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Chapter 1.2

THE DISSOLUTION AND CONVERSION OF GYPSUM AND ANHYDRITE
Alexander Klimchouk

The development of karst is a complex svstem driven by the dissalution of 1 host rock and the
subscrjuent removal of dissolved matter by moving water. 10is the process thart, ac various stages,
initiates o triggers assaciated processes including erosion, collapse and subsidence. The dissolu-
tion of sulphate rocks proceeds by different mechanisms and at different rtes o those associated
with the dissolution of cahonate rocks. For each rock type different factons influence the process.
This chapter is an attempl 1 sumnwcise the present knowledge of the dissolution chemistry and
kinetics of gypsum and anhydrite. These are important for the genetic interpretation of karst fea-
tures in these rocks. The gypsum-anhydrite-gypsum transitions and recrystallization processes are
also addressed, hecause of their importance to kanst development.

Many studies have heen undertaken on the solubility and dissolution of sulphate minerals, m
the context of construction engineering and karst processes, Important works include these of
Laptey (1939}, Kuznetzov (1947), Shrerning (1949}, Zdanovsky (1956}, Sokolov (1962), Zverey
(1967, Lui & Nancollas (1971, Blount & Dickson (1973), Mel'nikova & Moshkina (1973), Wigley
{1973}, Gorhunova (1977), James & Lupton (1978), RKushnie (1988). The most comprehensive
recent account is that of James (1992,

1. Chemical equilibria
Gypsum dissolves by a simple two phase dissociation (solid and solventy:

CaSO, AL0 == Ca2* + 50,2+ 21, |1

Gypsum, like CaCO, and sal, dissolves reversibly, but anhydrite does nat. When anhydrite is
dissolved it forms a solution of calcium sulphate which, at common temperatures and pressures,
is in equilibrium with the solid phase of gypsum, but not with anhydrite. If disequilibrium of the
solid-solvent system oceurs, gypsum precipitates. This is due to the instability of anhydrite under
normal surface and shallow sub-surface thermobaric conditions (Fig.1).

The solubility of gypsum in pure water at 20°C is 2331 gL, or 147 mM/ Itis roughly 16
times lower than the solubility of common salt (360 g1 but four orders of magnitude gremer
than the solubility of CaCOy (1.5 mgAL); however, in the presence of €O, the dissolation of calcite
is enhancedd and the difference in solubility beiween caleite and gypsum decreases o 10-30 times.

The dependence of the solubility of gypsum on temperature is reported by many authors
(Blount & Dickson, 1973; James, 1992; Liley et al, 1963; see Fig.2). Between 0 and 30°C, the range
encompassing most natural waters, the solubility of gypsum increases by 20%, reaching a mini-
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mum (about 2,60 g/ at 43°C. Cigna (19835) examined the possible effects on gypsum solubility
caused by mixing waters at different temperatures. He found that when mixing equal amounts of
two saturated waters (one ar 10°C, and anather at temperstures ranging fram 40 w 100°C) the
salubility in the mixture increased by hevween 2 and 13%, This cffect may play some role in the
karstification of areas with geothermal waters,

Anhydrite may be considered to have no characteristic solubility. This is because of its chemi-
cal instability in commonly encountered shallow sub-surface conditions (James, 1992). Some
values given in the lierature are misleading: the true solubiliey of anhydrite under normil tempe-
ratures is equivalent to that of gypsum. When dissolved in water, anhydrite produces a solution of
€aSO, that ulimately attains the same equilibrium concemrations as the gypsum-H,0 system in
pure water, this is 2.00 g/ ar 20°C. James (1992) pointec out that anhydrite in contact with water
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tends towards a metasiable state characterised by supersaturated solutions, These probably
account for some of the high soluhilities quoted for anhydrite, which range up to 3.5 g1.. The
subject of gypsum/anhydrite conversion is deseribed in detail in section 5 below,

Figure 3 shows the solubility data for anhydrite and gypsum in their stability regions; this
information was summarised by Zanbrak & Arthur (19861, The solubility of anhydrite is lower than
that of gypsum under these pressure conditions, and decreases with increasing temperature.

Pressure does not substantially alfect the solubility of gypsum within common geological envi-
ranments. In contrast the CaCO5;-CO»-H,0 systen is influenced by the presence of a gas phase
that makes it sensitive o pr::ssuré. The solubility of gypswm increases slightly at pressures excees
ding 100 bars (Manikhin, 1966, but at depths of less than a thousind metres or so, the influence
is negligihle, The effect of pressure applied 1 the mineral is discussed below.

