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BREAKDOWN DEVELOPMENT IN COVER BEDS, AND LANDSCAPE
FEATURES INDUCED BY INTRASTRATAL GYPSUM KARST
Alexander Klimchouk & Vjacheslav Andrejchuk

It s shown in Chapter 14 and elseswhere in Part 11 of this volume that intrastratal karst is by far
the predominant gvpsum karst tvpe. s development may begin in deep-seated settings within
rowks already buried by younger strata. and it proceeds increasingly rapicdly as uplilt brings
gypsum sequences into progressively shallower positions. Such development commanly ocours
uncler confined (anesian) hydrogeological conditions, that subsequently change to open condi-
tioms {phreatic-water table~vadose). The general evolutionary line of intrastraral karst is typified by
progressive emergence of a sequence into a shallower position, activation of groundwarer circula-
tion and development of cave systems within karst units, commencement of gravittional beeak-
down and s upward propagation through overlying heds, and development of a karst bindscape.
These processes and phenomena progress through the directed evolution of kaese iypes as ful-
lows: decp-seated intastanal karst (1K) = subjacent 1K = enrenched TK == denuded karst (see
Chapter L4).

One of the main characteristics of insteatal karstis that o induces grvitational hreakdown
in cower beds. With the aid of processes other then simple breakdown, such effects may propags-
te upwards and may, or may not, reach the surface, depending upon the thickness and structury
of the overburden, A karst indscape evolves when such features reach the surface, This puper
considers the conditions and mechanisms of such development,

1. Vertical through structures

Among the most characteristic features of intrastrmal gypsum karst are vertical through struc-
wres (VT5), The term VTS 15 used here o designate and encompass various complex phenomen:
known from gypsum karst regions all over the world and referred 1o as breccia pipes, vertical
pipes, collapse columns, geological organ pipes, and so on. They are commonly believed o be
hreakelown structures, induced by dissolution of gvpsum beds, propagated upwards through sira-
tified overhurden and filled with in-fallen clasts. Closer examination reveals that VTS are also
hvdrogealagical structures, whose development is triggered by gravitational breakdown,
However, sequential upward-stoping breakdown is maintained by active groundwater circulation
accompanicd by dissolution and suffosion, When mature, VTS drain any intercepted aguilers and
serve as pathways facilizating and focusing cross-formational hydraulic communication, TS loca-
tion is commonly guided by fracture zones, so thar any pre-existing hydrogeological function is
normally inherited by the YTS. Groundwater circulagon can be directed upwards, doven by ane-
sian head, or downwards, in cases of gravicational percolation (leakage from perched aquifers) in
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entrenched and drained situgions. Progressive upward stoping depends upon a continuing cred-
tion of space in the VTS occurring due (o dissolution of soluble material in the breccia clasts.
Open space tends 1o “concentrate” at the top of VTS, because infill generally subsicles during the
course of dissolution. Removal of unconsolidaed material from ¥TS by sulfosion processes also
operates under certain conditions. The complex VTS formational mechanism (along with fraciure
rone guidance explains their commonly disproportionately large vertical extent, relative to therr
diameter. Such a refationship would be impossible if mere gravirational breakdown alone was
invidved.

Vertical through structures are very characieristic, but not diagnostic, features of gypsum and
salt karst areas. Similar phenomena are known, but are less common, within carbonate kaests
developed under artesian conditions. Outstanding examples are breccia pipes within the
Phanerozoic sedimentary succession of the Grand Canyon region, Arizona. These are believed o
originate through the above mechanism {Hoffman, 1977; Huntoon, 1996) but their development
was triggered by the collapse of dissolutional cavities in the deep-seaed Mississippian Rechwall
Limestone, not gypsum, These pipes extend upwards for as much as 900m above the limestone
and they are wpically about 90m in diameter. Huntoon (1996) stressed thar groundwater circula-
tion through pipes (upward in this case} is vital to the stoping process, because it facilitates disso-
lugion amd remeval of soluble materials (infallen carbonate blocks and soluble cements or clasts
within infallen clastic blocks) in the pipe structure.

YTS probably occur more commaonly in gypsum karst than in carbonate karst because the
significant cavities that are required to induce initial breakdown form more readily in gvpsum
beds under deep-seated conditions than they do in carhonate sequences. Also, the rapid forma-
tion of vertical dissofution pipes, specific 1o entrenched gyvpsum karst, commaonly riggers VT3
development due 1o the effects of descending percolation (see below). The vertical extent of VTS
in gypsum karst areas ranges widely, from a few tens of metres o more than 1000m, as exempli-
fied by many ohservations in North America, England, Germany, the Eastern-European platform,
the Urals, Siberia and China (see chapiers (L2, L3, (19, [LL], 1114, and references therein).
Cuinlan (1978} noted some SO00 VTS up ta 500m in depth throughout the gypsum and salt karst
areas of the United States, Some 2873 VTS are recorded in coal mine areas of China (Yaory &
Cooper, 19973, must of them being caused hy gypsum karst, through some are wiggered by disso-
lution in limestones, The greatest concentration of VTS is within the Xishan mine area, where
1300 VTS are recorded in 70km?2. Fard & Williams (1989) refer to the VTS that propagate from
depths as great as 1200m alter being induced by potash mines in Saskatchewan in Canada. Vertical
through structures of great vertival extent provide one of the strongest strands of evidence in sup-
port of the wide occurrence of deepseated karst. The widespread view thar all breceia pipes are
palacokarst feaures is partially misleading, as they hecome fossilized only if their hydrogeological
funcrion ceases.

The development of vertical through structures is the most important mechanism by which
surface femures begin 1o evolve in all sub-types of imtestratal gypsum karst.



