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Chapter L6

HYDROGEQLOGY OF GYPSUM FORMATIONS
Alexander Klimchouk

Introduction

The hydrogeology of any karst aquifer is largely a function of the general hydro-stratigraphi-
cal/recharge-discharge configuration (houndary conditions) and of the structure of secondary kar-
stic porosity, Bath of these should be considered as being variable in time, in a response to chan-
ging geomorphic conditions and the “internal” development of a karst system. Henee, the evolu-
tiomary setting is one key to reaching an understanding of karst hydrogeology. This is particularly
true for gypsum karst, because its development is normally inore tapid than that of carhonate
karst. Any generaliztion of the properties and behaviour of gypsum kaest aquifers can be achie-
ved only on the basis of an evolutionary approach.

Gypsum karst yvdrogeology is described in several regional publications. Colombeni & Fazdni
(1988} and Forti & Francavilla (1993) examined the Emilia-Romagna region of laly; Pulido-Bosch
& Calafora (1993} considered the Sorbas area of Spain; Johnson (1985, 1990) discussed Oklahoma
in the USA; and many tens of works have appeared thar relare o pans of Russia and the Ukrime.
Gorbunova (1979) provided an important general overview of gypsum karst hydrogeology, and
Forti { 1993) antempted to derive some general principles, However, the latter appear to be appli-
cable only to areas of barren exposed karst tvpe,

General details of the evolution of gypsum karst and descaptions of its main types are outli-
ned in Chapter 14, 1t is shown thar karst development normally hegins in decpeseated inteastratal
situations, under confined flow condditions, and continues through @ succession of karst types
referred to as: subjacent intrastratal, entrenched intrastratal and denuded exposed (originally
intrastratal). This evolutionary trend progresses mainly as a response to tectonic movements and
geomorphic development.

Development of conduit permeability in gypsum is considered in Chapter 15, The impaortam
distnction, in terms of resultant permeability structures, s stressed as being that between confi-
ned and vadose ow conditions (see Chapter 15 for details), Depending upon the initial fissure
pattern, confined conditions favour either the development of uniform maze conduit systems or
isolared large voids. Phreatic and vadose conditions favour development of linear or crudely den-
dritic cave systems. In whatever case, once they are enlarged (o a centain extent, ow paths in
gypsum tend to adjust rapidly w being able to transmit the maamum available Now,

1. Deep-seated karst - confined conditions

Initial hydro-stratigraphical configurations in deep-seated intrastratal settings are determined
by compasition, structure and thicknesses of the gypsiferous and adjacent formations. The most
important consideration is whether a gypsum sequence is immediately adjacent w aquifer or low-
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permeable beds either below and/or ahove. In the case of low-permeability heds no substantial
groundwater circulation can affect the gypsum, so it can pass through the entire intrastratal stage
without any significant development of secondary karst porosity. When exposed at the surface fol-
lowing uplift, such gypsum sequences undergo karst development that is in balance with the cur-
rent geomorphic configuration; this leads to formation of the barren exposed karst type. lis
hudrogealogy is discussed below,

Due o their relatively low pimary porosity gypsum sequences that lie between normal aqui-
feers helave initially as aquifuges, which separate aquifers hydraulically before the onset of speleo-
genesis. The origin and development of conduits under such conditions are considered in
Chapter 1.5. The principal hydrogeological role of karst (speleogenesis) in such conditions is that
it guicles the establishment of hydraulic communication berween aquifers in a confined system
(Klimchouk, 1997). During the process of speleogenetic development the gypsum loses its isola-
ting unction and hecomes increasingly transmissive untl, eventually, providing full hydraulic
communication hetween adjacent aquifers, such that the whole system hehaves as a single aqui-
fer. However, different horizons within this wpe of composite aquifer may have different tvpes of
porosity. Whereas vertically adjacemt insoluble horizons retain their granular or fissure porosities
largely unchanged, in gypsum the newly developed conduit porosity strongly predominares. Also,
the structure of the conduit permeability may vary greatly, according to the pre-existing fissure
structure that guides the initial speleagenesis (see Chapter 13}, This structure can impose notable
heterogeneity and anisotropy of hydraulic conductivities and transmissivities in such composite
aguifers, and upon their complex hehaviour in response o other impacts, such as groundwater
ahstraction.