Equilibrium constants. Dilferent equilibrivm constant values for gypsum Kg are reported
by various authors, refleciing varving experimental conditions and the use of different thermody-
namic data in the caleulaions. The constants are most usually given for 25°C and higher tempera-
wres, However, in many karst environments the water temperature range is more normally
between S and 15°C. Aksem & Klimchouk (19913 provided thermagyvnamic caleulations of Guhbs
free energy values and equilibrium constants for the gypsum dissolition reaction in water at tem-
peratures of 0550°C (Table 1). The results agree closely with the values previously provided by

Wigley (1973). The dara in Table | give the following g function of temperatare:

pg = 4.667-3.197x 109 x 1+ 1133 x 1P x1 (2|

Saturation index, Karst waters in equilibrium with i solid phase are rare. When a solution is
undersatuneed with respect (o che soluble mineed, disselution proveeds; ao dissilution aecurs,
or there may be precipitation, when the solution is supersaturated, Precipitatinn does not always
oceur in supersaturated solutions, its rriggeringand progress depend on many ciosative fictors,

The deviation of a solution from equilibrium is measured by the saturation index S, introdu-
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ced by Langmuir (1971) and used widely by karst resear- Tampsnibuy.

chers (see White, 1988; Ford and Williams, 1939, for a " 1

description of the general concepty. The saturation index 6 . 7‘B{ 4

is defined as the relation of the ion activity prodluct for the A ¥ Y

dissociation of the mineral to the thermodynamic cquili- i

Bbrium constant K of the reaction. For gypsum the saue- s :: ¢ \

tion index is; s / \
467 *

Skp =logaiCa=y a I,SO,E'r‘{(li +O,/Re 13 -4.68 \

-4.6%

where: yCa and y30,  are coefficients accounting for R

the ion pairing elfect. Fig. 4. Equilibrium constant Kg as a

Slis 7o il water is in cquilibrium with the mineral, it 700600 uf temperature,
s negative values for undersaturated (aggressive) solu-
tons, anil positive values for supersaturated solutions.

In natueil conditions equilibrium is rarely attained, or it is disrupted by changes in factors and
cemditioms that aflect solubility. The dependence of the solubility on various properties of i sol-
vent ol salid are not clearly and unambiguously described either theoretically or by quantifiable
meants. The main factors affecting the soduddifity of gepsin are oulined below,

2. Main factors affecting the solubility of gypsum

Pressure applied to the rock. Korzhinsky (19531 shiwed that the solubility of minerals
increases when the rack fabric experiences pressures higher than that of the groundwater,
Experimental dara by Manikhin (19667 suggest that the solubility of anhwilrite increases sharply
with the increase in pressure: each 0.01 Paincrease in pressure results ina 3t S times increase in
the solubility. The solubility of gypsun is reported to merease 4 times with each additional 001 Pa.
Consequently, the solubility of anhydrite becomes higher than that of gypsum under applicd
stress. Pecherkin (1986) discussed the stress fickd in the Polima gypsumzanhydrite massif of the

Urals andl. referring 1o Manikhin's data, evaduated that the solubility of unhydrite in the zones of
. : ~ . — high stress shauld be 2 1o 5 times higher

{ 15;1;“1..;1 _]:!;g , 5 g;', 171 than in the Tow stress arcas. This factor is
2 SR %gsi’ ' 4(:3;‘: Eéﬁﬁ =1 helieved o have a significant role in the fiir'-
0 15003 4.62s 3370 ferentiation of dissolution-reervstullization
1S G082 4613 3439 | and hvdration processes on a massif scale.
20 0183 4.607 12472 | For gypsum, the increase in solubility with
23 6286 4607 2471 depth caused by the above effect will be
:2 (‘“:2{_: ‘ ‘:6,1,2 | E‘:;g ahout 0% at a depth of SUm (@verage pressu-
7 25}'; 42_;2 |52?8 re 1.3 x 10! Pay and ahout 1% at a depth of
As 6791 4665 2163 100 m (2.3 x 10-4 PA). The effect is likely o
50 16938 4692 (2031 | be important 1o karst development in all
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eAVIFONMENts, not just in deep-seated ones,

