones post-date the hydrothermal conditions and indicab@se of
carbonate deposition by seepage waters. Today, the cave is genaddilye, but the presence of
unaltered concretions testifies to occasional dripwaters, probatlpyfdocal leakage during
rainy periods. The cave is interesting also for its mineralbdeztures, and the analysis of
collected samples include many types of minerals, some extremely rare{abr 2006).

Fig. 7 — Evolution sketch of Rancho Guadalupe cave (from Forti e2Q814b, modified: see text for
details).
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Cueva Rancho Guadalupe is a good sample of a monogenic hydrothermaFadvel 996;
Dublyansky, 2000), the structure of which consists typically of a laagal chamber from which
secondary conduits and tunnels depart upwards (Fig. 6). This pattema tisrcaighout the world
and has been described in detail almost exclusively in the aadapest (Dublyansky, 1995).
In this kind of cave, the ascending water velocity is very low anagdleessiveness of the water
not very strong. The rate of dissolutional rock removal is limited, sandll to medium-sized
caves are the typical result. In these hydrodynamic conditions the eha cave depends on: the
mode of ingress of thermal waters into the rock, the type of comgenbvement, the velocity of
rising thermal water and the structural conditions of the rock (Bakz et al., 1987,
Dublyansky, 1995). Caves like Rancho Guadalupe can be generated onlyhérinaltwater
intrusion is quite concentrated. It is also necessary for thenakigick to have thick and sparsely
fractured layers.

The genesis of Rancho Guadalupe cave seems to have been sirhidaetoftthe Budapest karst
(Dublyansky, 1995). The rising of thermal waters induces the developmiangefydrothermal
chambers in which the water accumulates (Fig. 7-1). Convective nién#lops the upward
formation of a ramiform series of coalescent sub-spherical véids 7-2). When the cave
becomes partially dewatered due to the lowering of local hydrobagie level, the loss of G@
the atmosphere allows the development of some shallow phreatic Bpeisauch as wall crusts
and sedimentation of calcite rafts on the cave floor from overfyggywater surfaces (Fig. 7-3).
At the same time the seepage of meteoric water begins thealhoalcite deposition in the
unsaturated zone. Gradual erosion connects the cave to the land sudfdbe thermal waters
then abandon the cave (Fig. 7-4). All the thermal forms and depositsusreleactivated, and
meteoric seeping waters form typical vadose speleothems such as dripstone statidlow

"? Y 1"#"

Fig. 8 — A typical passage of the upper level of relict phresties in the Canyon el Pedregoso (photo:
La Venta).
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In the Cuatro Ciénegas area we have identified some other tetesere formed by thermal
waters: Cueva del Junco, also in Sierra La Fragua, and Cueva Taoque, M Sierra San
Marcos y Pinos, are two other relevant examples, although not ydiedst Hydrothermal
processes could also have been important in the formation of Cueva HumtliGaeva la Leona
in Sierra Menchaca. Probably a large number of hydrothermal davée snderground with no
connection to the surface, and others may have been destroyed by surface erosion.

Caves of meteoric origin

Most of the caves we surveyed were formed by meteoric watetsshow a horizontal
development. In many cases their size decreases rapidly froenttace inwards, and they
seem to be small interstratal conduits enlarged by graduadheveey that has proceeded from the
entrance. Some of these caves could be remnants of ancient karstscanduit places we have
observed dissolutional forms in the walls that resemble solution nfohegd under phreatic
conditions (Palmer, 1991). Unfortunately the state of alteration ang teazost of these caves
does not allow us to draw a reliable hypothesis about their origin.

In the Sierra La Purisima and particularly in Canyon El Pedogegese found relics of phreatic
caves that were apparently formed by circulation of cold meteaters. The canyon, which
trends northward, shows in its last 7-8 km very steep slopes wherelseave entrances are
visible at varied altitudes. Speleological researches focusedportian of the canyon about 4
km long, where many caves were evident. The systematic exploditiath accessible caves
allowed us to describe their main morphological features (Forti et al., 2004b).

At present, the caves in the upper walls may be entered only fer doren metres (the longest,
Cueva Murciélago, has 130 m of development). Here the cave passagea shavwded cross
section and were mostly formed under water-filled conditions. Thgnated along favourable
bedding-plane partings or intersections between bedding and variously orienteddrgeaturg).

— <— wall cave

upper
imestone

: x fluvial terraces _«
lower limestone k s

Fig. 9 — Structural positions of caves in the Pedregoso Canyon.
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CUEVA TINAJA
Cuatro Ciénegas - Mexico

plan view

Fig. 10 — Plan view and longitudinal profile of Cueva Tinaja (Pedme@znyon, Sierra la Purisima)
(Survey: La Venta, 2000).