A good example of 2 composite aquifer that became a single hvdrogeological complex due to
speleogenesis in gypswin is the Miocene aquifer in the antesian belt of the Western Ukrainian
wypsum karst (Klimchouk, 1997). A lower aquifer bed (below the gypsum) is provided by a regio-
nally extensive sandy-carbonate member. The upper aquifer consists of epigenetic limestone.
Confinement of the composite svatem is due to a marlyclavey sequence. Large-scale opencast
mining operations (for sulphur ores in the supra-gypsum bed, and clay from the overburden)
were started, based on an assuraption that the gypsum would behave as an aquifuge and that
major inflow to quarries would be a function only of the specific storage in the upper aquifer.
However, durng exploitation of the depaosits, a significant and increasing nflow occurred through
the gypsum feam the lower aquifer, causing severe difficulties in achieving the projecied level of
quarry floor lowering. The water withdrawal in some specific cases has reached levels of 1.2ms
{from the Jazovsky deposity and 3.3m?/s (from the Nilolaevsky deposit). Hydraulic communica-
tion berween the lwer and upper aquifers is provided by well-developed conduit systems in the
eypsum, analogous to the relict mage caves that are known in adjacent areas. Water 1racing experi-
ments have proved that kateral low within the extensive drawdown cone occurs through all the
members of the composite aquifer, with considerable mixing berween them (Klimchouk, 1997},

Breakdown of large canvities in gypsum can trigger the development of vertical through struc:
tures that propagate upwards across overlying strata (see Chapter 19 for details), Such structures
commuonly breach overlying pourly permeable beds, providing hydraulic communication with sl
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higher aquifers. By this means the “communicative” hydrogeological role of gypsum karst descri-
hed above can extend through the full vertical section of a basin,

Hydrogeological settings corresponding 1o deep-seated intrastratal karst are best represented
in some parts of the United States {especially New Mexico), Germany, the Wesiern Ukraine, Russi
(pre-Urals) and China.

2. Subjacent, entrenched and denuded karst types - semi-confined,

phreatic and vadose conditions

The stage of subjacent intrastratal karst is achicved when continuing uplilt brings a gypsum
sequence 1o a shallow enough position to allow pacial breaching of artesian confinement by inci-
sing major valleys (Fig, 1 1B, 11 10 1V, V=), Inherited conduit permeability is further enhanced as
flow through gypsum is intensified due to open upward discharge from the artesian aguifer
system. At basinal scale, head gradient fields became more complex due to the mcreasing influen-
ce of surface wpography, Permeahility, transmissivity and storage characteristics are commonly
high at aquifer scale, though they heconie even more inhomogeneous, due o local sieepening of
wdraulic gradients, focused discharge and dissolution. Rechacge discharge configurations beco-
me more diversified in such areas. A gypsum stratum can receive upward recharge from
underlying aquifers {mainly within topographic lows - large valleys), recharge from above (mainly
within topographic highs - intervalley massifs), or recharge from the side (within the Jocal ouero-
ps af inclined heds or zones of lateral contact with other aquifer formations).