Grain size. G.llewlett reported that sauration with respect to gypsum for griins of 2m in
size s reached ata concentration of 153 mMAL, However, for 0.3m-sized grains the solution heeo-
mes saturated 2t 18.2 mM/AL and the solubility effectively increases by 20% (eited afier Sokolov,
19621 Sonnenfeld (19841 indicated that the solubility of gypsum reaches a maximum for crvstals
in the size range of 0.2 - 0.5n, whereas the solubility of anhydrite is highest for crystals around
281 in size.=

Bifferential sofubilicy with respece o grias of diffeent sizes cesalts i interstitial (pore)
waters that can be undersatraed with respect to smallssized grains, but supersaturated with
respect (o kirge graing, This plavs an important role in recrystallization and hydration processes
{see sections 3 and 6 below), and perhaps in the development of iregular small-scale porosity.
Selective dissolution within heteroblastic rock may facilitate surface retreat by water bevause of
the preferemial removal of small-sized grains thac inidally provide @ cement hetween the farger
ones The differemial solubility of crvstals of various sizes is illustrated well by observations made
in the gypsum caves of the Western Ukraine, wheee single giant envstals of selenite within the
heterohlastic rock mass commonly protrude from the walls and celings as pendanis. They are
apparently less saluble than the surrounding, fner-grained. naris,

Sofubility in parions salt solutions. All nawral waters contain some dissolved salesand it
is well knawn that these can affect the solubility of other minerals.

lon praring elfects reduuce the activity of jons and result in increased solubility. Ford & Williams
119891 noted that an increase of up w 1% in gypsum solublite was possible in typical karse
waters. However, they stressedd the far greater importance of the effect on the values of caleulated
saturation indexes, If pairing is not taken into accoum, the S values are overestimated, Iy is likely
that many reported cases of supersaturated waters in gypsum karst are actually related o this
ullect,

The presence of jons foreign to the solid phase considerably increases the soluhility of
gypsum due 1o the enhanced ionic strength of the solugion; figure 5 shows the effect of Nacl
{after Sheerning, 1949). With increasing concentrations of sodium chloride the solihility of
gypsum increases. After quickly reaching 2 maximum of 7,326 mg/L at 138.75 g/l of NaCl, it then
decreases slowly, hut renains much higher than the solubility m pure water The solubility of
gypsum in solwtions containing other salts is higher still; the presence of Mg(NO},}z un boost the
soluhility of gepsum by almost 6 times when compared with the value for pure water. Figure 6 is
taken from the work of Shrernina {1949y and shows similar corve shapes, although characreristic
poines are different, The sindy of complex systems, common in nature (Mel'nikovt & Mashking,
1973y indlicates gypsum solubilities of 59210 6.3 g/, in solutions containing high concentritions of
MESO, (3.6 to 18.2%) and KaCl (0.2 to 14.1%). James (1992, referring 1o Paine et al, (1982), quo-
ted a gootd example from the Poechos dam in Peru. Here direct determinations of the solubility of
gypsum in groundwater samples from wells, gave CaSO | values as high as 6.2 g/l three times the
sofubility i pure wacer ard 33% awire than the maximom salubility i se3 waer: these waer sam-
ples abso containet) Na, K, Mg, HCOy, €L SO, and NO; jons,

The effect of forcign ions is very important for gypsum karst development. Other salts arc
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Fig.5. The dependence of solubility of CaSQ; on concentrations of NaCl in solution at 25°C (Aflier
Shierning, 1949y,
Fig 6. The solubility of gvpsum in water solutions of salts at 250C (Aftee Shreming, 1949).

commaonly associzted with gypsum in evaporate formations and the groundwater of many aqui-
fers, particularly the deep-seated ones, may contain high levels of dissolved salts.

