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Resumen

Eln imste articll,ltlsg se caracterlzm_'l;] las con-
ciones icas, en es prerre-
quisitos gomjcturales. de I?c
nesis en los yeso miocenos del te de
Ucrania. Se presta especial atencién a las
irregularidades estructurales y texturales
del estrato de yeso y su papel en la con-
figuracién de la fracturacién. Se caracte-
riza en detalle la fracturacién en el yeso,
la estructura de los sistemas laberinticos
de las cavidades y la morfologia de las
g:lerias. Se demuestra que las fracturas
| estrato de yeso relacionadas con el
inicio de la espeleogénesis son de tipo
litogénico y constituyen grandes redes
independientes distribuidas en niveles,
estando cada nivel confinado en su ubi-
cacién a determinadas zonas estructura-
les/texturales del estrato de yeso. Este
hecho determina la estructura en multi-ni-
veles de las cavidades de la region.
Se considera también el problema de la
formacién de grandes estructuras yesife-
ras en domo debidas a la recristalizacién
del yeso durante una etapa temprana de
la diagénesis, asi como el problema de la
génesis de la fracturacion. La espeleogé-
nesis, dados estos prerrequisitos estruc-
turales, ocurrié en unas condiciones de
un sistema acuifero artesiano con distin-
tos niveles, debida a una recarga vertical
ascendente a partir del acuifero infraya-
cente al estrato yesifero.

Palabras clave: karst en yeso, fractura-
ci6én, control estructural, domos yesife-
ros; espeleogénesis, acuifero artesiano.

Abstract

In this paper geological conditions are
characterized, structural prerequisites in
particular, of spe! nesis in the Mioce-
ne gypsum in the Western Ukraine. Spe-
cial attention is paid to consideration of
structural and textural irregularities o the
gypsum stratum and their role in the for-
mation of jointing. Jointing in the gyp-
sum, structure of unique maza cave
systems and morphology of passages are
cpel ctﬂgeﬂ in cJ:IeIlail. Ilt is :ehown that
spelec-initiating joints in t psum
strata fall in Ii&ogenetlc type aﬁ’ﬂ form
largely independent muiti-storey ne-
tworks with each storey being confined
within certain vertical structural/textural
zones of the stratum. This determines the
multi-storey structure of caves in the re-
ion.

?ha problem is considered of the forma-
tion of giant dome structures by way of

psum recrystallization during the early
diagenesis stage, as well the problem of
jointing genesis is discussed. Speleoge-

netic realization of existing structural pre-
requistes occured under conditions of
multi-storey artesian aquifer system, due
to upward recharge of cave systems from
the under-gy psum aquifer.

Key words: gypsum karst, joints, structu-
ral control, gypsum domes, speleogene-
sis, artesian aquifer, Ukraine

INTRODUCTION

The territory of the western districts
of Ukraine (Lvovsky, Ternopol’sky, Iva-
no-Frankovsky, Tchernovitsky) is char-
acterized by extensive development of
sulfate karst in the gypsum/angydrite
strata of Middle Miocene. Numerous
scientific and practical problems of re-

gional geology, hydrogeology, enginee-
ring geology, geochemistry and envi-
ronment protection are related to the
sulfate karst of the Westem Ukraine.
The unique feature of the gypsum karst
in the region is an extensive develo-
pment of maze cave systems. In the
region five largest gypsum caves in the
World are located (Optimisticheskaya -
189 .000 km, Ozemaya - 111 km, Zo-
lushka - 89 kmn, Mlynki - 24 km, Kris-
tal’'naya - 22 km), with their total length
compatible with that of all other known
gypsum caves in the World. Being the
core of the karst subject as a whole, the
problem of cave genesis was contro-
versial one during long period for the
Western Ukrainian region and is resol-
ved sufficiently just recently.

Karst development in general, and
speleogenesis particularly, is controlled
by numerous factors, among which the
structural and hydrogeological ones
are most important. Structural factors
are those determining a structure of
initial permeability of karstifiable rocks,
jointing first of all. Besides tectonic pre-
requisites, lithological and textural pe-
culiarities of the Miocene gypsum stra-
tum have played a great role in develo-
pment of jointing in it. The study of the
role of the above factors and prereq-
uisites in speleogenesis is the main
subject of the present work. This is con-
sidered here using examples of many

Figure 1. Gypsum karst areas and main tectonic structures in the Western Ukraine: 1-
areas with surface karst manifestations; 2- areas without surface karst
manifestattions; 3- platform/foredeep boundary; 4- boundary between inner and outer
foredeep zones; 5- structural boundaries of the Carpathians. A- Podolia region; B-
Bukovinsky region
Figura 1. Areas de karslificacién en yesos y principales estructuras tecténicas en el Oeste
de Ucrania: 1- dreas con manifestaciones karsticas superficiales; 2- éreas sin
manifestaciones kérsticas superficiales; 3- limite plataforma/ffosa tectdnica; 4- limite entre
las zonas de fosa interna y externa: 5- limites estructurales de los Cérpatos.

A- Region de Podolia; B- Regién de Bukovinsky
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Figure 2. Alteration of geological and hydrogeological conditions of the gypsum karst development in the direcction from the
internals of the platform outskirsts towards the pre-Carpatian foredeep (from right to the left)

Figura 2. Alteracién de las condiciones geolégicas e hit

large caves of the region, but with spe-
cial reference to the largest gypsum
cave in the World - Optimisticheskaya
Cave, where the linkage between join-
ting and morphology, and lithological
and textural peculiarities of the gypsum
stratum is most prominent.

The authors are grateful to leaders
and members of the speleological
clubs of Lvov, Ternopol’, Chermnovisy
and Kiev, especially to M.Savtchin,
A.Medvedev, N.Ostyanova, J.Zimel’s,
S.Epifanov, V.Korzhik, B.Ridush, as well
as to former staff members of the Karst
and Speleological Department, the Ins-
titute of Geological Sciences, National
Academy of Sciences, S.D.Aksem,
V.Ja.Rogozhnikov and M.L.Tchurubrova
for their assistance in collection of data
and in pursuance of underground re-
searches. Twenly years of this De-
partment activity were full of many cha-
llenging projects and underground ad-
ventures, and this period will be forever
remembered by the first of present au-
thors as the most instructive and enjo-
yable one.

GEOLOGICAL AND
HYDROGEOLOGICAL SETTINGS
OF CAVE DEVELOPMENT

The gypsum strata of Miocene age is
widely spread in the southwestern frin-
ges of the Eastern European platform,
in the transitional zone between the
platform and the pre-Carpathian fore-
deep, where the strata stretches from

fosa pre-Carpatica (de derecha a izquierda)

southeast to northwest for 300 km by
the belt of several to 40-80 km wide.
The total area of Miocene sulfate forma-
tion within the platform outskirt
amounts up to 20 thousands km?. Two
major cave subregions, Podolsky and
Bukovinsky, both are situated in the
southeastern section of the gyp-
sum/anhydride belt (fig.1).

Precambrian crystalline basement is
submerged here to the depth of 1000-
1200 m and more. The sedimentary co-
ver is represented with formations of
Paleozoic (Hercynian structural stage),
Mesozoic and Cenozoic (Alpine struc-
tural stage). In the valleys of Dniester
and it's left tributaries Lower Devonian,
Cretaceous and Miocene sediments
are exposed, and only Miocene sedi-
ments outcrop in the Bukovinsky subre-
gion.

The Miocene sequence lies on the
eroded surface of Cretaceous rocks.
The Cretaceous succession is repre-
sented here by terrigenous and carbo-
nate sediments, most often by sands,
sandstones and detrital limestones be-
longing to Albian and Senomanian. Thi-
ckness of the Cretaceous succession
ranges from 5 to 20 m, and il increases
towards south and west.

The Miocene succession is compo-
sed by Badenian and Sarmatian depo-
sits, and lies on the eroded surface of
Cretaceous. Badenian is divided into
three units. Lower Badenian (thickness
5-30 m) is represented by quartz sands,
sandstones, and bioherm detritic lime-
stones; these sediments replace each

icas en el desarrollo del karst en yeso desde la plataforma inferna hasta la

other frequently. In the upper part of the
unit detritic limestones of 0.3 to 1.0 m
in thickness normally occur, which im-
mediately underlie the gypsum strata.

The overlying Tyrassky Formation
(Middle Badenian) is represented by
the sulfate and carbonate facies. The
Gypsum stratum has a thickness of 15
o 25 m in the Podolsky subregion, and
up to 40 m in the Bukovinsky one.
Toward the foredeep the content of
anhydrite increases in the stratum. Ho-
rizontal occurrence of the gypsum stra-
tum between the low-karstifiable rocks
and almost universal spread of clay co-
verbeds protecting the strata from ver-
tical percolation of meteoric water are
the main factors caused largely lateral
development of the cave systems in the
gypsum sitrata, conservation of the stra-
tum and caves within it during prolon-
ged period (Klimchouk, Andrejchouk,
1986, 1988). The detailed consideration
of lithological and textural peculiarities
of the gypsum siratum is given in the
following chapter.

The carbonate facies of the Tyrassky
Formation is represented with pelito-
morphic chemogeneous limestone, lo-
cally named "Ratynsky", 0.2 to 8 m in
thickness. Normally it overlies the gyp-
sum stratumn; in this case it's thickness
does not exceed 1.5 m. In places this
limestone replace the gypsum in the
cross section attaining it's maximum
thickness.

The Upper Badenian unit lies on the
Tyrassky Formation, and begins with ar-
gillaceous and marly limestones with

4
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concretions of lithotamnium (the Ter-
nopol’ beds, thickness 1.5 to 3 m). Abo-
ve, the thickness of clays and marls
occurs, the lower part of which is pla-
ced to Upper Badenian (Kosovsky For-
mation), and the upper part belongs to
Lower Sarmatian. The total thickness of
these sediments attains 40-45 m in the
Podolsky subregion, and increases
towards the foredeep. On the upland
areas pebble-beds of the old Dniester
terraces remained from erosion; they
are placed to Upper Pliocene.

Quaternary sediments are universa-
lly spread over the studied region and
are represented by the eluvial cover of
watersheds {clay, loams), deluvial sedi-
ments of valley slopes (loams with pe-
bbles and debris), and alluvium of te-
rraces (sands, pebble-beds). Their thi-
ckness attains 20-25 m.

Rocks of Paleozoic and Meso- Ceno-
zoic structural storeys are broken by
faults of different ages and orders inio
numerous tectonic blocks. Predomi-
nant orientation of faults in the territory
are: 15-30°, 50-70°, 290-300°, and 350-
0°; dislocation amplitudes along such
faults normally do not exceed 15 m. The
block structure is of great significance,
as it controls development and appea-
rance of karst processes in the Western
Ukraine. In the direction from the pla-
tform internals toward the foredeep,
the gypsum stratum plunge by steps;
such plunging is compensated by in-
creasing thickness of clay coverbeds;
the depth of erosional entrenchment

concurrently decreases (fig.2). This
causes a regular zoned alteration of
hydrogeological settings of karst deve-
lopment in the above direction ( Kli-
mchouk et al., 1983, 1985; Andre-
jchouk, 1984, 1988; Klimchouk, Andre-
jchouk, 1986, 1988).