This type of karst s characierized by increasingly evolving point recharge through collapse

dolines within imervalley massifs, by widely occurring hidden discharge from gypsum anuilers
intor alluvial sediments and river beds, and by the presence of large ascending springs and kirsi
lakes fed from below. Karst springs generally have quite steady discharges. commonly of the order
of several hundred Ls, burt locally more than 1m/s. The Lateral flow component is imcreased
towards major valleys and along them, Lweral Tow through gypsum can be established locally
between adjacent vallevs that are incised oo the same aquiler w different depehs,
When erosional incision below the hase of an upper confining bed hecomes significant, @ vaclose
wome andd warer table escblish i the surrounding area (Fig. 1 1), This s already a transitional
stage between subjacent and entrenched karst tvpes. The latter is achieved when some major val-
levs have incised through the majorty of, or through the full thickness of, a gypsum sequence.
The water table commonly has a low gradient and may propagate deep heneath ntervalley mis-
sifs, as the permeability and transmissivity of gypsum aquifers are quite high due to the effects of
the preceding karstification.

In some extensive gypsum karst regions that are characterized hy a complicated block wetonic
structure, Tareral facies vamation within sediments, varied depths of erosional incision and diffe-
rent rates of denudational stripping of cover beds through an area, lead 1o some mixed and com-
plex hydrogeological setings heing present (Fig. 12 1 V. Modes of recharge and discharge, and
Mow conditions for the same aguifer can change considerably across i single area. In areas of
unconfined Now, downward point recharge predominates where low-permeahle cover heds
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Western flank of the Bashkirsky dome and the Birsky depression (After Hyedrogeology of the USSE. .. 1972).
I = clay, sandstone and marl, 2 = gypsum and anbydrite, 3 = limestone, 4 = dolomite,

Oka river

o

Direrzhinsky city area in the Volga-Kamsky region (After Karst phenomena.., 1960, 1 = sand, 2 = cly,
marl and shale, 3 = limestone, 4 = gypsum and anhydrite, 5 = horeholes. Sumbers indicate the depih o
the top of gvpsum. |

.
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Ufimsky plateau (Afier Kudrjashov & Manin, 1970, 1 = allu- Intervalley of Ater and Tyuy rivers, Perm
vial deposits, 2 = clay, argillite, sandstone, 3 = limestone, 4 region (After Shimunovsky, 1966).

= gypsum anclanhydnte, 5 = dolomite. Dashed line indicates

potentiometric level of groundwaters.

Fig. 1. Geological and bvdrogeological profites of differem areas of the pre-Urals karst region illustrating set-
tings of intrastratal deepescated (LA, VoA, V-C), subjacent (-8, 1010, IV, VA, entrenched (VD and parially
denuded (-0 Y-8, V-E) gypsum karst.

Sec also Fig. LV, in the following page.
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Northern pan of the Urjuzanc-Svivinsky depression (After Maximovich & Thonnikow, 1979, 4, B = western
fank; €, D= central part; E, F = eastern flank. 1= limestone, 2 = pypsum and anbyilrite, 3 = marl, 4 = |
sanelsiome aned shale, 5 = argillite, 6 = conglomerate, 7 = directions of underground water low, 8 = |

Srings.

remain, and dispersed downward recharge occurs where gypsum is exposed and the surface karse
form density is high. Upward recharge can contribute simultaneously where the gypsum is undler-
lain by aquifer formations. The region that best displays such a wide variery of hydrogeological
conditions is the pre-Urals, in Russia, from where all of the component examples in Fig. | are deri-
v,

Because high permeabilities and transmissivities are commonly inherited from previous sta-
ges, unconfined aquifers in these settings are wellimegrated, with a low-gradient water 1able and
low localization of lateral ow. Dissolution is now focused around recharge points and at the
water table, and contributes o further void enlargement. However, this does not change the pre-
existing hydraulic conditions. Localized low oceurs anly in entirely entrenched and drained siva-
tions, where free streams, perched on non-karstifiable interheds, or on top of an underlying
impermeable sequence, flow underground from sink points to resurgences. The Belomorsko-
Kulojsky plateau, in northern Russia, is a representative example, with its numerous linear stream
caves locally superimposedd on dispersed networks of relict conduits.