Most probably this network of tubes developed in an aquifer confined by thigilngenarly
cover. This process took place in an early phase of essentiaihataflow that produced the net
of phreatic tubes that can be recognized today at various altitudissufper level of relict
tunnels does not show traces of vadose downcutting, which means thaustidyane developed
before the incision of the canyon, when limestone was locally still capped by martitons.
The longest caves (e.g. Cueva El Pedregoso, length 380 m; Cueva it&s,Geagth 220 m)
conversely lie at the bases of the walls along a horizon markadittyplogic change from pure
limestone to underlying marly and less karstifiable beds (Figr't8$. might have favoured the
formation of caves on the contact on one hand, and the persisting of éndlawatalso after the
canyon cutting. They also consist mainly of regular tubes showing roenoesisections due to
water flowing under pressure and are developed along stratal discieginWiadose forms are
present only in some passages and originated when canyon deepenirgtadetisese caves.
Some of the entrances of the lower caves show unmistakable chauiniel® ¢he rocky slopes
down to the canyon bed, which indicates the occasional activity of vadose springs.

The longest and deepest cave of Pedregoso Canyon is Cueva TinafjFlgis 670 m long,
with a vertical range of 98 m. It was mined for guano in the pastcansists of a gallery that
gently descends toward the northeast. Also for this cave we sumgestiominantly phreatic
origin, from waters circulating upward along bedding-plane partings.

Two caves in Sierra San Marcos y Pinos, Cuevas Rosillo 1 anddR®sdire also meteoric in
origin. The first consists of a gallery 930 m long with quite cartstiamensions throughout its
entire length. This long tunnel, roughly quadrangular in cross sectioantaserage width of 10
m and a height ranging from 6 to 20 m. Its passage pattern ibneaect with a NW-SE
orientation. Its size decreases toward the end as the ceiliegsl@and the floor rises because of

www.laventa.it 12
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detritus and calcite flowstone. The flowstone is deeply alteredrggnic acids of biogenic
origin. The whole gallery contains domes and rounded lateral nicheso$avhech are the result
of corrosion by guano deposits. The walls are engraved by scallopgiageta? metres long,
which indicate a very slow water flow. Cueva del Rosillo 2 opensgppbsite Rosillo 1 and
shows similar features but a shorter length.

39

entrance  \
A

CUEVA ROSILLO 1
Cuatro Ciénegas - Mexico

plan view

entrance

Fig. 11 — Plan view and longitudinal profile of Cueva El Rosillo ®rfgi San Marcos y Pinos) (Survey:
La Venta, 2000).

These caves are no doubt two segments of the same conduit, separtdtednuaysion of the
valley. Their great sizes suggest they are a segment af@ent and significant collector that
drained the waters from a large area of Sierra San Mar€isog in the NW direction. Their
original phreatic shape has been modified by vadose flow in the oppo®tgiah, which
widened the gallery, incised a floor canyon, and partially filled caee with a variety of
deposits.

After deactivation due to lowering of base level, the caves weresed to the surface and
apparently hosted a great colony of bats. The occurrence in thegadildeeply eroded calcite
deposits suggests a second phase of water invasion, which probablydatitevehemical
reaction between limestone or calcite deposits and organic acidsymh a thick crust of
phosphorite on the cave floor, which has been almost completely removedhthineugining
activity.

Other relict phreatic caves occur in Sierra San Vicente (Cadevas Murcielagos, length 102 m)
and Sierra Madera (Cueva del Guano, length 402 m). In all caseaydsestiow evidence for an
ancient deep karstification, which occurred before the phases of isigmeicial erosion and of
downcutting of the canyon system. This could explain the relativegil smamber of known
caves and the limited development of most, as well as the fa¢ch#édyaare mostly obstructed by
deposits of calcite beyond a few tens of metres.

Biogenic forms connected with guano

At the present time, the most active speleogenetic processassarciated with significant guano
deposits. Some caves, after being cut by surface erosion, have beerdbgupg bat colonies,
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probably for many thousands of years, during which a large amount of gceumawated. The
presence of guano allowed these caves to undergo a further sigrdévaiipment even without
significant water flows. Besides being exothermic and producing ctveredr flows in the cave
atmosphere, the transformation and mineralization of guano also aassrges of chemical
reactions which, on one hand, develop a large quantity of carbon dioxide amg atel on the
other hand, help to form a number of strong acids, mainly nitric adiDgH sulphuric acid

(H2SOy) and phosphoric acid @ROy).

oo

Fig. 12 — A large solutional cupola on the ceiling of Cueva Rosillo 1 (photo: Arch. La Venta)

The morphological consequence of this process can be noteworthy, ddesdha formation of
large concave structures in outward-jutting walls (lateral sichdomes due to condensation
corrosion of the ceiling, and gullies and corrosion holes in the floor. Cacattlemsvaters
enriched with organic and inorganic salts can then generate speispti@h as concretions and
as absolutely peculiar organic minerals (Forti et al.,, 2006). Somewhi®genic corrosional
forms can completely alter or disguise the original shapes of caves.