Of hydrogeological concern the stu-
dy area corresponds to the south-west
part of the Volyno-Podol'sky artesian
basin of the platform type, to the Podol-
sky and Bukovinsky drainage basins of
the first order ( Shestopalov, 1981; Vo-
doobmen..., 1989). There are aquifers
in Paleozoic, Cretaceous, Miocene, and
Quaternary deposits. As a result of in-
tense neotectonic uplifts and deep ero-
sional entrenchment in the Podolsky
subregion during Pleistocene, the aqui-
fers in Miocene and Cretaceous depo-
sits had lost their artesian confinement,
and became wholly or partially drai-
ned. Under the modern conditions, the
Miocene aquifer receive localized point
recharge from the surface via swallow
holes. The aquifer occurs mainly within
the under-gypsum unit of Lower Bade-
nian, but toward the internals of inter-
valley massifs the water table arises
into the lower part of the gypsum stra-
tum. The table of the Miocene aquifer
is accessible in Ozernaya and Optimis-
ticheskaya caves as cave lakes. Dis-
charge occurs in bottoms and slopes of
ravines and river valleys in form of
springs with flow rates ranging be-
tween 0.5 to 151 (most frequently 0.8
to 2.0 1 s). Water is characterized by

S04Ca or HCO3-SO4-Ca composition,
with TDS content of 0.8-2.7 g I'\,

In the Bukovinsky region, as the fo-
redeep is approaching, the thickness of
clay coverbeds increases, and the
depth of erosional entrenchment de-
creases, so that the conditions of the
fully drained gypsum stratum change to
the water table conditions within the
gypsum stratum, and then - to the con-
ditions of an artesian aquifer. Inthe area
of Prut river the conditions of an arte-
sian aquifer prevail; only in some most
uplifted blocks water table is positio-
ned several meters below the top of the
gypsum stratum (the blocks of Zo-
lushka and Bukovinka caves).

LITHOLOGICAL AND TEXTURAL
PECULIARITIES OF THE
GYPSUM STRATUM

In the Podolsky subregion, the gyp-
sum stratum 10 to 22 m in thickness is
characterized by clear veriical structu-
ral and textural differentiation. It is ex-
pressed most clearly and complete in
the southern part of the Seret-Nichlava
intervalley massif. This differentiation
proved to be the most important pre-
requisite for the formation of jointing
peculiarities, and eventually, for the for-
mation of the cave system structures:
their storey occurrence, plan patterns,
etc. (Klimchouk, 1986; Klimchouk, An-
drejchouk, 1988). This is why the topic
is worst of special consideration. The

3oHb! ¥ NOA3OHDI CTpykTypa runcos Tekctypa runcos fpumeyanua
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Figure 3. Structural and textural differentation of the gypsum strata in the Podolsky region
Figura 3. Diferenciacién estructural y textural del estrato yesifero en la regién de Podolia
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below characteristic of structures and
textures of gypsum rocks immediately
represents the area of Optimisticheska-
ya cave, but it can be applied to most of
other caves of the Podolsky subregion
with minor corrections.

In general, the sizes of gypsum
crystals increase from the bottom
upward across the stratum. Transitions
between structural/textural varieties
are rather sharp. This allows to divide
the gypsum stratum into three parts
(zones): the lower, middle, and upper
ones (zones |, II, and Ill on the fig.3).
There is certain differentiation of rock
by structure and texture within the zo-
nes, which allows to distinguish be-
tween sub-zones.

The lower part of the gypsum stra-
tum (the zone 1), of 6 to 8 m in thi-
ckness, is composed mainly by micro-
crystalline varieties of gypsum, In the

psum strata
to yesifero

bottom of the stratum rock is repre-
sented by homogeneous crypto- and
microcrystalline mass of white or light-
brown color. It is composed with gyp-
sum grains of 0.1 to 0.4 mm in size, of
isometric shape, withirregular or tooth-
like contours. The rock texture is equi-
granular, granoblastic. As impurities,
clay particles and grains of carbonates,
celestite and barite occur. Frequently,
gypsum have the banded structure cau-
sed by presence of thin clay films sepa-
rating thin gypsum layers. Crypto- and
microcrystalline gypsum with massive,
banded and bedded structures, lying in
the bottom of the stratum, have the
thickness of 1.5 to 2 m and compose the
sub-zone la.

Upward in the cross section the sub-
zone 1b is located (2-3 m), which is
characterized by an enlargement of

gypsum grains up to 0.4-0.8 mm. On the

micrograined background, inclusions
of larger crystals occur (up to 2.0 mm),
so that gypsum attains porphyroid tex-
ture. Thin layers of gypsum are defor-
med by recrystallization processes, and
banded structure turns to plicated one.

In the lower part of the gypsum stra-
tum, within the sub-zones la and Ib,
lenses of argilo-sulfate rythmite occur;
the rock is formed by alternating thin
(up to 2 mm) beds of gypsurn and clay,
which had not been encompassed by
recrystallization processes.

The top of the zone |, which is distin-
guished as the sub-zone Ic, has the thi-
ckness of 2-3 m and is characterized by
presence of light-brown and dark-
brown gypsum crystals up to 3-4 cm in
size occurring in the white microcrysta-
lline mass. Waved and fan-like structu-
res are distinguished by distribution of
these crystals . The length of such "wa-
ves" do not exceeds 0.3-0.5 m.

Besides the above varieties of gyp-
sum, macrocrystalline gypsum occurs
in the lower part of the gypsurmn stratum,
in zones of old pre-speleogenic join-
ting. It is represented by tabular and
parallel-columnar crystals of brown co-
lor, up to 5-10 cm sized, forming veins
up to 20 cm in thickness along paleo-
joints. Their genesis is related to move-
ment of saturated solutions through
such joints. In some cases the gypsum
is recrystallized 1o the state of selenite
gypsum.

The transition from the lower part of
the gypsum stratum (the zone 1) to the
middle one (the zone II) is rather sharp.
it is underlined by the layer of micro-
crystalline gypsum up to 10 cm in thi-
ckness. The contact between the zones
is irregular and waved.

The zone 1, 2 to 3 m thick, is charac-
terized by concentric occurrence of mi-
cro- and macrocrystalline gypsum, for-
ming dome-like structures of 0.5-3 min
diameter (normally - 1 to 1.5 m). These
structures are concentric-zoned. Cores
are usually isometric in shape and com-
posed with microcrystalline gypsum.
They are covered by concentric layers
of 1 to 15 emin thickness, composed by
alternating micro- and macrocrystalli-
ne gypsum. The thickness of macro-
crystalline layers increases from a core
toward peripheries. The microcrystalli-
ne gypsum varieties are represenied by
grains of isometric shape, 0.5to 1.0 mm
in size. Macrocrystalline gypsum is
composed with crystals of tabular habi-
tus, brown in color, 10 to 15 c¢m in size.

Dome structures of the zone I are
often complicated by deformation and
corrugation of concenters. Some lar-
gest structures have formed as a results
of intergrowth of two or three small

6
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. Nichiava

N / “The Cave Belt" of the Podolsky

gypsum outcrops
zone |: fully drained gypsum strata
Ij zone |I: water table within the gypsum strata
D zone lik: confined aquifer in the gypsum strata
@ Caves numbered as in Table 3.1

@ over 10 kmlong

® 1to10kmlong

Zbruch

Figure 5. Zonation of development conditions and the location of the main caves of
Podotsky and Bukovinsky regions. Numbers of caves correspond to the table 1
Figura 5 Zonacién de las condiciones de desarrolo y Jocalizacion de las principales
cavidades de las regiones de Podolia y Bukovina.
1 a numeracion corresponde & fa reflefada en la tabla 1

structures. Dividing boundaries be-
tween structures of the zone II usually
are not clearly expressed.

The upper part of the gypsum stra-
tumn is separated from the middle part
by minor layer of bentonitic clay (1 to 30
cm in thickness, normally 5 to 10 ¢cm).
This layer is universally spread through
the areas of Optimisticheskaya and
Ozernaya caves, and is less expressed
and developed in the areas of other
caves of Podolsky sub-region. Pinches
and swells of the layer are caused byit's
deformation in the process of develo-
pment of undetlying dome structures of
the zone Il

Bentonitic clays are the result of ben-
tonitization of volcanic ash, This is indi-
cated by frequently occurring relicts of
ash in the lower part of swells of the
layer. According to thermic analysis
bentonitic clays are represented by
montmorillonite, with impurities of ver-
miculite and hydromica.

It is likely that bentonitic layer had
played an important role int the process
of recrystallization of gypsum and
growth of dome structures. It detexmi-
nes, to some extent, the morphology of
cave passages in the middle part of the
gypsum stratum, developed immedi-
ately beneath the layer. Being universa-
ly spread within some cave areas (Op-
timistiches- kaya and Ozernaya caves),
and occurring in the areas of some
other caves, this layer prove to be the
important marking bed, allowing to
control an occurrence of the gypsum
stratumn and it’s dislocation in zones of
faults, as well as to control and correla-
te a position of cave passages (ne-
tworks) in the stratum cross section
between distant regions of the mazes.
The latter is pariicularly important if
considering difficulties of instrumental
control of passages altitudes through
tong distances.

The most distinctive feature of the

upper part of the gypsum stratum (the
zone I} is an occurrence of brown-co-
lored macro- and giantocrystalline va-
rieties of gypsum, forming giant dome
structures sized up to 8 to 10 m in the
transverse dimension. In the average,
the transverse dimension of the dome
structures (the cross dimension of a
polyedral figure formed in the plan view
by boundaries dividing structures) is 4-
6 m.

The lower part of the zone Ili (the
sub-zone 1lla) is characterized by a pre-
sence of rather small dome structures
of 0.2 to 2 m in diameter. These structu-
tes have a core composed with micro-
crystalline gypsum. Concenters alter
each other from a core toward peri-
phery, having the thickness of 1 to 15
c¢m and being composed with micro-
and macrocrystalline varieties of gyp-
SUIn.

The sub-zone Ifb is localed above,
composed with giant dome structures,
which growth is determined by the law
of geometric selection (Grigotjev,
1961). According to this law, those
aggregates grow predominantly which
centers are located higher than that of
others. Lower aggregates are su-
ppressed in their growth due to the lack
of a free space. Growing concurrently,
dome structures are getting in touch
with each other, forming dividing boun-
daries, which create a polygonal ne-
twork in the plan view. Dividing boun-
daries are normally vertical, if centers
of growth of the neighboring structures
are located in the same level, or they
are inclined if centers of growth are
located in different levels.

Dome structures of the zone Ii
(fig.d), in contrast to structures of the
zone I, are not regular half- spheres but
instead they have the shape elongated
in the vertical direction. This is, likely,
conditioned by vertical upward move-
ment of saturated solutions in the pro-
cess of structures growth, which cau-
sed recrystallization of gypsum,

Within dome structures of the sub-
zone NIb the core, the near-core and
peripheral parts are distinguished. The
core part has the shape elongatedin the
vertical direction. The transverse size is
normally of 10-50 cm, and the height is
of 2-3 m (in the area of Kristal'naya cave
- up to 4-5 m). The core part is compo-
sed with microcrystalline gypsum, with
grain size of 0.5 to 3 mm. Such gypsum
is, perhaps, a relict of primary non-re-
crystallized or low-recrystallized gyp-
sum. In the very top of the core of the
structures a monocrystal of transparent
selenite gypsum usually occurs, light-
brown in color. Selenite monocrystals
in the sub-zone lllb occur not only in the
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N | Covenome Parameters of caves Parameters of cave ficlds
N* Develop= | Ampli= | Area, | Volume, | Specific Arer, [ Volume Coefficients of Knrstification
menty | tude, | shond ' | thond o’ | volume | thend e Jof block, (s F TG the area | OF the
e m (l’ll;du!} thsnd m' | passages, volume
e et ko
Podolsicy veplon
1 [Optimisticheskaya 188000 18 240 495 2.6 630 {11340 298 0.38 0.04
2 Ozernaya 111000 18 330 665 6 640 | 11520 173 0.51 0.06
3 [Miynki 24000 12 47 80 3.3 195 | 2340 123 0.24 0.03
4 Kristainaya 22000 12 38 110 5 137 | 1640 161 0.28 0.07
5 [Slavka 9100 15 19 34 3.8 77 | 1155 118 0.24 0.03
6 Verteba 7820 10 23 47 6 38 380 206 0.61 0.12
7 Atlantida 2525 19 4.5 11.4 45 15 285 168 0.3 0.04
8 [Ugryn 2120 10 4 8 38" 11 110 193 0.36 0.07
9 Yubilejnaja 1500 20 2 3.5 2.3 5.4 81 277 0.37 0.04
10 [Komsomolskaya 1244 10 1.7 2.8 2.1 10 100 124 0,17 0.03
11 [Dzhurinskaya 1135 15 1.6 2.7 2.3 9 117 126 0.18 0.02
‘Bukovinsky reglon
12 [Zolushka 89500 30 305 712 8 430 | 12900 208 0.71 0.06
13 |Bukovinka 2408 12 43 6 2.5 7.5 135 321 0.57 0.04
14 Gostry Govdy 2000 10 1.3 3.3 1.6 7.4 74 272 0.27 0.04
Totals 464352 - 1021.4 |[2180.5 - 2 . - -k
Avereges 1 - - 3.84 - - 198 0.37 0.05

cores of the structures, but also along
the boundaries which divide structu-
res. In other zones pockets and veins of
selenite are usually related to old (pre-
speleogenic) fissures or tectonic faults.
The near-core part of dome structures
has the diameter of 1.5 to 2 m and is
represented by alternating concenters
of 1 to 15 cm in thickness, composed
with micro- and macrocrystalline gyp-
sum. In the parts immediately adjoining
the structure core, a corrugation of
some thin concenters occurs. In the
macrocrystalline concenters uncom-
plete recrystallization of gypsum is
exhibited; large tabular crystals are "ce-
mented" by microcrystalline mass.
Towards periphery, the microcrystalli-
ne concenters disappear, and in the
macrocrystalline concenters a share of
microcrystalline mass diminishes.