BREAKDOWN DEVELOPMENT ... LANDSCAPE FEATURES ... 129

2. Factors that govern breakdown and VTS development

Breakdown mechanisms in gypsum sequences and their cover beds, and of the development
mechanisms of vertical through structures i overhurden are conditioned by many factors, of
which the fallowing are the most important:

1) the origin and structure of cavities in the gypsum;

2y the overall strucwure of a gypsum bed or sequence;

31 the structure, lithalogy and thickness of the overburden;

4} the hydrogeological conditions.

Most of these factors will change during the course of the geological/geomorphological evolu-

tiom of a karse terrain. They are considered individually below, with references to appropriate
examplos.
Origin and structure of cavities in gypsum. Caves in deep-seated intrastratal Karst
tevelop under confined conditions, Gypsum beds are not good aquifers before speleogenesis
begins; proundwaters commaonly come into the contact with gypsum beds from underdying aqui-
fer formations, If few or no fissures pass through the gypsum, dissolution remains localized along
the base of a gypsum bed, or is focused along rare major tectonic faults that penetrate the
gypsum, This can produce large cavities (such as caves described in the Zechstein gypsum of the
South Hartz; see Chapter [15). Breakdown of such cavites may trigger VTS development by
means of upward stoping and continuing dissolution of infallen clasts, especially if the cavity is
guided by tectonic Faule or fracture zone, facilimring upward groundwater circulation through o
lowe permehility stranified cover.

Where lithogenetic and/or tectonic fissuring in a gypsum sequence is relatively dense and
uniform, speleogenetic development is “dispersed” along many paths, This results in the forma-
tion of maze cave systems comprising relatively small conduits with no large chambers. This type
of spelengenesis does not normally trigger significant breakdown, and sporactic local collapse cavi-
ties are commonly Alled with clasts, being unable 1o propagate upwards significantly through the
overburden, This reflects a failure o focus hydraulic communication through the gypsum o con-
nect surrounding aquifers (which would create additional space) and signifies that the cavities do
not coincicle with pre-existing (initial) circulation paths in the cover beds. Breakdowns of this type
cannot ramily 1o the surface from a deep-seated karst, and they receive surface expression only if
they are brought into the faidy shallow sub-surface (subjacent, entrenched or denuded trpes of
karst),

When incising valleys have established a water table within a gypsum sequence, inherited
caves continue their active development due 10 widening of conduits at the water tahle. This pro-
cess i particularly effective close to major surface sireams, where annual Muctuations in river level
periodically cause water 10 flood back into caves, Occasional breakdown is enhanced by the
increasing widths of cavities, and old breakdowns are reactivated due o dissolution of infallen
hlocks and washing out of unconsolidated materal. This siwation is exemplified by Kungurskaya
Cave, in the Pre-Urals region, where the Sylva river enters the cave during times of high llow (Fig,
1). In conerast, in most parts of the Western Ukraine valleys have incised rapidly 1o a level far
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Fig. 1. Plin of Kungurskaya
Cave in the Pre-Unals region,
Russia, with breakdown fea-
tures expressed at the surfa-
ce s collapse and subsiden-
ce dolines,

Felow the gypsum due o intense uplift. In many of the maze cave svstems there has been no
signilicant widening of conduits due 1o dissolution at the water table, and simple hreakdowns are
uncommon. However, there are some exceptions, as exemplified by the Kryvsky quarry area in
Bukesana, where during the Holocene the standing water table in the upper part of the gypsum
hed was comtrolled by the nearby Prut river valley, This caused significant widening of conduits in
the mage cave system {Zolushka Cave), and these have miggered many simple breakdowns tha
have propagated o the surface by upward stoping (Fig.2). Breakdown development was greatly
enhanced by lowening of the water table in response 1o quarry operation (see Chapter L10),

In entrenched karsts, where vadose condditions encompass all, or most, of a gvpsum sequence,
wrticad dissolution pipes are o very common feature. They develop downwards from the
gypsum'’s upper contact with a suitable protective laver (commonly limestone or dolomite), due
o focused dissolution by groundwater that percolates through the overburden or leaks from an
aquifer perched ahove the gypsum, Yertical pipes in gypsum have a diameter up (o snme meters,
Relicr kateral caves that pre-exist in gypsum sequences are commonly intersectecd by pipes as they
cut down, even il the pipes are inidally unrelated 1o the caves {for details see Chaprer 15), At
sume stage, dissalution pipe enlargement will induce breakdown of the overlyving protective bed,
leading 1o VTS development by the mechanism described ahove (Fig. 3), Ongoing downward per-
colativon through such structures is viral 1o the upward stoping process, VTS of this type can pro-
pagate upwards through an overburden up 1o several wens of metres, ultimately reaching the sur-
face while remaining disproportionately small in diamerer (commonly 1 to Sm). In the Urals
region (Dorofeey, 1970; Andrejchuk, Dorofeev & Lukin, 1990) and the Western Ukraine
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Fig. 2. Element of the karst Lindscape (4)
in the vicinity of Krvvsky quarry above
folushka Cave, Western Ukraine, and (1)
the successive stages of hreakidown loe
mation (After Andrejchuk, 1991 | =
cavities, 2 = soil, 3 = loam, 4 = sanl, 5 =
clay, & = limeswone, 7 = water table draw-
down cone. Numbers 1-13 on diagram A
indicate various styles and geners of sur
face karst landforms induced by cave
breakdown, Numbers - VT on dizgram B
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(Klimchouk, 1984 it has been shown that most sudace dolines in sl entrenched karsg
settings evolve by means of the VTS mechanism being initiated by dissolution pipes in gypsum, A
oot example is shown in Fig.1, where most of the small- and medium-sized dolines above the
cave are related 1o dissolution pipes in gypsum rather than 1o simple hreakdown. VTS can easily
he mapped in caves by observation of their characteristic breakdown talus piles, which contain
sediments derived from the overburden and commonly show signs of continuing water percoli-
T

Dolines that evolve from VTS commonly hecome swallow-holes {ponaors), mransmitting some
Incalized surface run-off underground. They support development of vadose caves, which are
commonly represented by linear conduits. Such caves rarely achieve growth 1o significant volumes
1o give rise o breakdown tha can propagate through the cover beds in entrenched karst, They
normally develop a surface expression only at the denuded karst stage.
Structure of a gypsum bed or sequence. Single gypsum beds rarely exceed a few tens of
metres in thickness, but gypsiferous sequences many tens 1o a few hundred merres thick are com-
min, comprising gypsum beds intercalated with limestone, dolomite and/or other sediments.