The presence of common ions in solution (ones which are the same as the dissolving mineral,
but introduced from some ather source), decreases the solubility of the common mineral. Caltis
the common ion for gypsum and calcite und the effect oecurs in many kaest areas where intercala-
ted or adjacent sulphate and carbomate Layers accur. The effect is more pronounced with respect
to the solubility of caleite and is of lower significance for gypsum dissolution. The study of the
system Ca* -HCOy - SO,% - HH0 by Wigley (19737 allows the assessment of the eelative contribue
tions to the wtal concentration of calcium of calcium derived respectively from gypsum and calei-
e, It also allows the evaluation of the equilibrium (disequilibrive) for each mineral (Fig.7). The
partial pressure of COy is an independent variable influencing the solubility of caleite, bur it has &
negligible effect on gypsum solubility (Sokolov, 1962). Zedanovsky (1936) suggested that the solu-
hility of some salts, including gypsum, decreases slightly with increasing CO,. Where only gypsum
dissolves, but €O, is supplied 10 the water from soil cover or fromn enher sources, net deposition
of calcite may ovenr as saturation with respect to CaCOy is quickly reached. The relationship
between gypsum dissolution and calvite depasition in the presence of CO5, in the shallivw sub-
surface. was studied by Forti & Rabbi (1981). They caleulated the equilibrium pattern for the CO, -
1,0 - caleite - gypsim system with respect w €Oy and pl (Fig8). The effect is responsible for
calcite deposition in many gypsum eaves that are close 1o the surfice, but it is also respansible for
the replacement of gypsum with caleite in the reducing enviconment of some confined aquifers,
However, since the effect has 2 low influence on gypsum solubility, anidl since much gypsum disso-
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Jution oceurs withaut any CO5 involvement, it appears unreasonable 1o chim gypsum karst as a
three-companent system (Forti & Rabbi, 1981).

3. Factors maintaining the dissolution potential with respect to snlphates

Sulphate reduction. The reduction of dissolved sulphates by microbes (including heteroge-
neous assemblages of Desulforx) is a common process in confined aquifer systems where sulphate
rocks and dispersed organic matter are present. The process is described by the following simpli-
fied reaction:

50,2+ 2CH,0 = Hy$ + 2HCO; 4]
anaerohic bacteria

Fig. 8 The equilibrium pattern for the system €O, -

1,0 - calcite - gypsum with respect 10 COy and pH ar
10°C {Aler Fori & Rahbi, 195311,

During sulphate recluction, sulphate ions are
consumed and removed from the solution,
making it able to dissolve more sulphates.
Calcium and bicarbonate commaonly react o

' § ' precipitate CaCOs, wiilising the HCO™ gener-
‘g ém{l by the above reaction. Epigenetic caleite
2 fmasses can also form as a result, Calcium

750 I ; . .

Tcations can also be exchanged with sodium
derived from intercalated or surrounding rocks.
| sook Sulphate reduction appears to be a very impor-
Supersaturation tant mechanism in maintaining the dissolution
Wi rRspect fo eoicie potential of groundwater with respect 1o
250 gypsum in confined aquifers, especially if verti-
Undersaturation cal cross-formarional hydraulic communication
) with respect to calcil is present (see Klimchouk, 1997, Chapter 1.5 in
i ] i

this volume). In hydrochemistry the effect has

7 I




[e)
=
o]

KLIMCIHOUK

been known for a long time and its possible gencral relevance to karst development had heen
outlined by Kaveev (19631, Turvshey (1963) and some other workers. Recently its actual inporan.
ce for spelengenesis in gypsum has been emphasised by Klimchouk (1994; 1996).

De-dolomitization. Dolomite is commonly associated with or intercalared with gypsum
Stankevich (19703 pointed out that the process of de<tolomitisation generates further dissolutio-
mal capacity with respect o gypsum, because Ca* is removed from soluton and the sulphute
iany et with the M. The process favours the development of gypsum karst in deep-seated envi-
FONMICHS, -

Suspended crystals. Pecharkin (1986) reported experimental results suggesting that when a
salution approaches gypsun saeuration, small erystals oniginate in the presence of the solid phase.
These can then be carriced in suspension by flowing water. Such erystals hegin 1o form ar CaSQ,
concentrations of L1t L3 g4 und reach a maximum of 10-15% of the total dissolved CaSO at
concentrions of 2.2 g4, Thus, an additional 0.28 - .42 grams of gypsum can be dissolved in
cach nre of water, The cited auhar did oot discuss what causes precipitaion in undersaturated
salvemms.

4. The dissofution kinetics of gypsum and anhydrite

Dissalution is 4 heteragencous reaction occurring at the houndary between two phases.
Molecular dissociation of gypsum accurs almost instantaneously, so that dissolution is controlled
solely by diffusion across the boundary Taver. Dissolution rates depend on boundry layer condli-
tions and the concentration gradients across 1 they are described by the following equation:

dCidt = (RAV) (C, - Cp

Where dC/dtis 2 rate of change of concentration in a volume V of solution with a bulk conven-
tration C, Cs s the salubility of the dissolved substanee, A is a surface area and K is @ rate con-
stantvarving with boundary laver conditions, mineral properties and surface roughness.,

Theoretical and experimental siudies of the dissolution kinetics of gvpsum and anhydrite are
numercus, although many of the results are condlicting. The most comprehensive treatment of
the wpic is given in James & Lupton (1978) and James (19921 The bref summary below is ased
largely on these works.