The peripheral part of a structure is
also concentric. Concenters are com-
posed here with giant, often curved,
sabre-like and feather-like crystals of
brown-colored gypsum, with the length
of individual crystals ranging from 0.2 to
1.5 m. There is a tendency of increasing
crystals size from the core of the struc-
tures toward their periphery.

As primary gypsum containing clay
impurities recrystallizes clay is
squeezing out into the zones of structu-
res junction, as well as into inter-con-
centers space and space between ta-

Table 1. Parameters of large caves and cave fields
Tabla 1.Parémetros relativos a las grandes cavidades y la superficie y volumen ocupados

bular and sabre-like crystals. This is ex-
pressed most clearly in the east section
of Optimisticheskaya cave. As this take
place, clear and sharp dividing bounda-
ries form. Argilo-carbonate mass
squeezed out into the inter-concenters
space, restricts the growth of gypsum
crystals, so that their size (and the thi-
ckness of concentres) does not exceed
20-30 cm. In case of recrystallization of
pure gypsum, dividing boundaries are
not clearly expressed, as gypsum
crystals of neighboring structures inter-
grow. In the upper parts of dome struc-
tures, where concentres are of greatest
diameter and lie almost horizontally,
dividing boundaries are not clearly ex-
pressed too. In recrystallized pure gyp-
sum crystals are not restricted in their
growth, so that the thickness of concen-
tres reaches it's maximum values (up
to 1.5 m).

The above lithological and textural
differentiation of the gypsum stratuin is
distinct in most of the territory of the
Podolsky sub-region. In some areas di-
fferences between the lower and
middle parts of the stratum are not so
clearly expressed, so that one can
speak about two-units construction of
the stratum, with crypto- and micro-
crystalline varieties in the lower part,
and macro- and giantocrystalline gyp-
sum in the upper part.

In the eastern part of the Podolsky

sub-region, in the area of Atlantida
cave, the gypsum stratum has different
composition. In it's lower part bedded
microcrystalline gypsum prevails, with
inclusions of macrocrystalline varieties
and argilo-carbonate material. The
upper part of the stratum is composed
with massive crypto- and microcrysta-
lline rock.

The construction of the gypsum stra-
tum changes also in the south-sou-
thwest direction, toward the pre-Carpa-
thian foredeep. In this direction the
stratum becomes more and more ho-
mogenous, transitions between the zo-
nes become more and more gradual. In
the area near Prut river the three-units
construction of the stratum is not ex-
pressed at all; in the areas of Zolushka
and Bukovinka caves the whole stra-
tum is composed mainly with crypto-
and microcrystalline gypsum. In the
middle part of the stratum bedding is
characteristic; in the upper part pockets
of large selenite monocrystals occur.

GENERAL CHARACTERISTIC OF
THE LARGE GYPSUM CAVES OF
THE WESTERN UKRAINE

Of 14 known large caves of the re-
gion (those caves having development
exceeding 1 km), 11 are located north
of the Dniester valley, within the Podol-
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Figure 6. Configurations and relative dimentions of some cave fields. All contours are pictured in the same scale.
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sky sub-region. Of them 9 caves are
located within the narrow belt
stretching sub-parallel to the Dniester
valley (fig.5). Two caves (Mlynki and
Ugryn’) drop out of this belt, and are
located some 15-20 km to the north. All
these caves are situated now under
conditions of the fully drained gypsum
straturn, as well as one more cave, Gos-
try Govdy, recently discovered on the
right bank of Dniester. Two other large
caves, Zolushka and Bukovinka, are si-
tuated in the Bukovinsky subregion,
near Prut river, in the area of artesian
flow in the Miocene aquifer, but within
the azonal area of the most uplifted
blocks, where the upper part of the
gypsum stratum is entrenched and dra-
ined by the valley (see the block 47 on

the fig.7). Because of this, the water
table conditions in the gypsum stratum
occur in this area.

All the large gypsum caves in the
region are mazes developed along ne-
tworks of vertical and steeply inclined
joints, Aggregating passages form late-
ral two to four storey systems which
occupy areas of up to 0.7 km?.

From data of cave surveys various
morphometric parameters are derived,
giving quantitative characteristic of a
whole cave, or it's certain regions. The
main morphometric parameters for the
large gypsumn caves of the region are
given in the table 1. This table also con-
tains some parameters of the cave
fields and of their karstification.

The area of a cave field is the area of

a polygon which includes contours of
mapped passages networks, with the
exception of integral internal non-kars-
tified areas, if present. The volume of a
cave block is determined by the area of
a cave field multiplied to an average
thickness of the gypsum stratum, be-
cause of cave systems develop through
whole vertical dimension of the stra-
tum.

The absolute parameters of cave
systemns and their fields are subjects of
change, depending on exploration
efforts; they constantly grow in the
course of speleological explorations.
The length of the aggregated systemns of
passages in the study region amounts
tens and first hundreds of km, and the
area of the cave fields reaches tens and
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huzndreds (up to 640 ) of thousands of
m-.

Specific parameters are more infor-
mative. Specific volume (midel) of a
cave characterizes "largeness” of cave
passages in a certain cave system. For
the caves of the region this feature ran-
ge from 1.6 (Gostry Govdy cave) to 8.0
(Zolushka cave) m® per linear meter; in
the average for the region specific volu-
me is of 3.84 m¥%m. No regularities in
variations of this parameter through the
region are found; itis controlled by local
conditions of speleogenesis.

It is convenient to characterize the
density of passages networks by the
ratio of a cave length to an area unit of
a cave field (km/km?). This parameter
varies for the region from 118 (Slavka
cave) to 321 (Bukovinka cave) km/km?,
with the average value of 198 kimykm?,
The density of passages networks does
not display regional trends too. It is
shown in the chapter 4 that the density
of passages networks is determined by
the density of speleo-initiating jointing.

The coefficient of area karstification
of the gypsum stratum vary from 17%
(Komso- mol'skaya cave) to 7496 (Zo-
lushka cave). High values are inherent
in the fields of Verteba cave (6196),

Prermrequisitos estructurales en el karst de Podolia

Bukovinka cave (5796), Ozernaya cave
(5196). The average value is of 37%. The
coefficient of volurme karstification vary
from 3% (caves Mlynki, Slavka, Komso-
mol’skaya cave) to 12% (Verteba cave)
whilst the average value is of 5%.
Figure 6 shows relative sizes and
configuration of the cave fields. It is
evident that cave networks often form
elongated figures. Elongated elements
correspond rather clearly to directions
inherent in the regional tectonic: nor-
thwest, northeast, and meridional.

STRUCTURAL PREREQUISITES
OF SPELEOGENESIS AND THEIR
REALIZATION

Tectonic faults, block and
microblock structures

The Neogene succession within the
platformn outskirt is broken into blocks
by numerous faults of different orders.
In the interiors of the platform outskirts
(the Podolsky sub-region) faults of nor-
thwest, northeast and meridional
orientation separate numerous blocks
of various shapes, with cross-dimen-

sions of 2 to 6 km, and with displace-
ments between adjoining blocks va-
rying from 5 to 15 m (Klimchouk et al.,
1983, 1985). Towards the foredeep, the
block mosaic construction alters to the
block-step plunging of the gypsum stra-
tum; as this takes place, amplitude of
displacements and thickness of clay
coverincreases (Andrejchouk, Kunitsa,
1985; Andrejchouk, 1984, 1988; see also
fig. 7).

Within cave fields the gypsum stra-
turn is divided by lesser tectonic faults
into some microblocks, usually without
displacement, or with displacements
within first meters. Such faults can be
mapped and are indicated in caves by
zones of destruction, brecciation or re-
crystallization, linear zones of brea-
kdowns and injections of overlying
rocks, or by large joints dissecling the
whole gypsum stratum. Slickensides
are observed somelimes. Carbonate
flowstones and chalcedoni mineraliza-
tion often occurs in the zones of faults.

Hydro-levelling of the marking ben-
tonitic layer through the field of Opti-
misticheskaya cave in different direc-
tions has allowed to reveal the structure
of the gypsum stratum within the tecto-
nic block, amplitude of the stratum dis-

F/E] FOLDED STRUCTURES DF CARPATHIANS

Y [7777] rommaTions oVERLYING THE GYPSUM STRATA
| [ e ovesum anvvORDE STRATA

“las]  FORMATIONS UNDERLYING THE GYRSLIM STRATA

N SGUNDARIES OF BLOCK STRUCTURES
@) Eocks NuMsers

CU KARST FEATURES

Figure 7. Block structures in the Bukovinsky region (Andrejchouk, 1988)
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Figure 8. The profile of the gypsum stratum across the field of Optimisticheskaya.

For key and psoition lines see fig. 14

Figura 8. Perfil del estrato yesifero a lo largo del area de la cavidad Optimisticheskaya.
Para la leyenda y posicién de los peffiles véase la figura 14
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Figure 9. Types of joints as related to speleogenesis (on the example of Optimisticheskaya cave)
Figura 9. Tipos de fracturas y su relacion con la espeleogénesis de la cavidad Optimisticheskaya

placement in the zones of fauits (fig.8).
The largest displacement is found be-
tween microblocks Ozemy and Zaozer-
ny, Tsentral’ny and Svezhaya Voda (4-6
m). Displacements along other faults
donot exceed of 1-2 m. Generally, there
is a tendency to submerging of the gyp-
sum stratum from the south to the
north, and from the west to the east.
Tectonic fauits are of different ages.
In the Optimisticheskaya cave the ol-
dest fault is, likely, the one bordering
the Svezhaya Voda region to the sou-
thwest. It is represented by the zone of
destruction composed with boulder

breccia, cemented with argilo-carbo-
nate material. Boulders are sized up to
1 m and represented by macrocrystalli-
ne gypsum. This fault had formed prior
to the formation of speleo-initiating
jointing, which is indicated by passages
crossing this fault zone. Besides the
above paleo-fault of 50° orientation, in
some places of the cave the zones of
minor old faults are found, expressed
by veins of recrystallized gypsum. Their
orientation is 70°, 315°, 350°. Other mi-
croblock faults had been forming du-
ring the period of active formation of
speleo-initiating jointing. They are

oriented 20-30° and 120-130°, less fre-
quently 90°-100°.

Microblocks are usually of quadran-
gular shape, with length of sides of 300
to 500 m. Each of them contains the
region of the cave with peculiar orien-
tation and morphology of speleoforms
developed on each of storeys present
(if the above characteristics are compa-
red between cavities of the correspon-
ding storey that are developed in diffe-
rent regions,; distinctions between cavi-
ties of different storeys are always
essential, even within the same re-
gion). Within a cave region the distribu-
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Figure 10, Orientations diagrams of joints of different generations in some cave blocks

Figura 10. Diagramas de orientacién de

tion of passages (joints) is rather homo-
genous, and parameters of networks of
each storey are quite stable in the late-
ral direction.