Wirhin 2 single gypsum hed, variations in rock structure and texture greatly influence the style
of fissuring that is imposed by both lithogenetic and wetonic forces, thus helping 1o derermine
the potenial steuctures of karst-generared voids. This aspect s discussed in deail by Klimehouk
et al, 1995; see also Chapter 11,

There s a grear difference in the wlerance to cave breakdown exhibited by massive gypsum
and lavered (laminated) gypsum. The lawer commuonly contains clay as minor layers or impurities,
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Fiz.3. The successive stages of
dissolotion pipe development in
gypsum, and ¥T5 development in
the averburden, with the final
appearance of a dohne at the sur
face (hased on the example of
Kungurskava Cave). 1= loams, 2
= hreakdown slahs, § = gypsum,
4 = dolomite, 5 = gypsume-anhy.
drite, &= mixed breakdoewn -
sts that form the hody of the V5
and talus piles in the cive
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dramatically reducing the strength of the rock. Within some of the vast cave systems in the
Western Ukraine there are zones where the host rock changes from the more common massive
gypsum to thinly-hedded or laminated varieties, Such zones are especially prone to hreakcdown. In
the Urals and adjacent regions, Permian sulphates have experienced a complicated history that
included several major episades of rectonic disturbance and karstification. As a result the gypsum
here is closely fractured, or even brecciated, in places, and cave hreakdown is much more com:
mon than in the younger {(Miocene) and less broken gypsum succession of the Western Ukraine.

In the case of multiple sulphate sequences, it is of panticular importance whether or not the
other, intercalated, lithologies provide iniial {pre-karst) aquifers. This factor can significantly
influence the cave-generating flow architecture in an artesian svstem, in determining which
gypsum horizons will be preferentially cavernous. This point is considered further below.
Structure, lithology and thickness of the overburden. The set of factors that includes
the compaosition, structure andd thickness of the sequence overlving a gypsum formation, is crucial
both to the development of cives within a karstifiable unit and to mechanisms of breakdown for-
mation and their propagation o the surface.

For cave development under confined conditions the hydro-stratigraphical aspect of whether
a gypsum unit is surrounded below and above by aquifers or by low-permeability beds is impaor-
tant. This aspect is considered in the next sub-section below.

For VTS development in cover heds, regardless of whether an ascending or descending circu-
lation operates, the presence of 4 fractred zone or major fissure that provides an initial path for
cross-formational hydraulic communication is crucial.

In many areas gypsum sequences have some carbonate heds at the top, separating them from
overlying poorly consolidated sediments such as clays, loams or sands. Such carbonate beds are
important for the formation of vertical dissolution pipes, as they protect the evolving pipe from
early infilling by unconsolidated sediments, and allow pipe growth o reach several metres in dia-
meter. In this way a large enough void is created to tigger a VIS mechanism when initial break-
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Fig. 4. & = Typical karst landscape near

Drerchynsky city, Volga-Kamsky

regiont, Russia, Recent dolines are indi- |
caterl as black virdles. B = geological

privfile through the ares (After Karst

Phenomen.., [960).

g 2 km aprox

down peours.

Properties of sediments in the overlying sequence help to determine stopimg mechanisms. In
unconsolidated sandy matedals ¥TS propagate rapidly and relatvely uniformly in time. In loams,
argillaceous sediments, clavs and faminaed shales stoping proceeds less uniformly {evelicy, and
generally more slowly, by chip breakdown or small "block” breakdown, In cemented hedded
rocks stoping occur during relatively long time spans, usually as block breakdown events. The
shape and dimensions of the open space developed at the top of VTS can also vary between these
lithologies.

Overburden composition (as well as hydrogeological activity within a ¥TS) determine the
“wick-transmissivity” of cover beds, i.e. their ability 1o transmit a void of given initial dimensions
through 2 significant vertical extent of overburden, If the overburden consists fargely of sancy
sediments, even 4 relatively small breakdown cavity at the top of 2 karst unit may induce VTS pro-
pagation up o B0-100m upwards, providing the active groundwater circulation supports 4 suffo-
sion (piping} process. When readily soluble rocks comprise a significant proportion of the
overlving stratified sequence, and ascending artesian discharge occurs via VTS, the [atter may
extend upwards for up 1o 400-500m, as exemplified by cases in the Hebei Province of China {sce
Chapter 1L13). 1 clayey sediments dominate in the overburden, VTS can normally reach the surfa-
ce only where the overhurden thickness is less than 45-60m. Where massive solid rocks overlie
the gypsum, the VTS mechanism does not operate, except in cases where the massive cover beds
consist kargely of soluble racks. For simple breakdown to achieve surface expression, large void
volumes must be created within the gypsum, and the thickness of the cover beds must be relaci-
vely small. The void-transmissivity of cover beds determines a critical overburden thickness, abowve
which intrastratal karst will receive no surface expression at all,
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Fig.4 illustrates a typical surface karst landform assemblage in the Sredneje Povolehje region,
where Lower Permian gypsum occurs immediately below the floor of the Oka river valley. Ino most
of the region it is overlain by Upper Permian porous carbonates and low permeability clays, but
locally it is overlain directly by Quaternary fluvial sands (Karst phenomena..., 1960; see Fig. 4-8),
Several generations of dolines are recognized. Recent dolines (shown as black circles) have for-
med most readily where the overhurden comprises only sand, and they have evolved mainly
where the thickness of sands is less than 80m.