3. The “pure” line of hydrogeological evolution of barren exposed

gypsum karst

The harren karst type represents the case where gypsum is exposed at the surface without
having experienced any substantial development of karstic porosity before exposure, or where a
previously evolved karst porosity has been Largely fossilized. Karstification then develops in balin-
ce with the contemparary (exposed) geomorphic setting, In Chapter L5 it is shown that, due to
the: fast dissolution kinetics of gypsum, the “run-away” development and competition of aliernat-
ve flow paths within gypsum under unconfined phreatic condirions is exaggerated, so that nor-
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mally only ane passage develops between inpat and output points, Thus, this tvpe of spelecgene-
sis in gvpsum leads 1o an extreme heterogeneity and anisotropy of karst permeahility, with relati-
vely simple and strongly hierarchical nerworks (see Fig 8 in Chapter 1.5). These relationships were
outlined by Forti (1993), whao stressed that drainage routes in gypsum rapidly adjust their dimen-
sions 1o accommodate the maximum available recharge, and their positions o the current base
level. The underground flow in gypsum under such conditions is commonly highly localized, in
the furm of free-running streams. Transmissivities are normglly high in barren gypsum karst aqui-
fers, and storage capacities are low. No suhstantial flow occurs at greater depths below the water
tahle,

The typical characteristics of barren gypsum karsts are best exemplified by the gypsum karst
areas of Sicily and Emilia-Romagna, in Taly, and of Sodas in Spain, They also apply in areas of
entrenched and denuded karst conditions where previously developed karstic porosity is highly
heterogeneous and locally low. However, in the latter case, this stvle of karstic porosity may deter-
mine only local peculiarities rather than the hydrogeological properties of an entire aquifer.

Another peculiar chacacteristic of the karst types mentioned above is that, with a well-develo-
peed vadose zone and ventilaeed karst-lssure permeability, condensation recharge may contribure
significantly to the total recharge of an aquifer, particularly in areas that suffer and and semi-arid
climatic conditions (Dublpansky, 1970 Forti, 1993; see Chapter 1.5 for details).

4. Flow velocities in gypsum karst aquifers

Duata on Now velocities in gypsum karst aquifers are scarce in comparison with the great
amuunt of da available for carbanane ks,

Klimchouk & Aksem (unpublished) have carried out numerous tracing experiments to investi-
pate flow i the confined composite aquifer in the viciniy of the Jausovsky sulphur deposits. The
ares represents a deep-seated karst setting, bur large-scale opencast quarrying during the past 30
vears has breached artesian confinement and imposed subjacent karst conditions. The flow
system is centripetal, directed woward the main quarry, within an extensive drawdown cone indu-
ced by massive underground water withcrawal, Some 30 wacer ijections have been pedformed
vigt horcholes, with detection monitored via other boreholes, The maximum proven lateral distan-
ce of hdraulic connection was 16km. Tracers injected into the lower aquifer were commonly
detected in gvpsum, and vice versa, indicning close mixing of flow between these horizons. The
apparent low velocities, caleulated for maximum racing distances, vary between 700-1100m/day,
while velocities caleulated for successive distances hetween adjacent boreholes range from 400 1o
2500myilay.

In the adjacent Podol’sky area entrenched karst conditions predominate. The water table lies
within the lower part of the gypsum bed beneath the imervalley massifs, and a saturated zone
extends down into underlving sandy-carbonate sediments, perched on low-permeahility
Cretaceous beds, Tracing experiments in the area of the Overnava maze cave, with tracers injected
via ponors and intercepred at sprngs along the valleys, have revealed a wide distribution of -
cers through the area and apparent flow velocities ranging from 300 o S00m/day.
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The highest flow velocities are recorded in barren exposed karsts, where water movement is
localized in the form of thraugh-Nowing underground streams. Forti (1993} referred 1o racing
experiments performed in the gypsum karsts of Sorbas (Spainy and Emilia-Romagna (Italy), which
shosen apparent Mow rates ranging from 8.64 1o 129 6kmj/day.
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