Diversity of age of joints in the
gypsum stratum

Jointing within microblocks is one of
the main factor controlling speleogene-
sis. It is important to underline that ne-
tworks of joints in the gypsum are com-
posed with elements of diverse ages.
For the purposes of speleogenetic ana-
lysis, three main generations can be
distinguished among joints occurring in
the gypsum (Klimchouk, Rogozhnikov,
1982a; 1982b):

1) Pre-speleogenic passive joints:

those formed prior to the period of spe-
leogenesis, and by that time yet filled
with lithified argilo-carbonate material.
Such joints did not show hydrogeologi-
cal activity later on; they are indicated
by "ribs" and partitions projecting from
the walls of passages.

2) Speleo-initiating joints: those
hydrogeologically active during the
main phase of speleogenesis, and
reworked into passages due to dissolu-
tion action of moving waters. Markings
of such joints are always can be seen
along the axis of speleoforms, and in
blind ends of passages. The networks
of speleo-initiating joints are "displa-
yed" by the maps of the maze caves of
the region.

3) Post-speleogenic joints: those for-
med after the end of the main phase of

cturas de distintas generaciones en algunas cavidades

speleogenesis; they are indicated by
sharp "recent" edges at the points of
their intersections with dissolution sur-
faces. Such joinls are usually gaping,
with openings up to 10-15 cm. Post-spe-
leogenic joints are often novels, but it is
not rare that they inherit speleo-initia-
ting joints, which become gaping at
this.

The mapping of jointing in the gyp-
sum stratum using this classification,
performed in some caves of the region
(Allantida, Dzhurinskaya, Zolushka,
Mlynki, Ozernaya, Optimisticheskaya),
as well as analysis of the structure of
cave systems in the plan and vertical
views, allows to consider in details fea-
tures of joints of different generations,
and to reveal their role in speleogenesis
(fig.9). Below, pre-speleogenic and

12

espeleotemas 5, 1995




Kilimchouk A.B., Andrejchouk V.N., Turchinov L1.

i ’

E confours of the lower siorey cavithes
7 ; Apyes
mﬁldmwﬁwmﬁs

o] wwm
X e et
mmm

MAP OF JOINTING IN ATLANTIDA CAVE (fragment)

g
spelec-indtiating joints

Figure 11. Jointing control upon occurence of passages of the upper storey in
Atlantida Cave
Figura 11. Control de la fracturacién sobre la localizacién de galerias en el nivel superior de
la cueva Atlantida

post-speleogenic jointing is charac-
terized briefly; a consideration of spe-
leo-initiating jointing, immediately con-
trolling the structure of cave systerns, is
given in the next section.
Pre-speleogenic passive joints are
found in many caves of the Podolsky
sub-region (Atlantida, Mlynki, Ozemna-
ya, Optimisticheskaya, Slavka, and
others) where they form "ribs" of lithi-
fied filling, projected from the walls of
passages into cavities. They are most
clearly expressed in the Bukovinsky
sub-region (Zolushka cave), where
such "ribs" are abundant and large, of-
ten completely partitioning off passa-
ges (so called "wings").
Pre-speleogenic jointing in the caves
of Podolia occurs predominantly in the
lower part of the straturn (the sub-zo-
nes la and 1b). The surface of the walls
of joints is irregular. The openings are
normally 0,5 to 5 em wide, but swells
are frequent. This is interpreted either
as a result of dissolution action during
hypothetical old phase of karstification,
or as a result of deformations due to
recrystallization of gypsum.
Orientations distribution of the of

pre-speleogenic joints networks has
been studied in Atlantida, Mlynki and
Zolushka caves. The diagrams show
polymodal distribution (fig.10), which
differs considerably from that of joints
of later generations. Similar peaks of
orientations of pre-speleogenic joints
(340-350° and 70-80°) are inherent in
for Optimisticheskaya cave as well.

Pre-speleogenic joints constitute the
earliest generation of jointing in the
gypsum stratum, which had been for-
med, likely, during Late Badenian. Du-
ring Kosovsky and Early Sarmatian time
these joints were filled with argilo-car-
bonaceous material, and were nol
hydrogeologically active later on. How-
ever, it is likely that pre-speleogenic
joints have played an important role
controlling the processes of recrystalli-
zation of gypsum, being preferential
paths for migration of interstitial water,
pressed out from the rock.

The predominance of joints of NW
and NNW orientation among pre-spe-
leogenic joints is in agreement with
their old age and indicates an activity of
faults of northwesl orientation during
Late Badenian - Early Sarmatian. This is

also supported by the fact that quantity
and width of pre-speleogenic joints in-
creases considerably from the caves of
Podolsky sub-region to the caves of
Bukovina, so - from the platform inter-
nals toward the foredeep.
Post-speleogenic ("recent"”) joints
are spread in all the caves of the region.
They practically have not been touched
by dissolution processes. The study of
their relations with dissolution surfaces
and secondary deposits in the caves
has allowed to state that post-speleoge-
nic joints have diverse age, yet within
post-speleogenic period (Klimchouk,
Rogozhnikov, 1982a, 1982b). These
joints differ also by their genesis: they
can be resulted by the late neotectonic
activity, or be of gravitational genesis
(joints of relaxation, crush joints, etc.).
Neolectonic joints, formed due to tec-
tonic stresses after Middle Pleistocene
(after the ending of the period of active
speleogenesis), are common in Mlynki
and Atlantida caves, bul they are rare in
Optimisticheskaya cave. Orientations
diagrams of such joints show polymo-
dal distribution. Some peaks are inheri-
ted from the earlier generations, but the
novels peaks appear al the directions
poorly represented, or absent at all, on
the diagrams of joints of older genera-
tions . It is characteristic, that in the
caves of the Podolsky sub-region the
orienlations diagrams of post-speleo-
genic joints show rather clearly the sub-
latitudinal and sub-meridional direc-
tions, while these directions are poorly
represented in the earlier generations.
Gravitational joints are present in all
caves, but they tend to focus on certain
areas. In the Optimistic cave, for instan-
ce, relaxation joints are developed pre-
dominantly in the lower part of the stra-
tum. In the upper part they form mainly
along the inter-concenters surfaces of
dome structures. Crush joints are char-
acteristic in the pillars between passa-
ges of the lower storey. Pressure of abo-
ve-situated rock cause deformation of
the thin pillars, their crashing and des-
truction. The phenomena of the pillars
crashing is observed in the lower part
of the stratum only (in the zone of ho-
mogenous microcrystalline gypsum).

Speleo-initiating jointing and
the structure of cave systems

Speleo-initiating jointing is of parti-
cular interest, as it determines develo-
pment of cave systems and their
patterns. In the region, the spatial stnuc-
ture of cave systems is fully controlled
with the structure of speleo-initiating
jointing of the gypsum stratum. As it
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was noted above, the joints networks
are "displayed” by the cave maps, so
that it is proper using the cave maps for
studying speleo-initiating jointing. In or-
der to assess a comrectness of such a
substitution of the objects, the jointing
survey has been performed on the lar-
ge-scale (1:100 - 1:200) maps of the
certain caves. Analysis of the maps
(fig.11) has shown, that paramelers of
passages and passage networks obtai-
ned from cave maps, such as passages
lengths, distances between passages in
the set (or, the frequency of passages of
the same orientation), orientation, the
shape of between-joints polygons, the
type of networks, the network connec-
tivity, the number of beams in the joints
intersection, in general characterize
adequately the corresponding proper-
ties of speleo-initiating joints and their
networks. However, a consistency be-
tween speleoforms and joints is com-
plicated in large rooms and galleries
with considerable gravitational rewor-
king of the morphology: such speleo-
forms are usually a combination of se-
veral passages. When using cave maps
to obtain jointing parameters, such
areas are to be excluded from the ana-
lysis. Some other uncertainties and in-
consistencies resulting from the above
substitution of the objects will be noti-
ced below. To avoid repealing, in fur-
ther consideration we will mean spe-

leo-initiating joints when using the term
"joints”, unless otherwise specified.

Even the brief consideration of the
maps of the caves of the region de-
monstrates the diversity of types of
passage (joint) networks and their
characteristics (fig.12). In the works by
V.N. Dubljansky et al. (1969, 1980) and
1.D. Gofshtain (1979) the distinctions in
the characteristics of passage networks
between certain large caves were inter-
preted as the sign of their occurrence in
different tectonic blocks. Later on, fur-
ther exploration has considerably en-
larged the areas of the cave fields, and
it became evident that significant diver-
sity exist of characteristics of passage
networks between regions (areas) of a
single large cave systems which occur
within a single block.

It has proved to be the most impor-
tant point for understanding of distinc-
tions in the networks characteristics
the recognition of the fact that the joint
networks and the cave storeys are con-
fined to the certain constant intervals
within the gypsum stratum, correspon-
ding to the different lithological/textural
horizons (Klimchouk, Rogozhnikov,
1982; Klimchouk, 1986; Klimchouk, An-
drejchouk, 1988). At this, joints (passa-
ges) of the certain storeys form largely
independent networks with quite dis-
tinct parameters. The storey differentia-
tion of the passages (joints) networks

of different types, and that of corres-
ponding areas of the large cave
systems, is expressed more orless in all
the caves of the region; this is conside-
red in details in the next section.

Vertical (storey) differentiation
of joint and passage networks

Multy-storey structure of cave
systems

It is found that in the most cases
joints in the gypsum do not dissect the
whole vertical thickness of the stratum,
but are confined within certain inter-
vals corresponding to certain lithologi-
cal/textural horizons (zones). Thisis the
main cause of the storey structure of
the cave systems (Klimchouk, 1986,
1992; Klimchouk & Andrejchouk,
1988).

One of the authors has conducted
special inspection of jointing on the
areas of the cave fields where passages
of different storeys are superimposed,
and where a survey is available precise
enough to enable identification of the
points of passages superposition. At the
places of passages superposition no
trace can be normally found of speleo-
initiating joint which control an occu-
rrence of the contiguous storey. Only in
rare cases passages of contiguous sto-
reys are controlled by the same single
joint propagating though several litho-
logical/textural zones. The exceptions
are also the cases where speleo-initia-
ting joints experienced a post-speleo-
genic revival, or novel post-speleogenic
joints were formed.

The recognition of storey differentia-
tion of cave regions and areas in the
most of the large caves has allowed lo
interpret obvious differences in mor-
phology and characteristics of passa-
ges (joints) networks as the result of
their development in the different litho-
logical/textural horizons of the gypsum
stratum.

In the comparatively small caves, for
which the high-grade surveys and alti-
tudes of passages floor and ceiling are
available, the storey structure can be
easily revealed from the cave maps
(Atlantida, Dzhurinskaya). In the large
cave systems with extensive lateral de-
velopment, usual cave maps do not
allow identifying storeys of passages in
different parts of a system. Obvious
morphological differences between
passages developed on different sto-
reys were previously interpreted as be-
tween-regions differences (Dubljansky,
Lomaeyv, 1980; Savchin, Gunjovsky,
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Fsig.ure 13. Optimisticheskaya cave. Survey was provided in
1966-1990 by the Lvov Speleo-Club. Some regions explored in
1990-1994 are lacking in the piane
Figura 13. Cavidad Optimisticheskaya. La expio

morpholog
racién se realizé

entre 1966 y 1990 por el Espeleo-Club de Lvov. Algunas zonas
exploradas durante 1990-1994 no aparecen en el mapa

1970; Savchin, Kachkovsky, 1971, and
others).