The Western Ukrine presents 2 characteristic example of intrasteaal gypsum karst (various
substvpes), developed under a cover of predominantly clayey sediments. Argillaceous clays here
vary in thickness from 5 to 100m or more, Karst landforms evolve when their thickness is less than
45-60m mainty due o the ¥T5 mechanism, which starts after the roof of a vertical sohation pipe
has heen hreached, Detailed study and survey of breakdown talus piles through the maze of the
Zolushka Cave system has allowed recognition of VTS that represent various stges of upward pro-
pagation (see Chapter 1L10),

Examples of gypsum karst where a karstified unit is overlain mainly by {commonly soluble)
solid rocks are numerous throughout many regions of Europe, Siberia and China, Seuwings of
entrenched inrastratal karst with varying thicknesses of rocks above the intensely karstified hori-
zon are represented in Fig, 3. The Ledjanaja Mount massif in the pre-Urals region is composed
mainly by sulphates, with some carbonate beds {(up to 3m thick), and a few metres of unconsol-
tated sediments at the wp. The major viver Svlva has incised to a depth of 70-90m. An intensely
karstifiedd horizon lies an, and immediately above, the present water table, some 60-80m helow the
surface of the massif, where Kungurskaya Cave is an explored part of the system (see Fig.1), The
map below shows that the aress of highest density of surface karst features coincides with 11V
terraces, where the thickness of rock above the top of the karstified horzon does not exceed 25
A0m. There is also a line of karst features at the edge of the plateau, along the steep escarpment
thar faces towards the river. In the lawer case the dolines are related to suffosion processes indu
ced by dissolution along unloading fissures. This is a common cause of high doline density along
escarpment edges (see also karst irenches insub-chapter 3 below), However, dolines also exist on
the nterior plateau areas, G0-80m ahove the “cave level™. Detailed mapping on the surface and in
the caves has proved that most such dolines have evolved via the ¥TS mechanism, after develop-
ment of vertical dissolution pipes.

Hydrogeological conditions. Different types of caves that induce breakdown processes, are
developed under a variety of hydrogeological conditions; these aspects are considered briefly
above and, in more detail, in Chapters L5 & 16. For cave development under confined settings the
most important criterion is whether a gypsum unit is immediately undertain and overlain by aqui-
fers or by low permeability beds. T the later case speleogenesis in gypsum might not advance
until a unit has heen exposed by denudation. If the gypsum is underlain by an aquifer but is over-
lain by low permeability rocks, cavities can develop mainky along the gypsum base, though some
hreakdown can be induced if large enough voids are created. The VTS mechanism can commence
only where fracture zones exist, breaching the upper confining bed and providing paths for
upward discharge from a particular aquifer. The most fivourable configuration for speleogenetic
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Fig. 5. Gromorphological map of the Ledja-naja Mount massif. 1-5 = terraces: 1= | termace (4-12m above
the nver), 2= lerrace (15-25m), 3 = Mersce G0-0m), 4 = IV ersice (5300m), 5 = higher terraces
(=Tm); 6« 10 = erosional forms: 6 = ravines, 7 = steepssided ravines, 8 = lip of the lowermost tercace, 9
= gypsum outerops ot the main escarpment of the Syiva villey, 10 = "maort” laikes: 1116 = karst forms: 11
= gap-shaped dolines, 12 = cone-shaped dolines, 13 = lakes n dolines, 14 = swamps in dolines, 15 =
caves, 16 = area of the Kungurskaya Cave,

development is where gypsum has aquifer beds below and above. Hydraulic communication
through the gypsum bed (which acis iniially as a low permeahility bedy will be the main driving
mechanism for cave development (for details see Chapter 13} Depending upan the fissure struc-
ture within the gypsum, dissolution can be either uniformly dispersed or focused along sporadic
[racture sones. Again, the VTS mechanism is only likely to start where fracture zones initially beea-
chan upper low permeability bed that confines an aquifer system.

In complex stratified sequences, where 3 number of gypsum heds are intercalared with lime-
stones, dolomites and clastic sediments, lithologies other than gypsum can provide lateral low
puaths, Conditions similar to those already noted determine which gypsum beds will be preferred
for cave formation. IF the VTS development is riggered from a lower gypsum bed, then upward
YTS propagation will be greatly facilitated by the fact that many of the infallen clasts, and the VTS
walls, are composed of readdily soluble gypsum from the upper beds.

Deepescated {artesian) gypsum karst can achieve surface expression anly via the VTS mechani-
sm. This is possible where a significant hvdraulic head gracionts exists hetween a confined aquifer
system comprising a karstifiable unit, and an upper unconfined aquifer. Yaoru & Cooper (Chapter
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[1.13} describe an active VTS that has propagated about 400m upwards from Ordovician gypsum
in Hebei Province, China, Although this particular structure has non yet reached the surface, colls-
pses known elsewhere in the area demonstrate such a possibility. When intersected by g coal
mine at a depth of over 300m, this structure was discharging up to 12 m¥s, Aooding the mine
with about 46km3 of water. A prominent example of large collapse dolines vccupied by kikes was
described hy Quinlan {1967) in the Roswell area of New Mexico. The steep- to vertically-walled
dolines, 30-100m wide, aligned along the Pecos valley, have formed ina zone of upward discharge
from the Roswell aquifer, cansed by collapses that were triggered by gypsum and salt dissolution
at depths of several lundred metres, This VTS development was facilitated by the overburden of
the Artesia Formation being composed of intercalated soluble and clastic rocks, Other impressive
examples of VTS that discharge water from deep-seated confined aquifers, are know from the
Urils foredeep.