The main difference in the dissolution kinetics between gypsum and anhydrite lies in the
power of the term n. It was shown by Zdanovsky (1936), Lu & Nancollas (1971 and Jumes &
Lupton (1978) that the gypsum dissolution follows the first order equation, while the dissolution
rate of anhydrite obeys the second order equation. The hawer reflects partal control of the surface
ceautinn rate, which is assumed 10 be hydration, Figure 9 shows this difference by plotting con-
centration agdinst time, with an overlay of theoretical curves. For gypsum, the flow time {distance)
at which salution approaches 90% of saturation is very short; the re of dissolution decreases by
several veders of magnitude above this limir, Similar dependence of gypsum dissolution raes on
the saturation were reported by Laptey (1939, Kuznetzov (1947) and Pechorkin {19863, This fact
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1 Fig. 9. Dissolution rates of gypsum {24 and anhydrite (After James & Lupton, 1978),

has important speleogenetic conseguences (see Klimehouk, 1997, Chapter 6 in this volume).

The second vrder equation lor the dissaltion of anhydrite causes much lower dissolution
rates. The travel distance for water Qowing through fissures in anhydrite could be rather long
hefore sufficient CaSO, is dissolved 1o precipitate gypsum, The conditions required for gypsum to
he precipitated from solutions that have dissolved anhydrite are reached gradually due to the
second order dissolution kinetics, but when they are achieved the precipitated gypsum may seal
1he seepage paths.

The main concern of dissolution kinetics studies are variations in K, which is not a true con-
stamt bt one that vanes with changing houndary Tiver conditinns. These conditions affect the
thickness of the laver, which varies with the Jow velovity over the dissolving surlace, the ionic
strength of the solution and its temperature, The appropriate vlues of K that encompass these
variahles are considered briefly below, along with sume other parameters, including the diffusion
coefficient that reflects jon mohility (values for the commeon inorganic ions are ather similar),
Theoretical calculations of rate constants for transpart-controlled dissolution are rarely adequate
and experimental dara are used in most cases (Frank-Kamenctsky, 1987).

Gypsum and anhydrite, {which are polar molecules with strong clectrical dipoles) tend to
form thick boundary layers, which are thus easily subjected to thinning (stripping) by flowing
water, This explins why K values and dissolution rates are strongly dependent upon low veloci-
ties. Figure 10 shows linear dependencies for dissolunon within a laminar fow regime; for each
doubling of flow velocity over gypsum, K- doubles, but for anhydrite it only increases by one and
hall times. Note that K has small positive values even i stationary water. Anhydrite shows a rapid
increase in K with only a very small flow velocity. As a turbulent regime sets in, K is expecied 1o
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Fig. 10. The dependence of the rite constant for gypsum and anhydrite upon flow velocity
fafter James & Lupton, 19785
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increase abruply, but there are no experimental data for gypsuni. In the case of calcite an increase
by a factor of ten s reported to occur. James (1992} postulates that gypsum and anhydrite should
exhibit similar increases. The strong dependence of gvpsum dissolution rates upon flow velocity
has speleogenctic implications (see Klimchouk, 1997; Chapter L6 in this volume). It also has a
morphological expression manifested in a sariery of dissolutional sculpting features that form rea-
dily on gypsum surfaces (see Sauro & Macaluso, 1997; Chapter 18 in this volume),

The presence of other dissolved salts increases the ionic strength of a solution causing com-
pression of the diffusion layer and hence raising K values, This i illustrated Table 2, which sum-
marises data presented by James & Lupton {1978). The rate constant alinast doubles for gypsum,
bt it increases by a factor of 9 for anhydrite, as the salt concentration rises from 0 to 10 g/
Apparenly, the effect needs 1o be allowed for when considerng karst development in deep-sea-
ted settings, where a high coment of sodium chloride ions commonly accurs. This is especially
true if anhvdrite rocks are considered,

Data on the tempentture dependence of K- for gypsum are given in Table 3. James (1992) sug-
gests that a proportional relariomship of log K o 171 should be used 1o adjust K- values from one
temperature o anather.