In order to reveal vertical differentia-
tion of passages networks in the large
and complicated cave system, the high-
grade hydro-levelling have been perfor-
med in Optimisticheskaya cave, during
which the allitudes of passages and
contacts between different lithologi-
cal/textural horizons of the gypsum
stratum were carefully controlled. Par-
ticular attention have been paid to the
bentonitic layer of 1 to 10 cm in thi-
ckness, which divides the middle and
upper parts of the gypsum stratum. This
layer is universally spread within the
cave field and can be identified as the
marking layer (see chapter 2). The pro-
files have been made through the who-
le cave field, from the east to the west,
and from the north to the south.

It was found that the marking layer
and boundaries between the lithologi-
cal/textural horizons of the gypsum
stratum are quite steady within tectonic
microblocks; vertical range within 1 m
is related to post-sedimentation defor-
mations during recrystallization of the
gypsum stralum. The passages storeys
are steady as well, and strictly confined
within certain lithological/textural hori-

zons of the stratum. Thus, it has proved
to be appropriate using the lithologi-
cal/textural criterion and the marking
layer for the storey identification during
morphogenetic survey, even without
continuous levelling of passages. Such
an opportunity is especially valuable in
case of extensive cave systems.

The mormphogenetic survey, perfor-
med in some caves continuously
(Atlantida, Dzhurinskaya, Optimisti-
cheskaya) or in parts (Ozernaya, Mlyn-
ki, Zolushka) has clearly demonstrated
the storey differentiation of the passa-
ges networks.

Cavities occurring on a certain sto-
rey, can form networks well connected
laterally on their own storey through a
considerable area, but can remain iso-
lated having no lateral connection with
each other. In some cases two or even
three storeys of cavities are developed
through the same area, resulting a su-
perposition of networks, but more fre-
quently they are developed on the ad-
joining areas, being laterally connected
along the common contour. This is
inherent in the large cave systems of
the Podolsky region (Optimistiches-
kaya, Ozernaya, Mlynki).

Let us consider in details variants of

Figure 14. Scheme of microblock/storey

ical regionalization of Optimisticheskaya cave

Figura 14.Esquema de diferenciacion en microblog
regionalizacion morfolégica de fa cavidad Oplimisticheskaya

differentation and
ues/niveles y

relationship of passages of different sto-
reys.

Optimisticheskaya cave (fig.13). In
this largest and most complicated cave
system three main storeys of passages
are distinguished, each confined to di-
fferent lithological/textural horizon, or
zone, of the gypsum stratum. Figure 14
demonstrates the scheme of the storey
differentiation of passages networks for
the whole cave field. Most frequently
passages of only one storey are develo-
ped within the certain area, and at this,
networks of the adjacent storeys (so, of
the adjacent areas) are connected
along the common contour in a plan
view. However, there are areas where
networks of two adjacent storeys are
developed together, being superimpo-
sed, Networks of the each storey are
largely independent, being connected
with each other in some, but far from
every points of superposition of linear
speleoforms in a plan view. There are
considerable distinctions in the structu-
res of passages networks developed on
different storeys, as well as distinctions
in morphology of cavities.

QOzemaya cave (fig.15). The gypsum
stratum here is also consist of three
units, that is most typical for the Podol-
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Ozernaya cave
Ternopolsky reglou, Ukruie

L e m

Figure 156. Ozernaya cave. Survey was provided in 1968-1988
by the Ternopol’Speleo-Club
Figura 15.Cueva Ozernaya. La exploracién se realizé entre 1968 y
1988 por el Espeleo-Club de Temopol

Figure 16. A- The part of morph ¢ map of Ozaernaya cave;
B- the modgla of formationogfetrﬁgcave; a) the caseagf
interconnected local network of the lower storey, feeding master
network; b) the case of seﬂarate faedlngscavitiescf the lower
storey. (Klimchouk, 1992)

Figura 16. A- Mapa morfogenélico parcial de la cavidad Ozernaya;
B- modelo de formacién de la cavidad, a) en el caso de redes locales
interconectadas del nivel inferior, alimentando fa red principal; b) en
el caso de alimentacion de cavidades separadas del nivel inferior

DZHURINSKAYA CAVE
0 10 20 30m

terminal breakdowns

[EA] tirstorder feeding conduits 2nd their outists

[A] seconaorder teeding conduiss ana merr outiets

former patiern of water movement

sky region. The overhelming majority of
passagesin the cave is developed in the
middle part of the gypsum stratum, im-
mediately beneath the marking clay la-
yer, forming extensive regions of the
maze. Such regions are separated whe-
ther by teclonic faults, being connected
by single passages on the same level, or
by local passages networks of the lower
storey.

Cavities of the lower storey are rep-
resented whether by separated con-
duits of an "ascending” morphology, or
by local networks of narrow passages.
In the first case, separated conduits
may be inclined or pit-shaped forms,
ascending from the bottom of the stra-
tum and attached to the side or to the
end of an above situated master passa-
ge (fig.16-B-b). Such conduilts are often
filled with clay sediments, same as tho-
se filling the lower section of master
passages, but they can be easily recog-
nized by presence of characteristic ou-
tlets in form of a shell or mini-crater, at

Figure 17. Dzhurinskaya cave. A- plan; B- shematic profile showing the relationship

cavities of the different storeys

Figura 17. Cueva Dzhurinskaya. A- planta, B- perfil esquernético mostrando las relaciones

entre cavidades de disitintos niveles

the points of conduits connections with
master passages. Morphogenetic
mapping has shown that there are
thousands of such oullets distributed
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Figure 18. Atlantida cave and the model of devel

nt of the upper storey networks

opme
(after Klimchouk and Rogozhnikov, 1982)
Figura 18. La cueva de la Atlantida y el modelo de desarrolio de la red del nivel superior.
(Klimchouk and Rogozhnikov, 1982}

rather uniformly along the master
passages network (fig.16-A).

In the second case, passages of the
lower storey form local networks con-
necting different regions of master
passages developed in the middle sto-
rey: the "Transitional” region is good
example, the part of which can be seen
in the southwest corner of the map in
figure 16-A.

Passages in the upper storey are po-
orly developed in the cave, rarely for-

ming small networks. Their morpholo-

gy indicates confined flow (domes,
blind ends, etc.), and some passages
reach the bottom of the overlying for-
mation.

Dzhuiinskaya cave (fig.17). The gyp-
sum stratum of 12-15 min thickness has
the two-units composition in this area,
with crypto- and microcrystalline gyp-
sum in the lower part, and macro- and
giantocrystalline gypsum in the upper
part. The explored section of the cave
represents the part of a large cave
system, limited by breakdowns (fig.17).

In the upper storey large sub-parallel
master passages are developed. Con-
duits of two subordinated lower storeys
are situated between master passages
and connect them. Outlets of lower
conduits have the characteristic view of
ashell at points of their connection with
master passages. Subordination of con-
duits of different storeys is clearly ex-
pressed (see profile on the fig.17B).

Atlantida cave. In the area of Atlanti-
da cave the gypsum stratum also has
the two-units composition. Init's lower
part bedded microcrystalline gypsum
prevail, but with frequent inclusions of
macrocrystalline gypsum and argilo-
carbonate material. Unlike the most of
the Podolian territory, the upper part of
the stratum is composed here with ho-
mogenous crypto- and microcrystalli-
ne rock. Transitions between the lower
and upper parts of the stratum are gra-
dual.

In the structure of the cave system
two storeys are clearly expressed
(fig.18). The lower storey is represented
by large master passages developed
along the lower contact of the stratum,
as well as by small systems of low win-
ding passages with complex shapes ad-
joining to master passages. Conduits of
the lower storey were developed as a
system of local lateral flow in which
larger master passages stand out as re-
sult of hydraulic competition (Kli-
mchouk, Rogozhnikov, 1982). Caves of
the upper ("transitional”) storey have
fissure-like of rounded cross sections
and clear smooth morphology. They
have no continuous connectivity on
their own level, and are often repre-
sented with isolated conduits, develo-
ped laterally in both sides from dome-
pit in the ceiling of master passages ,
being blind ended. In the areas where
master passages lie close lo each other,
passages of the upper storey form small
networks between them providing for
passing from one master passage to
another.

The morphogenetic analysis provi-
ded for Atlantida cave, has allowed, for
the first time for the region, to reject the
conventional theory of the evolutionary
"descending" storey formation, and to
suggest the model of the "ascending”
formation of the upper storey passages
from master galleries (Klimchouk, Ro-
gozhnikov, 1982; fig.18, A). At the points
where growing master passages inter-
sected the joints of the next higher le-
vel, blind cupolas begun to develop
upward along these joints (the case 1
on the fig.19). Within the interval of
maximum opening of the upper level
joints speleoforms received lateral de-
velopment in both sides from a dome-
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stratum. Uncertainty is due to universa-
lly spread clay filling which hide the
lower part of the cross section. In some
regions, where clay filling is washed
out, the middle canjon-like part of the
cross section is exposed, with corruga-
ted walls,

It is inherent in Zolushka cave the
presence of vertical pits of 3 to 8 m in
diameter, and 10 to 23 m in depth, con-
necting local networks of the lower sto-
rey with the maze of the upper storey. If
the bottom of such pits is not filled with
clay, then windows of the waler table is
accessible. Above such pits smooth cu-
polas are usually present, indicating an
upward flow from pits. There are about
38 pits within the explored part of the
maze,

Cavities of the lower storey are indi-
cated by drilling data, observations in
the quarry, by a presence of subsiden-
ces inclay filling in the floor of the upper
storey passages, and from direct obser-
vations. Diving in the pit in the north
easl section of the cave has revealed a
presence of the small network of passa-
ges in the lower storey extending for
50-60 m from the base of the pit. It is
likely that networks of the lower storey
have no continuous development and
lateral connectivity on the own level,
but they developed isolated, being con-
nected with master passages of the

upper storey via pits.

Distinctions in structure of
networks of joints and passages
developed on different storeys

In the comparatively small caves
(Atlantida, Dzhurinskaya) differences
in the plan structures of cavities occu-
mming in different storeys are obvious
(see fig.17 and 18-B). In the large cave
systermn, where extensive networks are
developed in different storeys, distinc-
tions in the networks structure are evi-
denced in such networks parameters
as distribution of orientations, passages
length, distances between passages in
a set, etc. Apparently, such distinctions
are conditioned by peculiarities of the
structure of speleo-initiating jointing
developed in corresponding intervals
of the gypsum stratum. These peculia-
rities, in turn, are pre-determined by the
lithological/textural differentiation of
gypsum within the stratum cross sec-
tion (see chapter 2). Most clearly, the
relation between jointing and lithologi-
cal/textural peculiarities of the stratum
are expressed in Optimisticheskaya
cave (fig.21). The diagrams on the fig-
ure 22 demonstrate distinctions in pa-
rameters of passages networks develo-

Prermrequisitos estructurales en el karst de Podolia

ped in different storeys in Optimisti-
cheskaya cave.

The Vkhodnoy region is developed
at the upper storey (zone III), the
Svezhaya Voda region consists of two
storeys developed in the upper and
middle parts of the stratum (zones IIl
and 11), the Pollora Saraya region repre-
sents the networks of the middle storey
(zone II), and the Averbakha and Aljo-
nushka regions represent the networks
of the lower storey (zone I). The dia-
grams demonstrate clear distinctions in
the azimuths structure of the networks:
in amount of the modal orientations
(sets), in orientation of prevailing sets,
in distribution of passages by length
and orientations. Generally for the who-
le cave, passages of 2 to 4 m long pre-
vail, but in the lower storey networks
their maximum corresponds to the di-
rection of 290-300°, but in the upper
storey networks - to the direction of
0-10°.

Within the lower part of the stratum
(zone I) the joint network is charac-
terized by rather distinct anisotropy of
orientations (with 2 main and 1-2 minor
peaks on the diagram), a predominan-
ce of 4-beamns intersections of passa-
ges, quadrangular shape of polygons.
Joints are rectilinear, their walls is even
(fig. 21).