CONCLUSIONS

Despite the fact that the mountains around Cuatro Ciénegas coasidy of carbonate rock,
surface karst landforms are quite rare because of the predomioénicgense physical
weathering. Significant karst landforms occur only in small aaeasare generally located along
major mountain crests. Typical infiltration forms, such as dolines, are almwstyealbsent.
Endokarst features seem also to be concentrated in restriceesl Bresently no large cave
systems are known. Among several reasons, one is surely thedliexploration of this vast
territory, which is partly due to the inaccessibility of the highdges. About fifty caves are
known at the moment, mostly of small size.
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In our opinion, however, certain objective factors may be responsiblehdotinited karst
development. We consider these to be related to the morphological maticllynamics of this
area in the recent geological past. The environmental conditions, wtbhbly distinguished
this area in the last million years, must have limited thet lacesses because the relief was
sculpted by intense physical degradation. This is proved by the denswlknefwcanyons and
minor channels in the mountain slopes and by the significant fluvial deposginally mainly
alluvial fans, which have filled the intra-mountain plains.

Surface and deep karst processes could not compete with surfacs.ekasist could hardly
develop except in some local and particularly favourable situationshamks to peculiar
processes. All our research in the explored caves proved how undergrourghkamsmena are
mainly the result of particular paleohydrologic conditions relatethéocirculation of thermal
waters or deep-seated flow.

According to present knowledge, caves in Cuatro Ciénegas include viypegsand situations
related to diverse genetic processes, which involve complex spelsmsgdmeughout hypogenic
and meteoric karst processes over a long period, probably of several million years.

The mineral deposits of mixed sulphides, which supplied uncommon metaérete surely
influenced the karst phenomena in the course of their earliest devekpater, thermal water
circulation created chemical and physical conditions that resulteeduliar minerals and crystal
forms. The diffuse circulation of thermal waters could be relaétedate Tertiary volcanic
activity and is also demonstrated by the occurrence of fluorite ,véues to mid-temperature
fluids, in several places all around the Cuatro Ciénegas plain amnaveftine deposits, whose
top surfaces are up to 40-50 m above the present base level.

Caves originated by meteoric waters are also present butahdyecaccessed only were erosion
has deeply cut the mountain ridges. Morphological features sugglegipbaeatic conditions for
the most part of their development, with only some local vadose entrenthloring the latest
active phases.

In the more recent past, some of these caves hosted great cofdra¢s, which produced guano
deposits several meters thick. Inside these deposits, microbiologamions produced a large
and exceptional variety of minerals, phosphatic for the most part.
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Table 1 -Caves surveyed during La Venta expeditions at Cuatro Ciénegas (numibé&iig.a2)i

n. | Cave Zone Fuse UTME | UTM N |elevation|length| depth
(NAD27) | (NADS27)] ma.s.l. m m

1 | Cueva Tinaja La Purisima 14 | 219648| 2970619 1020 670 +30, ;64

2 | Cueva el Triangulo La Purisima 14 | 219036| 2970092 1130 55 +4

3 | Cueva el Murcielago La Purisima 14 | 219085| 2970132 1170 132 +5

4 | Cueva las Guaitas La Purisima 14 | 218545| 2969308 1140 220 +13

5 | Cueva el Pedregoso La Purisima 14 | 218814| 2967935 1160 381 -8

6 | Cueva Rosillo 1 S. Marcos Y Pinpsl4 | 220497 | 2936552 1360 1110 +53, 147

7 | Cueva Rosillo 2 S. Marcos Y Pinpsl4 | 220519| 2936754 1400 2283  +5,-12

8 | Cueva de los Murciélagos San Vicente 14 216561 84287 1030 120 +20

9 | Cueva del Guano di Don Bethadera 13| 784740 298726[ 976 402 +31,]-26

10| Cueva la Leona Menchaca 13 7842p2 3017873 1253 16435

11| Cueva Hundida Menchaca 183 784234 3018462 1253 854122 -

12| Cueva Rancho Guadalupe La Fragua 13 74582 2977148280 190 -26

13| Cueva El Junco La Fragua 18 772193 2971058 1300 70-28
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