Surface expression of subjacent intrastraal pypsum karst is more common, notably where
avpsum lies at shallow enough depths to allow incision by major valleys 1o partially breach ane-
sian confinement, A good example is the Sredneje Povolzhje region in the Russian Plain, where
the Oka river has eroded a confining bed and deposited thick sands over the gypsum in some
areas, while elsewhere the low in the gypsum remains confined (see Fig.4-B). With overburden
thicknesses varying from 10 ta 130m, numerous dolines are forming at the surface, via the VTS
mechanism, m areas where the gypsum lies ar depihs less than 80-90m. These VTS develop as
upward circulation {discharge) paths.

Water table lowering within the upper aquifer, due 10 continuing valley incision, and particu-
larly water table Nuctuanons within an unconsolidated overburden, result in activation of ¥T5
development by suffosion processes,

When the entrenched karst stage is achieved, and the water table lowers below a cave horjzon,
breakdown development is grealy accelerated due 1o removal of huovant support, White (1958)
estimated that limestone buoyancy in water contributes 40% of the ceiling support; a similar figu-
re for gypsum is abour 44%. Removal of buovant suppont is commonly followed by a stage of
imense dissolutional widening of passages and erosion of cave sediments (including breakelown
talus piles) due 1o water table and hackflooding water activity, Thus, this stage is highly effective in
terms hoth of iggering VTS development new breakdown and activating pre-existing, but sill
"hidden”, ¥TS. In other words, these hydrogeological conditions are most favourable for suppor-
ting collapse and subsidence formartion ar the surface. In gypsum karst areas where these condi-
tions are active now, the rate of recent collapse occurrences can be as high as several collapses 4
vear per km?.

Under vadose conditions, breakdowns in relict caves are commonly stabilized, Previously for-
med ¥TS may continue 10 develop (upward stoping) if they drain perched aquilers within the
overhurden. New VIS originaie only along vertical dissolution pipes, which develop readily where
leakage paths in cover beds allow water w reach the top of a gypsum strarum (see Fig. 3).
Continuing downward percolation through such structures is vital to the progress of upward sto-
ping. This view is supported hy obsereations that all successive perched aquifers in a stratified
sequence, and eventually the uppermost aquifer, will leak into a VTS, dissolving soluble infallen
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clasts and washing out unconsolickted marerial, creating voids  within the structure and allowing
further stoping 1o accur.

Most maze caves in the Western Ukraine contain numerous pipes superimposed upon relict
passages, @5 the upper aguifer is normally within Quaternary sediments, perched on thick clays
within intervalley massifs. This aquifer drains mainly downslope, but leakage occurs along wectoni-
cally weakened zones through the clays, giving rise 1o dissolution pipes in the gypsum, However,
SOME caves contain no vertical pipes at all, because they lie heneath arcas that lack an upper aqui-
fer, where no porous sediment is present above the clays,

3. Superficial features of intrastratal karst

Superficial features of intrastratal gypsum karst display many similarities, but also some diffe-
rences, o carhonate karst, The most important characteristic of intrastratal karst, common to all
lithesloical karst types, is that superficial forms evolve almost exclusively as i reflection of pre-ex-
sting underground karst features.

Dissolutional sculpting micro- and meso-forms, A wide variety of dissolutionally sculp-
ted karst landlforms, such as different karren wpes occurs in itrastratal karst, but only on very
limited areas of racks that crop out locally along valley slopes and escarpments or in collapse doli-
nes. They are discussed in Chapter 1.9,

Dolines. Dolines are by far the most common superficial feature of intrastratal gypsum karst

They evolve as collapse or subsidence forms. Their shape and size when they first appear depends
maindy upon the type of initial breakdown in the gypsum and an the thickness and composition of
the overlying cover heds.

VTS that develop from deep-seated karstappear on the surface mainly as collapse dolines. The
collapse 1s commaonly cataserophic, Many such dolines have a piclike (cvlindrical) shape and
appreciable size (diameters and depths of 40-50m are commaon, and locally they can be larger
still). This is because VTS in deep-seated Karst can propagate successfully through many tens or
severdl hundred metres of overburden only if they develop along lirge tectonic fracture zones,
and if groundwater circulation is sufficiently active w suppart creation of additional voids.

When a karst horizon lies at refatively shallow depths, increasingly diverse shapes and sizes of
dolines appear. Vertical ithological heterogeneiry in the upper part of cover heds determines how
VT4 affect the surface. Il denser or berter-consalidaed deposits lic ar the wop, ahove sandy sedi-
mens, sudden collapse dolines are more likely w appear, Newly-formed features are commonly
cylindncal {pit-like), pitcher-like, or howl-like in shape. Similar shapes result where cover beds are
elastic and collapse en masse. Where sandy sediments or light loams cap a succession, dolines
tend 1o evolve by gentle subsidence or as smoathly-shaped collapse forms, although cone-shaped
ones are also common if suffosion processes operate. The latter shapes are also typical within
ather poorly consolidated lithologies if active ponors open up at the battom of dolines.
Regardless of the inital doline shape formed in loose sediments, they tend 10 grade wwards
smoather profiles quickly, i spans of only months or a few vears. except where well consolidated
rocks cap a sequence or where suffosion and active ponars operate, Gorbunowva (1979) deseribed
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twor remarkable examples of the rapid evolution of recent dolines. The Brekhovsky collapse in the
Perm region appeared in 1953 as a 40m-deep shafi. In 1954 its depth was 28m and its diameter
was about 23m at the surface and 3 to 5m near the bottom. In 1961 it was a bowl-shaped doline
ahaut 30m in diameter and only 13m in depth, The other example is from the Angara region in
siheria, where a Sbm-deep collapse shalt halffilled with water appeared suddenly in 1949 Its
upper diameter was only about 4m, but the shaft had a pitcher-like shape. In 1931 it was a pir 15m
deep, and by 1957 the form had turned imo a doline 15m in diameter and 16m deep.