Within the zone Il a character of spe-
leo-initiating jointing is quite different.
Under influence of both internal (litho-
genetic) and exlernal (tectonic)
siresses a rock to splits along the pla-
nes, which divide small dome structu-
res occurring here, so that joints for-
med attain zigzag-like configuration. In
fact, such joints consist of several single
joints sequentially connected to each
other, but 2-beams conneclions are to-
pologically indistinguishable from
joints turns. When taking paramelers
frorn cave maps, an orientation of such
joints is approximated by a straight line
corresponding to the axis of a passage.
In this case 4-beams conneclions of a
map usually corresponds to two 3-
beams connections of joints. In ne-
tworks of the middle storey orienta-
tions anisotropy is also evident, but yet
in lesser extent than that in the zone 1.

In the upper part of the gypsum stra-
tum (zone [II) composed with giant
dome structures, joints form predomi-
nantly along the planes that divide
structures. The forrnation of joints is
eased by a presence of argilo-carbona-
te material, pressed out in the process
of gypsum recrystallization. In case of
firm intergrowth of dome structures,
rock can split not necessarily along the
dividing planes, but often across the

structure. Sometimes, the structures
are split from the center to periphery.

When joints develops along the
plains dividing dome structures, a joints
network forms for which following fea-
tures are characteristic: 5-6-angular
shape of polygons, predominance of
3-beams connections, an absence of
clearly expressed main orientations
(prominent peaks on diagrams, -
fig.21). Such features are inherent in
networks of lithogenetic joints.

Type of a joints (passages) network
is the most general characteristic (Rats,
Tchemyshev, 1970; Tchermyshey, 1983).
Analysis of cave maps and the descrip-
tion of networks given above shows
that studied networks fall into the inter-
vening type between two classes: of
systermnatic and polygonal networks. In
Optimisticheskaya cave prominent sets
are most clearly expressed in networks
of the lower storey, in lesser extent but
still rather clear - in networks of the
middle storey. Expressed systematic
networks (those with few prominent
sets of orientations) are characteristic
of neighboring Ozernaya cave, where
they are developed in the middie storey
(zone II). Two sets are sharply predomi-
nant here. Verteba cave and those re-
gions of Optimisticheskaya cave that
are developed in the upper storey (in
the zone ), are examples of polygonal
networks. In many other cases ne-
tworks have an intervening character
well corresponding to the special type
of "systematic polygonal networks" dis-
tinguished by M.V.Ratz and S.N.Tcher-
nyshev (1970).

Morphology of cavities of different
storeys

Jointing of the gypsum, spatial distri-
bution of joints, and lithological/textu-
ral peculiarities of the rock pre-deter-
mine not only the structure of cave
systems, but features of meso-morpho-
logy of cavities as well (Demedjuk,
1982; Klimchouk, Rogozhnikov, 1982;
Klimchouk, 1986; Demedjuk et al.,
1988; Klimchouk, Andrejchouk, 1988).
Peculiarities of occurrence of cavities
and of their morphology are charac-
terized below with the example of Op-
timisticheskaya cave, where influence
of lithological/textural factor is most
prominent (fig.23).

In the upper part of the gypsum stra-
tum (sub-zone IlIb), which is compo-
sed with giant dome structures, cavities
most commonly occur along joints fo-
llowing the planes dividing the structu-
res. Such passages usually have fissure-
like and triangular (7, 15)2 section, less
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Figure 23. Occurence in the gypsum stratum and morpholﬂ of passa

are toin text.

of different storeys in Optimisticheskaya cave. Numbers

Figura 23. Posicion en el estrato de yeso y morfologia de las galerias de los distintos niveles en la cavidad Optimisticheskaya. Véase el texto

frequently - rhomb-like (9) or rectangu-
lar (19) sections. In some places pin-
ches occur in the central part of a cross
section (17), sometimes dividing a
passage into two sub-storeys. Passages
occurring near the bottom of the over-
lying limestones, have a plan ceiling (4,
5) composed with the above rocks.
Morphology of cavities in the sub-zone
llib is often complicated by small ni-
ches, shelves and ridges (2). The axis of
passages here are normally vertical,
less frequently - inclined (7).

Sometimes cavities occur along
joints radially splitting dome structures
(1,12, 13). There are also cavities deve-
loped along surfaces dividing concen-
ters of the structures (18) or, less fre-
quently - along intersections between
vertical joints and inter-concenters sur-
faces (10).

In the upper part of the gypsum stra-
tum some large galleries and chambers
occur, which formation is controlled by
tectonic, hydraulic and lithological/tex-
tural factors. Simple cases are repre-
sented by Tsyclop, Jubilejnaya, Vechno
Junykh galleries (14) which have roun-
ded and oval sections complicated by
fissure-like extension on the bottom.

para el significado de la numeracion

More complex cases are characteristic
of the Zaozemy and Anakonda regions
(8, 11). The presence of cupolas in the
ceiling is common, formed by dissolu-
tion of the core and near-core parts of
dome structures. Cupolas are of 5 to 6
m in diameter. In the top of cupolas
selenite monocrystals often occur, ex-
posed in the process of dissolution of
surrounding rocks. In the Anakonda re-
gion cupolas are complicated with ver-
tical tooth and ridges (8) formed as a
result of selective dissolution of con-
centers, composed by microcrystalline
gypsum, or by dissolution along inter-
concenters surfaces. This phenomena
is common for Kristal'naya cave as
well.

A peculiar kind of cavities forms
when blocks of gypsum detach along
the surfaces between concenters in
dome structures (3). At this, large sphe-
roid boulders form ("stone balls", or
"globes’). The ceiling shape follows
contours of such boulders,

Within the sub-zone Illa low (up to
1-1.5 m) passages of rounded shapes
are developed (6), often complicated
with speleoforms of lower order. Along
the contact between the zones Il and 1lI

wide (5-6 m and wider) and low (1-1.5
m) cavities are developed.

Cavilies of quadrangular shape are
common for the zone II; a ceiling is
controlled by the bottom of the zone Ill
(20). Such cavities form along joints oc-
curring within the zone Il and ending in
the bentonitic layer. Some of such
passages have narrow and deep fissu-
res in the bottom. Passages crossing the
central parts of dome structures of the
zone [l have a peculiar section. Their
ceiling is in 15 to 30 cm below the ben-
tonitic layer. Sometimes cavities occur
with a section in form of triangular ta-
ken upside down (22).

Walls of cavities of the zone Il are
characlerized by complex micro-relief,
with numerous ridges and cornices.
They are formed due to selective disso-
lution of microcrystalline concenters of
dome structures. Prominent forms are
composed with less soluble macro-
crystalline gypsum.

Cavities in the lower part of the gyp-
sum stratum (zone [) normally have
rhomb-like cross sections (27). Combi-
nations of two rhombus occur fre-
quently (28). Such sections form due to
episodes of prolonged stay of a water
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Figure 24. Distribution of orientations (A) and distances between
networks

sages (B) in

pas
developed in the same storey but in different microblocks (regions) of

Ozern

a cave.

Figura 24. Distribucién de las orientaciones (A) y distancias entre galerfas (B} desarrolldas
en el mismo nivel pero en diferentes microbloques (regiones) en la cavidad Ozernaya

table at certain position, within the sta-
ge of dewatering of the gypsum stra-
tum. Fissure-like passages (24, 26) are
less frequent here. Wide and low
passages with plane ceiling occur
along the contact of the gypsum stra-
turn with the underlying formation (29).
Internal surfaces of cavities in the zone
[ are smooth, moderately complicated
by microforms: "ribs" of pre-speleoge-
nic joints and isolated large gypsum
crystals. Within maze networks develo-
ped in the lower part of the stratum
(Averbakha. Aljonushka, Ozerny re-
gions, etc.) vertical conduits are widely
spread, ascending from the bottom of
the stratum and having outlets that wi-
dens upwards. Such conduits are inter-
preted as points of upward recharge of
the maze from the under-gypsum aqui-
fer (Klimchouk, 1990; 1992; Klimchouk,
Shestopalov, 1990; Klimchouk, 1992; ).

Cavities which occur along joints
dissecting the whole gypsum stratum,

or most of it's thickness, have most
complicated morphology. Such passa-
ges (21, 25, 30, 31) represent combina-
tion of several speleoforms described
above, characteristic of a certain part of
the gypsum stratum,

Lateral variability of the cave
systems structure and passage
morphology

General regularities

As it was shown above, the diffeien-
ces in the structure of networks and
morphology of passages between diffe-
rent areas of the cave system are cau-
sed chiefly by their occurrence in the
different vertical intervals (lithologi-
cal/textural zones) of the stratum that
have their inherent characteristics of
speleo-initiating jointing.

Networks occurring in the same in-
terval but through different areas of a
cave system show a similarity in the
most essential features of the structure
and morphology of passages (network
type, distribution of orientations, cross
sections shape) but may have some
distinctions. The structural distinctions
are expressed, chiefly, in networks den-
sity, distance between sub-paraliel
passages in systermatic networks, distri-
bution of passages by length and orien-
tation (fig.24). Such aerial distinctions
between networks of the same storey
are determined by their occurrence in
different microblocks, which tectonic
identity is not essential however. The
structural distinctions may be enhan-
ced if networks are compared develo-
ped in different tectonic blocks; for ins-
tance, the same storey networks of Op-
timisticheskaya and Ozernaya caves.
Between-area distinctions in morpho-
logy of passages of the same storey can
be also induced by hydraulic factors,
such as a degree of flow focusing, or
flow rate that depends from initial ope-
ning of joints, position of a network ina
hydrologic system and a degree of ne-
twork’s connectivity with zones of re-
charge and discharge; the two lalter
factors determine a local hydraulic gra-
dient.

It is important question how uniform
is jointing and distribution of passages
in the lateral direction. Analysis of cave
maps allows to bring some light to this
question but one must have in mind
that contours of fields of mapped
passages and networks of passages wi-
thin are not exhaustive complete. How-
ever, consideration of cave maps clear-
ly shows that jointing is quite uniformly
distributed in lateral direction, with
some characteristic density, within a
certain cave area. Such areas, defined
above as microblocks, are normally
restricted (separated) by large joints or
faults that stretch for rather long distan-
ces, dissect the whole gypsum stratum
and are of obvious tectonic origin. A
jointing network within an area (within
a microblock) is characterized by quite
steady density that do not vary from
periphery toward the center.

Differences in the jointing structure
between microblocks are expressed
also by the fact that a network of a
certain storey can be not expanding
into the adjacent microblock at the
same storey; in this another microblock
a network of joints (passages) at ano-
ther storey can be developed and late-
rally connected through the area. Some
cave maps also demonstrate a presen-
ce of not karstified ("blank") areas su-
rrounded by passage networks, or se-
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Figure 25. Scheme of interstitial waters movement in the course of early diagenitic
transformations of gysum stratum.
Figura 25. Esquema del moviento del agua intersticial en la etapa diagenética temprana de
transformacién del estrato de yeso

parating adjacent cave areas. In the
scale of the order of hundreds meters
or first kilometers (the most important
scale in a practice of hydrogeology and
engineering geology) the distribution of
jointing at a certain storey can not be
treated as homogenous: karstified
areas (microblocks) alternate with tho-
se that are not karstified at all. However,
strictly speaking, area irregularity of
karstification does not immediately in-
dicates thal jointing is not homoge-
neously distributed; it may just indicate
that speleogenic realization of jointing
networks is not uniform that can be
conditioned by hydraulic factors .

Regionalization of large cave
systems

Continuous mapping of area and
storey differentiation of passage mor-
phology and networks performed in
Optimisticheskaya cave, has allowed to
provide for morphological regionaliza-
tion of this largest cave system. Mor-
phological region of the cave is defined
as a part of the cave that occurred wi-
thin a certain tectonic microblock, with
peculiar orientation and morphology of
speleoforms developed on each of sto-
reys presenl. Boundaries between re-
gions follow tectonic joints or faults.
Within a region sub-regions and areas
can be distinguished; the former are
defined as parts of regions with the
same sel of storeys, and the latter are

consolidated parts of regions or subre-
gions with passages developed in one
of storeys, with steady passage mor-
phology characteristics.