5. Gypsum-anhydrite-gypsum conversions

The thermorlynamic stability and the solubility of gypsum and anhydrire are greatly affected by
changes in the physical and chemical parametees that occur within common geological eaviron-
ments. The conversions of gypsum to anhydrite and back to gypsum are common processes,

Gealogical data suggest that in evaporitic environments at shallow depths sulphates oceur
mainly in the form of gypsum, hut at depths exceeding 450m anhydrite predominates, However,
there are numerous exceptions 1 this usual situation, with gypsum occurring at greater depths,
and localised or dispersed anhydrite being found in the shatlow sub-surface (for a brief review see
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Table 2. The effect of sodium chioride on the dissolution
rates af pypsumn and anhydsite (ANes Janes & Lupton,

Table 3. Variation of the rate constant of
gvpsum dixsolution wilh temperatere; ow

1978) salinei 1Y ) o James &
Concentration | Gypsum: Anhydrite: ;;;L;]I[) 025 mds eAfier James & Lupton,
ol NaClL g1 | Kx10° (ms) | & (o’ kg"s") Eym— T

i 15 045 SLITIDL ature. n‘;

i8] 2.9 .77 B 77

a0 2 1.7 33 16

L (K} 5.8 5.8

Klimchouk & Andrejchouk, 1997 Chaprer L1 in this volume). Theoretical and experimental data
on the stability of sulphate mineeals and the mechanisms of conversions are also controversial,
with some misleading views, This section discusses the modern understanding of the prohlem,
which is important for the interpretation of kst processes and associated phenomena in gypsum
and anhydrite.

The stability felds Tor gypsum and anhydote are depicted in Figure 1 The presence of other
salts, such as sodium chloride, also affects their stahility and solubility. In evaporirie basins calcium
sulphates primarily precipitate in the form of gypsum (Strakhov, 1962; Sonnenfeld, 1984).
Anhydrite is believed to originate mainly by the dehvdiation of gypsum due to the effects of high
pressure and temperature dunng burial. However, Sonnenfeld (19843 suggested that the factors
of high pressure and temperature alone are insufficient o exphin the rransition of gypsum o
anhydrite. He showed that gypsum dehydration accurs widely during carly diggenesis, where it
takes place a1 shallow burial depths, by interaction with Tygroscopic brines of Nat, Mg or Ca chlori-
des. James (1992) noted that in very hot climates gypsum can dehydratie 1o anhwvdrite when it is
cipused at the surface, with o m excess of 42°C, or where highly saline watee is present. These
changes are slow and mainly unaffected by diumal cycles, hut over longer periods they cin he
affected by seasonal changes. 1t can be concluded that in such conditions the conversion will
occur through the dissolution of gypsum and subsequent precipitation of anhyidrite, not by abiera-
tion of the solid phase.

Regardless of how the anhydrite formed, most mature gypsum racks appear to he secondhiey
and 1o have formed by hydration of anhydrite to gypsum after uplift to shallow sub-surface levels.
Consequenty, the conversion of anhydrite to gypsum is a major significant process for karst deve-
lapment. It also has imporant implications for engmeering and construction practices.

The cammion view is that the conversion of anhydrite to gypsum is accompanicd by an vverall
increase in rock volume. Kushnir (1988) quated an increase in rock volume of 18.25%, Pettijvhn
(1975), 30-30%; Gorbunova (1977), 64.9% and Ford (1939), 30-67%. Sonnenfeld {1984) quoted an
increase of 61%, but stressed that a pressure of 60-150 kPa, corresponding to a 60-75m thickness
of overlying rocks, would effectively halance the pressure generated by hydration and thus prohi-
bit expansion. This cffect is referred to widely in 1exis about karst {e.g. Jakucs, 1977). These argue
that such expansion would seal maost of the fissures in the gypsum/anhydrite rock, prevenung
water circulation and karst development. When expressed in this generalised form such views are
misleading, Close examination of the problem reveals that expansion need not necessarily oceur,
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andd that 2 waricty of mechanisms may be involved in the conversion processes, The problem is not
clear theoretically, especially when rate provesses are concernect, and the field data are controver-
sl Reported observations of heave and swelling, climed to have resulted Trom the hydration of
anhydrite, may relate to speafic local conditions. Geological abservations of folded structures in
gypsum and the deformation of adjacent layers (assumed to prove expansion by anhydrite-
avpsum conversion) may well he expliined by other mechanisms {see Klimehouk et al, 1995 for
an example). Furthermore, uther field data show that in some underground and opencast anhy-
drite mines no heave has occurred (e.p. Kaiser, 1970; James, 1992), Experimental data and inter-
pretation also conflict, suggesting that expansion during the conversion from anhydrite o gypsum
is not alwavs the rule,

Nekrasov (19455 denved an expression describing the limit of compression in @ system Sy,
caused by full hydration:

Alim = (A, + B) - e/, 15

Where A is the quantity of the orginal substance of specific weight dy, B is the quantity of
added water (d=1) and C is the quantity of hydration product of specific weight d,. A system will
compress proportionally 10 the volume of water involved in the reaction; this means that changes
depend on whether the process proceeds in an open or a closed svstem.