With increased variation in cave formation and changing hydrogeological conditions from ane-
sian through phreatic and water table 1w vadose, the full rainge of possible VTS triggering and
development mechanisms is realised. Finally, when a thickness of cover beds is lowered sufficien-
Wy within a particular geomechanical seuting, simple hreakdowns can also evolve into collapse
dolines, and purely suffosion features can form by cover sediments being washed into open fissu-
res at the o of 2 Kaest unit,

An example of a deeply entrenched intrasiral karst landscape, where the cover s relatively
thick and fargely impermeable, is provided by the Podol'sky sub-region in the Western Ukraine.
Maze caves here are relict, having developed under carlier anesian conditions, and there are no
large voids o trigger significant hreakdown. Major valleys have entrenched deeply below the
gvpsum, but thick clay cover remains largely intact within wide intervalley massifs. Dolines com-
monly evolve in respunse 1o VIS stoping, or as sporadic simple breakdowns, in the lloors of
minor perched valleys that approach the gvpsum. They become ponors that intercept the surface
run-oif, so the valleys become dry and commonly separated into several cdosed basins, Outside
such valleys, dalines form almast exclusively due o VTS stoping. Doline density i the area is
commaonly relatively low, though it increases dramatically where erosion has removed most of the
overburden, as for instance on the extensive upper terraces of the major rivers.

A typical example of an entrenched karst landscape with thin and permeable cover s illustra-
ted in Fig. 6. Dolines here have evolved through different mechanisms: as simple cave break-
downs, as VTS, and as suffosion features. Older dolines are fossilized and stabilized. Some dolines
are rejuvenated, and pew forms appear commonly superimposed upon the older features, The
resulting doline fields are polygenetic and may became very complex. Dolines can cover up to
30% of the total area.

A still more diverse karst landscape is ohserved in some areas of the Pinego-Severodvinsky
Karst region, where the thickness of permeable cover beds ahove the Permian gypsum is relatively
low {ranging from few metres 10 a few tens of metresy. Major rivers have incised only slighly
below the Permiian gypsum and many tributaries operate within the gypsum horizon, Large cave
passages have developed during this stage, transmiting significantly large active streams, perched
upon the underlying non-karstifiable bed. Many of the trunk passages have been partially
destroved hy collapses, which have produced an interminent karst hydrology, dry karst valleys
and canyons, bridges, and so on {Caves..., 1974). Yerical dissalution pipes are commeon, being
lormed beneath thin unconsolidated sediments and @ minor bed of dolomite at che top of
gypsunt. This hed collapses readily, and the pipes hecome pits. There are some areas where the
density of such pits is many hundreds per kmé, Being complicated by superimposition of larger
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Fig. 6. Typical land-
scape of g gypsum
karst area in the Iren
river hasin, Pre-Llrals,
Russia

collapses formed in response o cave breakdowns, such areas represent a kind of “karst badland”,
known Jocally as “shelopnjak™ This karst Tindscape has almost passed into the category of denu-
ded karst.

Data describing the parameters of about 2800 dolines in intrastratal gvpsum karsts have been
summarized by Gorbunova (1979). Fig, 7 illustrates the frequency distribution of dolines accor-
ding o their diameter (&) and depth (By . Most of the dolines have a diamerer between 5 - 25m
(10-15m is the most typical diameter) and depths ranging between 1-3m. However, it must be
noted that the data set includes measurements reflecting o variety of cover bed thicknesses and
compositions, though overall the area can be viewed as an entrenched karst.

Other important surface karstification characteristics are the density of dolines {expressed as
number per km2}, index of surface karstification (expressed as the ratio of area of dolines to toal
ared, %), and rate of doline appearance (expressed as the number of new dolines appearing per
vear per km<), These parameters are meaningful if determined for limited areas that are characte-
rized by a relatively homogenous distribution of karst forms, They have heen wilized widely for
local karstological mapping and engineering-geological assessment of gypsum karst tereains in the
Sewiet Union (Savarensky, 1967; ljin, Savarensky & Tolmachey, 1972; Tolmachey, Troitsky &
Khomenko, 1986). Characteristic figures for intrastratal gypsum karsts vary, for density, from a few
1ens 10 a few hundred dolines/km?, for index of surface karstification - from a few to a few rens
percent, for the rate of appearance - from 0.01 to 3.0 dolines per year per km? (Gorbunow,
1979, However, anthropogenic impact may increase the values for the Torer charcterdsic deapmge
tically {see Chapter 1.11).

Some studies sugaest that collapse and subsidence processes are activated during specific
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Fig. 7. Frequency distribution of
dolines by diamerer (left) and
depth (right) (Afier Gorbunova, |
1979,
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periods. In the Kungur area of the Pre-Urals, new collapses occur most frequently in years with
the highest precipitation and spring floods (Lukin & Exhov, 1975), In the Volga region of the
Russian Plain, collapses commonly coincide with periods of minimal levels in the Yolga river,
when it increasingly drains underground waters (Kaveey, 1967), Andrejchuk (1984) found that in
the Bukovinsky suberegion of the Western Ukraine collapses occur predominantly during extre-
mely dry or extremely wet periods. For the Bashkiria region in Russia, a evchicity of some 11-16
vears is revealed in the activation of collapses, related to climatic and karst water regime factors
(Gorhunov, 1979).

In exposed gypsum karst areas (the sub-tvpes of denuded and, particularly, barren karst) solu-
tion dolines are much more common than the collapse and subsidence features considered
above. However, there may be great differences between the individual karst landscapes tha
represent the exposed karst type. Such differences are panially related 10 the various structural
and geomorphic settings of exposed gypsum sequences, but probably the most important are
cvolutionary differences hetween denuded and harren karst sub-types. As defined in Chaprer 14,
denuded karse s a former mtrastragal karst, that has inherited structures from sub-surface kaestifi-
carion, whereas barren karst represents a system that has evolved largely in adjusiment with the
exposed geomorphic seuing, Dissalutional andforms found in exposed karsts are discussed in
chapters 18 and 1.9 of this volume.