Totally, 11 regions, 18 subregions
and 9 areas are distinguished in Opti-
misticheskaya cave (see fig.14). Pecu-
liarities of structure and morphology of
networks and passages are described
in details in Russian text.

SOME CONTROVERSIAL TOPICS

Among problems, related to the abo-
ve considered structural prerequisites
of speleogenesis, following ones are
most interesting: 1) causes and mecha-
nisms of vertical structural/textural di-
fferentiation of the gypsum stratum and
of formation of unique giant dome
structures; 2) genesis of jointing in the
gypsum stratum; and 3) hydrogeologi-
cal conditions of realization of the
structural prerequisites of speleogene-
S1S.

Diagenesis of sulfate sediment
and genesis of the dome
structures

Lithological and structural peculiari-
ties of the gypsum of the Western Ukra-
ine atlracted attention of various inves-
tigators. Some of them (Gofshtain,
1979; Dubljansky & Lomaev, 1980;
Dubljansky & Smolnikov, 1969) treated

the dome structures as hydration folds,
the result of rock deformation during
transformation of anhydrite to gypsum.
Other workers (Korzhenevsky & Rogo-
zhnikov, 1978) considered these struc-
tures as the result of diagenesis of mud
with colloid structure.

The dome structures are know also
in the middle part of the Miocene gyp-
sum in the Southern Poland, where the
sulfate belt of the Western Ukraine
stretches to. Views of Polish investiga-
tors on the genesis of the structures are
contradictory (Babel, 1986). A.Malicki
(1947) thought that the formation of the
dome structures is the result of defor-
mations induced by hydration of
anhydrite. J.Flish (1954) treated them
as pingo forms, frost hummocks with
an ice core. K.Witrwalski (1976) consi-
ders the dome structures as primary
phenomena formed in result of parallel
crystallization of successive layers on
bulges of the lagoon bottom. The view
about the primary nature of the dis-
cussed structures is shared by M.Babel
{1986) who noted that macrocrystalline
and giantocrystalline (sabre-like)
crystals grow outside from the chaoti-
cally arranged core reaching radial
orientation, that is exceptional feature
of the sabre-like gypsumn and regarded
by Babel as an evidence of the primary
nature of the structures. However, Ba-
bel admits that the primary nature of
the dome structures was not proved.

The discussed dome structures can
not be formed as a result of hydration
of anhydride. It is proven (Koltun et. al,
1972; Kropacheva, 1981; Kudrin, 1966;
Peirichenko et.al, 1988) that in the stu-
died region gypsum was primary depo-
sited mineral but not anhydrite. Thi-
ckness and pressure of the overburden
in the platform outskirts never was high
enough to allow further dehydration of
primary gypsum. This is also evidenced
by the presence of gypsum with remai-
ning primary structures (bedded gyp-
sum, argilo-sulfate rythmits, etc.) that
would be inevitably destroyed during
the dehydration/hydration cycle.

The hypothesis about formation of
the dome structures in the result of dia-
genesis of mud with colloidal structure.
Itis known that newly deposited evapo-
rate minerals do not form colloidal mix-
ture, and that primary gypsum sedi-
ment form friable mass of 10 to 50%
porosity impregnated with water (Son-
nenfeld, 1988; Strakhov, 1962), rather
than many meters thick mud suspen-
sion of colloidal structure, Besides that,
crystallization of colloid would be com-
plete and homogenous, and dividing
surfaces between adjacent domes
would be even, without intergrowth of
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Figure 26. Genetic classification of joints (after Tchernyshev, 1983)
Figura 26. Clasificacién genética de fracturas (Tchernyshev, 1983)

crystals of the adjacent structures (Le-
bedev, 1965). In our case crystaltization
of gypsum within the structures is
unhomogenous and intergrowth of
crystals between the structures is
common; this supports that grows of
the dome structures did not occur in
the colloidal media.

We believe that structural/textural
differentiation of the gypsum strata in
the Western Ukraine is the result of
recrystallization of primary crypto-
crystalline gypsum sediment on the sta-
ge of late diagenesis. This is supported
by the following facts: a presence of
cryptocrystalline gypsum in the core
parts of the dome structures, a presen-
ce of concenters composed with cryp-
tocrystalline gypsum, uncomplete re-
crystallization of gypsum in the near-
core parts of the structures, etc.
Mechanism of recrystallization of pri-
mary gypsum is not well understood, as
well as factors that caused recrystalliza-
tion. It is clear only that recrystallization
of gypsum occurred under conditions
of ascending movement of saturated
interstitial waters.

The mechanism of late diagenetic
transformation of the gypsum stratum
can be assumed as follows. Gravitatio-
nal sealing of gypsum rock Jled to
squeezing out of interstitial waters into
the upper, less closely packed, beds of
the stratum (fig.25). In the lower, more
closely packed part of the stratum in-
terstitial waters moved in both vertical
and lateral (along bedding planes) di-

rections. At this growth of macro-
crystals of gypsum occurred along be-
dding planes, that was accompanied by
formation of porphyraceous, plicated
and undulatory structures. In the
middle part of the gypsum stratum,
near the contact with the bentonitic la-
yer, interstitial waters moved upward.
At this, the dome structures of the zone
1l were forming.

When interstitial waters were pene-
trating through the bentonitic layer,
their local redistribution occurred, with
further upward movement into the
upper part of the gypsum stratum. Ver-
tically oriented channels at the inter-
sections of primary joints could serve
as preferential paths for this upward
movement. This can explain anoma-
lous vertical elongation of the dome
structures of the zone Iil. Such primary
jointing was destroyed later on during
recrystallization.

Upward movement of interstitial wa-
ters along vertical channels was rather
fast, so that gypsum in this sub-zone
was poorly recrystallized. Above, whe-
re the rock was lithified at lesser extent
and joints were poorly expressed in it,
water movement was retarded. Here
an intense recrystailization occurred,
up to the stage of selenite gypsum.
From this area interstitial waters moved
in different directions from the center
to periphery, under conditions of ho-
mogenous media and low gradient
pressure, so that concenric-zoned and
radiated-fibrous texture was formed in

the periphery parts of the dome struc-
tures. At the outer parts of the dome
structures the water movement was
most slow, recrystallization of the rock
was also slow and prolonged, so that
forming crystals attained a consider-
able size.

Slow movement of waters in lateral
and vertical directions could occur un-
der conditions of growing pressure re-
sulted from deposition of overlying clay
thickness (the formation of an artesian
basin). Sonnenfeld (1988) has pointed
out a possibility of diagenetic transfor-
mation of evaporate rocks under the
conditions of artesian uplift of brines.

Diagenetic transformations of the
gypsum stratum began immediately af-
ter precipitation of sulfate sediment,
and continued after the overlying for-
mations had been deposited. This is
evidenced by the presence of veinlets
of fibrous gypsum developed along
joints and bedding planes in the Upper
Badenian clays. Such veinlets were for-
med in resulted of penetration of satu-
rated waters from the gypsum stratum
into the overlying formations.

The problem of the late diagenesis
and recrystallization of gypsum has
many poorly understood aspects. It can
not be ruled out that recrystallization
processes continue also on the katage-
nesis stage. For instance, in the Lower
Permian gypsum and anhydrides in the
Gor'kovsko-Alatyrsky uplift area the
upper 30 m thick part of the stratum is
recrystallized with recrystallization pro-
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Characteristic of intersections of joints of different genesis, and cave passage

intersections
~ Number of beants at an intersection | 4-beam/3-beam
EEES S EE N e
Glaze 78 1216|104 | O 0.28
Lava sheet 734124322 | 0 0.33
Desiccation cracks in mud:
1 84.4| 15 0 |06 O 0 0.17
2 915/ 85| 0 0 0 0 0.09
3 90 [ 88 12| O 0 0 0.1
4 80.9(10.1} 0 0 0 0 0.12
Atlantida Cave, the upperstorey | 83 | 16 .| 1 0 0 0 0.19
Dzurinskaya Cave 92476 | O 0 0 0 0.08
Mlynki Cave, the Western Series |{82.3|16.6| 1.1 | 0 0 0 0.2
Optimisticheskaya Cave, Entr.Sr. | 79 {20.7| 0.3 | 0 0 0 0.26
Zolushka Cave 71.6(284| O 0 0 0 0.4
Tektonic joints (ncar Nurek, © | 20 [ 80 | 0 | 0 | 0 | O 4
(“o.hsm) TSI EI P

Note: For Atlantida and Dzhurinskaya caves the maps of joints have been used in analysis,

for other caves - maps of cave passages.

Table 2. Characteristics of intersections of joints of different genesis, and cave passage intersections.
Tabla 2. Caracleristicas de las intersecciones de fracturas de distintas génesis e intersecciones de galerias en cavidades

cesses have occurred in post-Paleoge-
ne time (Parfenov, 1966). It is not yet
clear the cause of alteration of crypto-
and macrocrystalline concenters in the
dome structures. Perhaps, it is caused
by progressive recrystallization that ac-
company the interstitial waters move-
ment, It is poorly understood the gene-
sis of giant sabre-like and feather-like
gypsum crystals. M.Babel (1986) consi-
ders these as a primary formations, but
this view is not proven. Lastly, it is not
well studied the regularities of regional
distribution of the gypsum with the
dome structures and with other types
of structures. To resolve the above
mentioned and other relevant pro-
blems further study of paleogeographic
conditions of the gypsum deposition
and transformations in the region is ne-
eded. It is obvious that speleological
methods offer unique opportunities for
paleogeographic and lithological/pe-
trographical investigations.

Genesis of joints in the gypsum
strata

The problem of genesis of joints in
the gypsum is crucial for an adequate
understanding of regularities of secon-
dary porosity of the strata. The vast ma-
jority of researchers treated speleo-ini-
tiating jointing as of tectonic origin, re-
ferring to the prevalence of two or three
sets in orientation diagrams. It has been
demonstrated above that anisotropy of
orientations is expressed in different
extent and not in all cases in the caves
of the region. It was the work by
A.B.Korzhenevsky & VYa.Rogozhikov
(1978) where the possibility of another
interpretation of the genesis of jointing
in the gypsum was mentioned for the
first time. Further studies resulted in
much data that allowed the more detai-
led consideration of this topic.

From materials presented in the
chapter 4 the following summary can

be given of speleo-initiating jointing in
the gypsum strata in the region:

1) All joints in the gypsum are ten-
sion joints. The vast majority of them
are vertical. They do not dissect the
whole stratum in vertical direction but
are restricted within cerlain intervals
(storeys) that correspond to specific
structural/textural horizons (zones).

2) Parameters of joint networks de-
monstrale the storey and area differen-
tiation, but are quite steady within a
single geological position (within a cer-
tain storey and area).

3) Distribution of joints within micro-
blocks is quazi-uniform and does not
display any trends in direction from tec-
tonic faults (boundaries of micro-
blocks) toward internals of micro-
blocks.

4) By the general structure joint ne-
tworks most frequently fall into the in-
tervening category between systematic
and polygonal networks. In the extre-
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Figure 27. Areas of recharge, transit and discharge of underground waters of the gypsum at the period of the formation of
ptimisticheskaya cave. Areas of pmﬁ deveiopment in different storeys: 1- upper, 2- middle, 3- lower. Movement of

underground water: 4- upward recharge from under-gypsum aquifer, 5- transit between and within storeys, 6- discharge into the
) overlying aquifer and to valley bottoms. See profile on figure 28.