Theoretical caleubations (Zanbak & Arthur, 1986; Pechaorkin, 1986; Rushnir, [988; fames, 1992)
suggest that when anhydrite converts completely to gypsum the molar volume of the solid phase
increases by factor of 1,626, but the overall volume of the system reduces by 8.7%. Pechorkin
(19806) reported experimental data for a closed system, Te used 18-22 gram samples of anhydrite
placed respectively in distilled water and in a swurated solution of CaSO,. These were hermetical-
Iy sealed for 1.5 years under normal pressure conditions. Complere conversion o gypsum oceur-
red, resulting in a reduction in the overall system volume of 3% in the case of the distilled water
and 2.8% for the saturated solution, Simultancously, the solid volumes increased respectively by
3.1% and £1%. However, the short time reported for the complete conversion 1o gypsum appi-
remly conflicts with anather experiment performed by James (1992). He used a small disk of
anhydrite immersed in water for 12 vears. This displayed the growth of gypsum erystals on it, but
it was not fully converted to gypsum.

In nature vhe mechanisms and rate of hvdration of anhvdrite o gypsum depend on many fic-
tors including: 1y the texture and structure of the rock, 2y the form and chemical composition of
water coming into reaction and 3} the temperature and pressure conditions.

Most authors believe that hydration proceeds through the dissolution phase, so that anhydrite
dissalves ter provide a solution of CaSO, which then precipiates from solation as gypsum (e.g.
Kuznetsov, 1947; Mossop & Shearman, 1973; Quinlan, 1978; Kushnir, 1988; James, 1992).
However, Pechorkin (1986 argued that hydration through dissolution-precipitation accounts for
only a minor proportion of re-hydrated rocks. He considered that the nuin process proceeded
throngh the diffusion of water molecules {or hydrosyl jons) into the anhydrite crystal latice; cny-
stal lanice defects are said to favour this process. This is also supported by data suggesting tha
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the erystal lattice defects in gypsum are inherited from anhydrite (Pechorkin, 1986). Tn reality. it is
likely that the mechanisms of dissolution-precipitation and diffusion are cosely interrelated.

There are two main tvpes of water that are in contact with anhydrite rocks: 1) intenstitial water,
which is rewined in pores within a rock and, 2) waler that circulates freely, through joints and
other partings. The former is disseminated throughout the rock mass, while the latter contacts
only the surfaces of lacge rock blocks. The author befieves that interstitial water plays the most
important role in the hydration of anhydrite rocks, even though its volume is refatively small, due
10 the Jow porosity of anhydrite (note that not only the effective porosity, which is negligible in
anhydrite, but total porosity should be considered). If fissuring within a deeprseated anhydrite is
fow, then such a system can be viewed as closed, with no additional water entering or leaving the
sistem, When anhydrite is under thermobaric conditions in its stability region, the assaciated water
saturated with CaSO, is in dynamic equilibrium with the mineral. When the rock becomes less
hurieel and moves out of the stahility field of anhydrite the equilibrium is disturbed and the intersti-
tial solutions precipitate gypsum, In closed or semi-closed conditions only partial conversion may
he achieved resulting in mixed anhydrite-gypsum rock, apparenty with no expansion of the solid
phase. Conversely, some shrinkage of the overall solvent-solid system may cause some waier to be
sucked from adjacent beds into the hydration zone. With continuing emergence of the rock 1o pro-
gressively shallower depths. imposed fissuring and free water circulation can result in open system
conditions, allowing water to partially recharge the remaining pore spaces. In this situation, locali-
sed hydration along flow paths becomes increasingly important. Water circulation through open
fissures in anhyvdrite and gypsum at shallow depths may be fast enough 10 ensure that disselution
will remove any excess gypsum. In this situation, no overall expansion of the rk may be expected
1 uecur. The imporance of the dissolutional removal of material is supported by the fact that the
porosity of secondary gypsum is evidently higher when compared with that of anhydrite.,