Karst trenches. These tpical intrasiratal entrenched karst features are known from many
parts of Russia, Germany and Canada. Karst renches develop along escarpment edges and on the
upper parts of steep slopes where gypsum crops out. They are markedly elongated closed depres-
sions with irregular floors, commonly complicaied by ponors and small dolines. The characreri-
stics and mode of genesis of trenches in gypsum karst terrains have been summarized by
Gorhunova (19799, Trenches vary considerably in size: from a few o 250-200m in widih, from 10
10 2500m in length, from a few to 20m in depth. They form along clefts and fissures that origina-
ted due 1o unloading of a massif towards a side that has been opened up by erosion or other geo-
morphic processes. Unloading commaonly enlarges pre-existing tectonic fissures. Some larger
clefts can open directly o the surface and then further widened by gypsum dissolution, More
communly, extensive fissures form and then enlarge by dissolution under a still-continuous and
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Fig. 8. A = The development of karst trenches in the Polima ans, Pre-Urals, Russia (After Butyring, 1962,
Stages are cxpliined in the main rex. Numbers ineicate the depth of dolines. B = Progressive development
of shloteen wpography in massive gypsum negr Windsor, Nova Scoti, Canada (After Ford & Williams, 1985,

poarly consolidated cover, until trenches develop in response to doline evolution (Butyring, 1962,
Lukin, 19%66). Features representing different stages of such evolution (Fig.8-4) are also described
under the term “shlotten depressions” or “shlotten karren™ (Ford & Williams, 1989; Kempe,
Chaprer 11.5). The first stage involves frmation of separate dolines along a fissure, by suffosion
and hreakedown, During the second stage adjacent dolines amalgamate into a trench, Within the
third stage the trench floor is smoothed and can be filled with poody permeable alluvial deposis,
allowing the formation of lakes, or a trenchi can he breached to one side. Several rrenches can
combine, Small caves are commenly associated with trenches, especially during the fiest develop-
ment stage. Broken edges of exposed gypsum karst massifs and ridges, with deep clefts and
displaced large gypsum blocks, are quite wpical of some parts of laly and Spain. In such cases
dolines and trenches do not form (due to the lack of cover sediments), but the features provide
clear illustrarions of the unloading/gravitaional phenomena that initiate development of the fea-
tures deseribed above in intrastratal karst settings.

Karst valleys. Minor stream vallevs perched on a non-karstifiable cover commaonly become
dry and then separated into several discrete closed basins as evolving dolines and ponors pirate
surface flow. A valley can be terminated hy development of a single large ponor, or a group of sink
paints, at its downstream end, Development of such valleys in the exposed karst type is conside-
recl in Chapter 1.9, Karst vallevs of different sizes (up o a few kilometres in length) are very wide-
spread in many regions of intrastratal entrenched karst (e.g. in the Western Ukraine, the
Belomorsko-Kulojsky Platcau, the Volga region, the Pre-Urals and the Urals), Further incision into
the gypsum commonly leads 1o a total breakdown of cave passages beneath a valley, so thar val-
levs may become complicated by breakdown canyons (as for instance in the Angara region,
Siheria). Canvons formed due to the destruction of cave passage roofs are also known from expo-
sedd Karst areas (e.g. Sorbas in southern Spain). In areas where notable caves with underground
streams existed, their breaching may result in development of a valley that inherits the course of a
trunk cave passage, having been further widened afier breakdown. The stream effectively beco-
mes a surface one, although it may appear from a cave at its upstream end and disappear into a
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cave @t its downstream end. The Karjal valley on the Belomorsko-Kulojsky Plateau is an example of
this type, about 10km long, 10 to 100m wide and up 1w 30m deep. It has five known caves at its
upstream end, and steep gvpsum outerops along its walls, The valley floor is perched on a dolomi:
te hed that underlies the gypsum. Karst valleys of another type, alsa known in this region, develo.
ped Ty o clifl aheove o rge cave passage, retreating hackwards from a major valley toward the inue
rion of @ plaeau. Such vallevs are typically 300-400m long tocally up o Thm) and 20:50m deep
{Saburow, 1974)

Karst depressions. Depressions {forms that are larger than common dolines) in areas of
intrastrautal gypsum karst have different, commonly complex, origins and dimensions. In the most
penerl terms, depressions represent some of the laest stages in the development of gypsum
Farst,

Relatively small depressions, 100-500m wide and a few tens of metres deep, form by over-
enlargement of a single doling or by the fusion of several dolines. Intensely karstified areas with a
high density of normal dolines can eventually evolve into depressions. In areas of temperate cli-
mate, such depressions commonly become partially filled with poorly permeable sediments, and
miay he occupicd by lakes.

Intermediate depressions, o few 1o several tens of kilometres in lateral extent, commonly
result from the fusion of several smaller depressions or from enlargement of karst valleys. In some
respects many of these can be considered as analogous w the poljes of carbonate karsts
(Gorbunova, 1979). Depending upon relationships with non-karstifiable rocks, structural and
hydrogeologcal settings, gypsum karst analogies can be drawn with three major polje types: bor-
der, structural and haselevel polies (Ford & Williams, 1989). Generally They may have surface low
across their oors, eventually sinking at ponors, or contain lakes that represent “windows” into
the water table. Different Kinds of intermediate depressions within the intrastratal karst types are
witlespread in the Belomorsko-Kulojsky and Pre-Urals regions of Russia. The maost Gvourable are
zomes for their development are on the sides of large positive tectonic structures, where sulphates
are in kueral conact with carbonate or terrigenous rocks (Gorbunowva, 1979),