Figura 27. Areas de recarga, circulacién y descarga de las aguas subterraneas relacionadas con el acuifero yesifero durante el periodo de
formacién de la cavidad Optimisticheskaya. Areas de desarroflo de galerias en diferentes niveles: 1- superior, 2- intermedio, 3- inferior.
Movimiento del agua subterrdnea: 4- recarga hacia arriba desde el acuifero yesifero inferior, 5- circulacion entre los distintos niveles, 6-

descarga al acuifero suprayacente y al fondo de los valles. Véase perfil en la figura 28

easily recognized in all of the large ca-
ves of the region. In the light of the
above discussed it becomes quite clear
the cause of the microblock differentia-
tion of parameters of the joints ne-
tworks: the resulling effect of the "fra-
me"stresses and the field of the internal
stresses can be individualized to a cer-

tain extent in the elementary tectonic
units - microblocks, whereas within the
block a quazi-uniform network forms
with steady parameters. However, this
resulting effect is differentiated even
more by vertical structural/textural zo-
nes of the gypsum stratum (storeys)
that evidences that the internal fields of

stresses, which have a different confi-
guration in the each of the structu-
ral/textural horizons, do play the lea-
ding role in a network formation,

It is interesting to note that the given
above characteristics of joints ne-
tworks in the gypsum are very close lo
those of jointing distinguished as the
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DISCHARGE ZONE
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Figure 28. Scheme of recharge, transit and discharge in a storey artesian karst system (the case of Optimisticheskaya cave)
Figura 28. Esquema de recarga, circulacion y descarga en un sistema kérstico artesiano con distintos niveles (en el caso de la cavidad

genelic type of the "general” (systema-
tic) jointing. Jointing of this type form,
along with the primary one, a ba-
ckground of jointing in platforms. The
"general" jointing is usually placed to
the category of the tectonic jointing
(Belousov, 1962; Ratz & Tchernyshey,
1970; Tchemyshev, 1983), although a
mystery of it's genesis is underlined.
Joints of this type are extremely widely
spread through platforms, group into
two sets, usually of NE and NW orienta-
tions, are perpendicular to the bedding
and, as arule, do not extend beyond the
limits of a single bed. It is though that
the general joints differ from lithogene-
tic ones by expressed anisotropy and
larger length. In the light of the above
consideration it seems proper the opi-
nion expressed by V.A.Velikanov &
V.S.Zaika-Novatsky (1971) on the basis
of study of jointing of Upper Proterozoic
formations in the Eastern Podolsky re-
gion, that the "general” jointing is not
related to tectonics but is formed due
lo processes of the late diagenesis, so
that it can be placed into the category
of lithogenetic jointing.

Thus, the problem of the nature of
speleo-initiating jointing in the gypsum
of the Western Ukraine still can not be
resolved in a single way, at least within
the present day genetic classifications
and concepts. Perhaps, it would be co-

Optimisticheskaya)

rrect to talk about the complicated pro-
cess of the formation of jointing in the
course of lithogenesis (katagenesis) of
the gypsum stratum, under simulta-
neous impact of lithogenetic and tecto-
nic stresses and strong control of struc-
tural/textural irregularity of the rock on
joints occurrence (Klimchouk, 1986;
Klimchouk & Andrejchouk, 1988).
And, lastly, it is worst to touch the
topic about retention of joints in the
gypsurn stratum. The materials presen-
ted above support the view about the
prolonged process of formation of pre-
sent jointing in the gypsum and their
different ages. The prolonged retention
of joints contradicts to the widely ac-
cepted opinion about the self-healing
of jointing in gypsum due to gypsum
plasticity and flowage. Because of this,
gypsum massifs are often regarded as
monolithic and of low permeability for
fluids. This view is true in partin case of
thick massifs or sequences of sulfate
rocks that are not clamped rigidly be-
tween adjoining formations. One of the
authors was able to see this situation in
the gypsum areas of Northern Italy, Si-
cily, Southern Spain and New Mexico.
However, the peculiarity of tectonic po-
sition of the Western Ukrainian gypsum
is that the straturn is spread through
considerable area in the form of the
rather thin bed clamped between ad-

joining rigid formations. Perhaps, this is
the main cause of prolonged retention
of quazi-uniform jointing in the gyp-
sum, that prove to be the most impor-
tant structural prerequisite of the for-
mation of the immense maze cave
systemns. This feature determines a uni-
queness of the gypsum karst of the re-
gion in comparison with other gypsum
karsts in the world.

5.3. Hydrogeological conditions of
realization of the structural prereq-
uisites of speleogenesis

Although the main objectives of the
present work are restricted to the con-
sideration of the structural prereq-
uisites of speleogenesis, it is reasona-
ble to go briefly through the problem of
hydrogeological conditions of their rea-
lization. The resolution of the issue im-
plies revealing of the time of the cave
formation, the type of the aquifer (aqui-
fers system) on the main stage of spe-
leogenesis, recharge/discharge condi-
tions in this stage, the nature of dissol-
ving capability of underground waters.
The comprehensive consideration of
these issues is supposed to be done in
the separate work; below only some
main aspects are touched, discussion
of which is stimulated by the above
presented materials.

Not going deeply into consideration
of the development of ideas regarding
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speleogenesis in the gypsum in the
Western Ukraine, we should only men-
tion the recent radical change of an
approach to the problem. During long
time the genesis of the caves in the
region had been interpreted within the
"point recharge - through flow" theory
suggested by V.N.Dubljansky
(Dubljansky & Smolnikov, 1969:
Dubljansky & Lomaev, 1980). Accor-
ding to this theory, caves were formed
during Early and Middle Pleistocene
due to sinking of perennial and intermi-
ttent surface streams into the gypsum
stratum. Development of caves occu-
rred under shallow phreatic and water
table conditions. Underground lateral
flow between sub-parallel river valleys
was assurned to occur through the gyp-
sum stratum. A multi-storey structure of
cave patterns was assumed to result
from cycles of uplift and stability, river
valley entrenchment, and correspon-
ding lowering of the karst water table
(Dubljansky & Smolnikov, 1969;
Dubljansky & Lomaey, 1980).

In the last decade one of the present
authors has suggested and developed
the new artesian theory of speleogene-
sis in the gypsum of the region (Kli-
mchouk, 1986, 1992; Klimchouk, 1990,
1992; Klimchouk, Shestopalov, 1990).
The formation of caves occurred in the
confined conditions of the multi-storey
shallow artesian system due to vertical
walter exchange between aquifers
through the gypsum. Maze caves were
formed due to dispersed upward re-
charge from the under-gypsum aquifer,
that enabled uniform solution wide-
ning of all available speleo-initiating
joints. Cave systemns were developed in
zones of piezometric lows, where the
cupping aquitard became thin due to
an entrenchment of erosional valleys
and (or) tectonically weakened. In
such zones conditions for upward dis-
charge of the Miocene aquifer system
established; this was accompanied by
intense upward flow through the gyp-
sum strata. Because of further uplifts of
the territory and entrenchment of ero-
sional valleys the aquifers system beca-
me unconfined, and the gypsum strata
became drained, with inversion of the
recharge/discharge scheme and fur-
ther transformation of cave systems to
the relict state.

The peculiarities of the structure of
the cave systems considered above,
strongly support the artesian theory of
speleogenesis.

The multi-storey structure of the ca-
ves in the region is preconditioned by
the storey occurrence of speleo-initia-
ling joints, that in turn is determined by
the structural/textural differentiation of

the stratum and by lithogenetic nature
of jointing. On the general background
of an upward water flow in the system
in zones of piezometric lows, the flow
received a considerable lateral compo-
nent within those intervals of the gyp-
sum strata where network had well de-
veloped lateral connectivity. In general,
the multi-storey structure of cave
systems and considerable lateral deve-
lopment of speleoforms in certain hori-
zons is conditioned by incompatibility
between the structures of primary per-
meability of the different structural/tex-
tural horizons of the gypsum stratum.
All the caves have some structural
elements in the lower part of the gyp-
sum stratum, that provided for upward
recharge of cave systems from the bo-
ttom of the strata (from the under-gyp-
sum aquifer). In most of cases joints
near the bottom of the stratum do not
form extensive connected networks, so
that recharge of continuous networks
al the next upper storey occur through
single joints or local networks (caves
Ozernaya, Slavka, Dzhurinskaya, Zo-
lushka, some areas of Optimisticheska-
ya cave). Such feeding cavilies are uni-
formly distributed through areas of the
master storey; this provides for disper-
sed inflow of aggressive water into ca-
vities of the master storey and for pos-
sibility of relatively uniform solutional
widening of all available joints in a ne-
twork. In some other cases (Atlantida
cave) lateral flow occurred chiefly
along the bottom of the gypsum, but
cavities of the upper storey developed
locally providing just for water exchan-
ge between adjoining master passages.
Optimisticheskaya cave have the
most complicated storey structure.
There are areas of continuous spread of
passage networks in the lower storey
adjoining along the common contour
with areas where the middle storey ne-
tworks are developed . These later
areas, in turn, border with areas where
networks of the upper storey are deve-
loped (fig.27). At this, areas of the lower
storey tend to surround non-karstified
areas forming "contours of recharge”,
Such regular transition of the labyrinth
from lower storeys to upper ones in
certain directions become under-
standable when one superimpose the
contour of the cave system and it's re-
gions on the scheme of the surface ero-
sional valleys which served as focuses
of an upward discharge from the
system. Upward flow occurred through
the gypsum stratum from recharge
areas to discharge areas step by step,
attaining considerable lateral compo-
nent on the each step, according to the
structure of networks of speleo-initia-

ting joints at the each horizon and pe-
culiarities of connectivity between ne-
tworks of different storeys (fig.28).

Distribution of karstified areas in the
plan view, contours of cave fields, par-
ticularly contours of the lower storey
passages areas are determined not
only by distribution of jointing in the
gypsum strata and relative position of
recharge and discharge areas but also
by the plan configuration of zones of
enhanced permeability in the under-
gypsum aquifer. One can assume that
characteristic elongated contours of
the cave fields indicate in general a
position of zones of enhanced permea-
bility in the Lower Badenian aquifer.
This issue is of a great significance for
prediction of karstification in the gyp-
sum and needs in further studies.

Thus, the field data about structure
of the large cave systems in the region
fit well to the artesian model of speleo-
genesis. It is easy to show that within
other conventional models, for instan-
ce -within the criticized model of "point
recharge - through flow" in the gypsum,
the speleogenetic realization of the pre-
sent structural prerequisites would be
completely different.

Conclusions

1. The gypsum stratum of the
Tyrassky formation of Middle Badenian,
that normally have the thickness of 15-
30 m, is characterized by clear verticai
structural/textural irregularity. Size of
gypsum crystals usually increase from
the bottorn toward the top of the stra-
tum. For the most of the Podolsky re-
gion the three-unit construction of the
gypsum strata is inherited in. The
uppermost part is characterized by de-
velopment of giant (up to 8-10 m in
diameter) concentric/zoned and radia-
ted/fibrous dome structures of macro-
and giantocrystalline gypsum.

2. The structural/textural differentia-
tion of the gypsum stratum was formed,
likely, at the stage of late diagenesis, as
a result of recrystallization of primary
cryptocrystalline gypsum sediment.
Recrystallization occurred under con-
ditions of upward movement of satura-
ted interstitial waters.

3. Vertical structural/textural diffe-
rentiation of the gypsum strata have
preconditioned spatial position of ne-
tworks of speleo-initiating jointing.
Most of joints do not dissect the stratum
for the whole thickness but occur by
storeys within certain intervals (structu-
ral/textural horizons), forming largely
independent networks with rather di-
fferent parameters. Speleo-initiating
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joints in the gypsum stratum and their
networks display properties charac-
teristic for the genetic types of lithoge-
netic and "general"” jointing.

4. The structure of the cave systems
in the region is determined by the struc-
ture of speleo-initiating jointing. All the
large caves demonstrate two or three
storey structure. Network parameters
and morphology of passages consider-
ably differs from storey to storey and, to
the lesser extent, from area to area be-
tween microblocks, but these parame-
ters are quite steady within a single
geological position (within a certain
storey and microblock).

5. The field data about structure of
the large cave systems in the region fit
well fo the artesian model of speleoge-
nesis. Cave systems were formed due
to upward water exchange through the
gypsum between aquifers of the multi-
storey artesian system in the areas of
upward discharge through the capping
aquitard (in zones of piezometric
lows). The multi-storey structure of
cave systems and their considerable
lateral development is determined by
incompatibility between structures of
primary permeability of the different
structural/ textural horizons of the gyp-
sum stratum.
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