This explanation combines several possible hydration mechanisms and encompasses most of
the known geological peculiarities of gypsum-anhydrite formations. It suggests that, in natural
conditions. the mechanisms and rates of anhydrite 1o gypsum conversion depend on the tectonic
regime, the water-bearing properties of surrounding sediments and both the regional and local
flow regimes. [t also suggests that, in most cases, no expansion in volume accurs during hydr.
tion. Expansion resulting in heave can be expected where thin lyers of anhydrite are suddenly (in
a genlogical sense) released from their confining pressure and exposed o water; perhaps a speci-
fic mude ancd e of witer ingress is required fie expansion o occue. This viese (s i agreemeont
with the accurrences of heaves definitely identified as heing due to hyvdraion of anhydrite 10
gepsum, which have been reported [rom tunncls or mines (James, 1992).

b. Recrystallization

Sulphate rocks undergo recrystallization throughout their diagenetic and catagenetic history.
Evaporites precipitated from agueous solutions contain connate pare water presenved from their
original deposition. Some of these conmate hrines are expelled from the pores by compaction
during burial, but some remain. When meteoric water hegins to cieculate through open partings,
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it can replace pan of these interstitial connate brines and induce recevstallization. The gypsum-
anhydrite-gypsum conversions discussed above further complicate the water-rock interaction. All
these processes continuously disturh the warer-rock equilibrium and are accompanied by recny-
stallization of the deposits.

Recrystallization considerably affects the various properties of gypsum anc anhydrite hy alte-
ring, among other things, a rock’s wextuee and struciure, porosity and strength, Consequently, it
may influence karst development in many ways, Aggradation recrystallization is an impaortant fac-
tor because generally the solubility of gypsum is higher for the smaller erystals. The different solu-
hilities and dissolution rates for crystals of mixed size are the main cause of reerystallization and
directly influence the karst process (see sub-chapier 2 above and Chapter 1.3 helow [or details ).
However, the most important effect of recrystallization on karst is the alteration of the rock per-
meahility. Two extreme examples are cited below to illustrate the possible effects,

In the Western Ukraine recrystallization has caused severe textural and structural differentia-
tinn of the buried gypsum sequence, with the formation of three distinet horizons (Klimehouk et
al, 19933, This differentiation has also caused the formation of largely independent superimposed
netwarks of lithogenetic fissures confined to cach horizon, These fissure neeworks have seeved as
primary paths for metearic waters, which have entered the sequence from the underlying aquifer
and circulated upwards under artesian conditions (Klimchouk, 1992). The structure of the lithoge
netic fissuring was exploited by dissolution 10 generate the structure of huge maze cave systems,
Thus, textusal-siructunl differentiation of the gvpsum by recnvstalliztion was a primary guiding
factor of this speleogenetic effect.

I Sivily, where gypsum massifs are exposed at the surface, a distinct crust, up to one metre
thick, is formed and within this all the apen fissures 1end o seal tfor details see Macaluso &
Saares, this volume; 1997). This is prohably the result of gypsum recrystallization caused by the
lewss oof interstitial water fram the exposed rock, and by a specific set of dissolution-precipitation
processes related o focal climatic conditions. The exact mechanisms are not vet clear and need to
he studivd, but the effect upon karst development is obvious. The crust prevents the dispersed
recharge af the gypsum massifs from the surface, and water is thus allowed to penetrate deeper
inter the gypsunt only along selected major fissures and falts.

Another morphogenctic effect of reerystallization of the uppermast exposed layer is the formia-
tion af small ridges, blisters ar tumuli, which oceur where the crust coincides with the sedimentary
bedding. These forms cleardy result from the deformation of the geomechanically independent
idetached from the substraey vuter Taver by compressive stress, possibly caused by recrvstalliza-
tion. However, far expansional recrystallization 1o owvcur some specific conditions are required: 1)
gaping bedding planes sub-concordant with the surface, 2 pathways for meteoric water o access
the hottom of the outer laver and, 3y appropriste climatic conditions. Contraction and fracturing of
the outer laver precede the expansional reerystallization, having frst provided conditions 1 and 2
above. Meteoric waters, which escaped surface evaporation and run-aff o the shallow sub-sudace.
are drawn continuously upwards back o the surface by capillary action through the pores in the
outer kaver, and this leads w aggradational recrystallizition. The stresses generited hy the volume
expansion are released through swelling of the vuter Tayer and manifested as ridges and hlisters.
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