Large depressions, up o few hundred kilometres in el extent are known i Canada, New
Mexico, Texas and Russia (Ford & Williams, 1989). The term "solution subsidence troughs”, also
applied o such depressions, can be confusing, as it implies a gradual lowering of the surface. In
fact, such depressions are commaonly developed in structural situations like that mentioned
ahove, or ar the margins of large gvpsum and/or salt deposits, by slow retrear of the dissolution
front, with the “belt” of the karst landscape slowly shifting in the direction of retrear. The final
results of intrastratal karst development within the belt are a karst breccia that replaces the karsti-
fied horizons, and a lowered surface thar follows the migration of the helt. Within the karst helt
the lowered surface is the result of the complex evolution and Tateeal migration of karst features
rather then of uniform subsidence. Such depressions may have no {or anly slight) topographical
expression, as they are commuonly infilled by terrigenons or other sediments, this being the reason
thar Quinlan {1978} wermed them “solution-induced hasing™. Large depressions of this type deve-
lop during gealogically lengthy time spans and are considered as palacokarst leatures (Fonl &
Williams, 1989),




BREAKDOWN DEVELOPMENT ... LANDSCAPE FEATURES . 143

References

ANDREJICHUE, Y. 1984, The regularities of karst development in the south-cast of the sone of
junction hetween the Russian platform and Carpathian foredeep. PhD Thesis, Chernovtzy
Upiversity, ¢in Russian}.

ANDREJCHURK, V.M. 1991 The formation of collapses above Zolushka Cave. Sverdlovsk, (in
Russian .

Andrejchuk, V.M., Dorofeey, E-P. & Lukin, V.5 1990, Organ pipes in carbonate-sulphate coverbeds
of caves, In- Peshchery (Caves). Problemy zuchenija. Perm, (in Russian),

ANDEAJCHOUK, V.N & KLIMCHOUK, A B 1993, Environmental change and human impact on
karst in the Western Ukraine. - I Environmental change and human impact in karse terrains:
P Williams (ed. ). Carena Suppl. 23, Cremlimgen. 147-160.

BUTYRINA, K.G. 1962, Karst phenomena in the vicinity of the Polana village, the Dobriansky
district of the Perm region. I Uchenyve zapiski Permskogo Universiteta, tom XXI, vwp.2. {in
Russian).

Caves of the Pinego-Severodvinsky karst region. Leningrad: Geogr. ob-vo SS5R. (in Russian ),
DOROEEEN, E.P. 1970, Relationship of dimentions of collapse depressions and karst cavities in
sulphate rocks. In: Voprosy Kaestovedenija, vwp 2, Perme (in Russian),

FORD, D.C. & WILLIAMS, PW, 1989, Karst Geomarphology and hydrology. London: Unwin
Hyman. 601 p.

GORBUNCWA, KA. 1979, Morphaology and hydrogeology of gypsum karst, Perm: Perm University.
43 . (in Bussiang,

HOFFMAN, M.E. 1977, Origin and mineralization of breccia pipes, Grand Canvon district, Arizona.
Master of Science Thesis, University of Wynming | Laramic). 51 pp.

HUNTOON, P, 1996, Large-basin ground water circulation and Paleo-reconstructions of circuki-
tion leading to wranium mineralization in Grand Canvon hreccia pipes, Arizona, The Mountiin
Geologise 33 (3). 7184,

Karst phenomena in the area of Deerdhwnsky city in Goreovsky region. 1960, Moscow: AN SS5R
Fubl. {in Russian).

LN, AN SAVARENSKY, LA, & TOIMACHEY, ¥V, 1972, Main trencs in quantitative stucly of karst
for engineering-geological purposes. In; Inzheneenye tevskanija v stroitel stve. Moscow: Gosstroj
SSSR serdl vvp. 4 (161 (in Russian),

KAVEEY, M.C. 1967, The durtion of the existenve and rejuvenation of karst collapses (on the
examples from investigation in the Middle Yolga region). In: Hydrogeologija 1inzhenernaja geolo-
i Srednego Povolehje Bazan, (in Russian),

KLIMCHOURK, AB. 1984 Interrelation of the surface and underground karst forms in the covered
karst of the Western Ukraine. In: Problemy inzhenernaj geologi Urala. Perm. 32-34, (in Russian),
KLIMCHOUE, A.B., ANDREJCHOUK, V.N. & TURCHINOY, L1 1995. Structural pre-requisites of
speleagenesis in gypsum in the Western Ukraine. Kiev; Ukeainian Speleol. Assoc. 104 p.

LUKIN, V.5. 1966. Karst trenches in areas the spread of sulphate deposits. 1n: Gidrogeologia |
Karstiwedenie, Perm: Permsky Universited, (in Russian.



BE KLIMCHOUK ET ANDREJCHUK

LUKIN, V.5, & EZHOV, JILA, 1975, Karst and construction works in the Kungur region. Perm. {in
Russian). 119 pp.

OUINLAN, LF. 1967, Dolines formed by upward leakage of artesian warer through gypsum. Austin,
Privately published Christmas card. 1,

QUINLAN, LF. 1978, Types of karst, with emphasis on cover beds in their classification and deve-
lspment. PhD Thesis, Univ. of Texas at Austin,

SABUROV, DN, 1974, Surface karst forms of the Belomorsko-Kulojsky plareau. In: Peshery Pinego
Severodvinskoj karstovoj oblast. Leningrad: Geograll ob-vo SS5R. (in Russian).

SAVARENSKY, LA, 1967, Methods of stability assessment of karsufied werrains. In: Rekomendazii
pevinzh.-genl, izyskanijam 1 otzenke territonj dlja promyshlennogo | grazhdanskogo stroitel'stva v
karstowykh rajonakh SSSR. Moscow: Gosstroj S55R. (in Russian),

TOLMACHEY, VY., TROITSKY, G.M. & KHOMENKO, ¥.P. 1980, Enginecring mastering of kirst
terring. Moscow: Strojizdac. 177 po (in Bussiang.

WHITE, W.B. 1988. Geomarphology and hydrology of karse terrains. New York: Oxford Univ,
Press, A6l .



