1. Chemical equilibria

In.). Speleol, 25 (3-4), 1996 21

Chapter 1.2

“THE DISSOLUTION AND CONVERSION OF GYPSUM AND ANHYDRITE

Alexander Klimchouk

The development of karst is a complex system driven by the dissohurion of 1 host rock and the

subscquent removal of dissolved matter by moving water. 1Us the process that, at various stages,

initites or triggers associated processes including erpsion, collapse and subsidence. The dissolu-
tion of sulphate rucks procecds by difterent mechanisms and at different rates 1o those associated
with the dissohation of caihonate racks. For each rock type different factors influence the process.
This chapter is an attem 1o summarise the present knowledge of the dissolution chemistry and
kinetics of gypsum and anhydrile, These arg important for [hn genetic interpretation of karst feg-
fures.in these racks, The gvpsu - anhydrite-gypsum transitions and recryskallization processes g
also addressed, hecause of theif impurtance 1w kamst development,

Many studies have heen underaken on the solubility and dissolution of sulphate minerals, in
the context of construction enginecring and karst procésses. Important works include these uf
Laptev (1935), Kuznetzov (19473, Shierning {1949}, Zdanowsky (1956}, Sokolov (1962), Zverey
{1997y, Lui & Nancollas {19713, Blount- & Dickson (173), Mef’ nikova & Moshkinz (19733, Wigley
{1973}, Gorbunowy [1977), James & Lupton (1978), Kushnir {19885). The most comprehensive
recent account is that of fames (1992),

Gypsm tissolves by 3 §i mple nwo phase dissociation (solid and sulvent:
Cas0y N0 ==Ca?* + 505+ 20, |1

prwum like CaCO, and sal, dissolves reversibly, but mhydnte docs not. When anhydrite s

dissolved it forms a solution of calcium sulphate which, at common temperatures and pressures,

is in eguilibrium - with the solid phase of pypsum. bur not with anhydrite, If disequilirium of the
solid-solvent syslent oceurs, gypsum precipitaees. This is due to the instabiliey of anhdrite under
nomval surfice and shallow sub-stirface 1 hemmabaric mndmnm {Fig.1}.

The solubility of ZYpsum in pure water at- APC s 2531 g or 147 mMAL LS roughly 140

Himes lower th:m the solubility of comman sali (360 g bur four orders of magnitude greater
than the sn!ubézi\ 0f Cat0, (1.5 mg/l); however, in the presence af €O, the dissolution of calcite

is enhanceil and the difference in solubility berween calcire and gypsum decreases 1o 10-30 times,
The dependence of the solubility of gypsum on temperature is reported by many authors
(Blount & Dicksan, 1973; James, 1992; Liley ¢t al, 1963 see hﬂ, 2y BLu\eLn{Jdnd A0°C, the mnge

encompassing most narural waters, the salubility of gypsum increasés by 20%, reaching @ maxi-
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mum (ahout 266 /Ly at 43°C. Cigna (1985) examined the possible effects on gypsur solubility
caused by niixing waters at different temperatures. He found that when mixi ng equal amounts of
two saturated waters (one at 10°C, and another at temperatures ranging from 40 1o 100°C) the
solubility. in the mixture increased by between 2.and 13%, This effect may play some role in the
Karstification of areas with geothermal waters, '
Anhydeie may be considered to have no charsicteristic solubility, This is because of its cheni-
cal instability in commonly encountered shallow sub-surface conditions (James, 1992). Some
values given in the literature are misleading: the true solubility of anbydrite under normal tempe:
ratures is equivalent to that of gepsum. When dissolver! In water, anhydrire prodces  solution of
CaS0; that uhimately attains the same equilibrium concentrations as the gypsunm-H,0 svsten in
pure water, this is 200 g/L a1 20°C. James (1992) pointed our that anhydrite in contact with water
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tends towards a merasiable state charactesised by supersaturated solutions. These probably
sccount for sume of the high solubilities guoted for anbwilrite, which range up 10 3.5 g, The
subject of gypsum/anhydrite conversion is described in-dletail in section 3 below,

Figure 3 shows the solubility. data for anhydrite and gypsum in their stability regions; this
mfmmamm was summarised by Zanbrak & Arthur (1986). The solubility of anhydrite is lower than
that of gypsum under these pressure conditions, and decreases with | increasing temperaare.

Pressure does not subsiantially affect the solubility of gypsum within common geological envi-
ronments. In contrast the CaC0;-CO,H,O system is influenced hy the presence of 4 gas phase
that makes it sensitive 10 pressure, The solubility of Lypswn InCreases x[t,g,hﬂx al pressures excees
ding 100 bars {Manikhin, 1966), b at depths of less than a sind metres o so, the influence
is negligible. The effect of pressure applied tw the mineral is discussed below.

Eguilibrium constanis. Differen cquilibrivan.constant values for gypsum Kg are reported
by various authors, reflecting varving experimental conditions and the use of different thermody-
namic daa in the caleulations. The constants are mast ususlly given for 25°Cand hz;,htr tempers-
tres, However, in many karst envisonments the water remperature range is more noraxlly
between 5-and 15°C. Aksem & Klimchouk (19913 provided 1 thermadynamic calculations of Guhbs
free encrgy values and equilibrium constants for the gypsum dissohaion reaction inwater atem-
peraiwres of 0:50°C (Table 1). The results agree closely with.the values previously provided by

Wigley (1973). The daa in Table 1 give the following Kg funcrion of iémperature:

PRg = 4.667-5.197x 10%x 1+ L133 ¢ 10° x1 2]

Saturation index; Karst warers in equilibrium with 2 solid phase are rare. When 4 sohttion is
pndeesuraced with cespoct 1o she soluble mineal, dissohution proceeds; ao dissalation aveurs;
of there may be' precipitation, when the solution s supersaturased, Precipitation docs not always
nccur in supersaturated solutions, its Triggeringn progress depend on many causative factors,

The devidtion of a splution from cquilibriunt is measured by the sarirtion index S1, Introdu-
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ced by Langmuir {19713 and used widely by kast resear- Tempasshe. ©
chery {see White, 1988; Ford and Williams, 1989, for a s
descriprion of the general concepry. The: stturasion indes Ay Jomd .l
is defined as the relation of the jon activity product forthe 4% ¥ 1y
dissociation of the mineral 1o the thermodymanic equilis % 7
brium constant K of the reaction, For gypsum the satura- o :: ¥ \'\
tion index is; e L A
& EF *
Stavp =Joga{Ca"5 2180, % 1 YO, 7Ry 13 48
-4.5%
L

wheres o and 80, are coefficients accounting for
the ion puiring effect. _ Fig. 4. Bquilibduin constant Kt as'a

Sbis vy il water Is in equilibrium with the mineral, it g tion of Kemperstire,
hias neygnive values or nadersaturated {agaressive) solu-
tians, ] positive valoes for supersaturated solutions,

In marueal conditions esuilibrium is cavely atained, or it is disrupted by changes in factors and
cennditiens 1hai affect solubiling The ¢ r:;wné:m ¢ of the solubilit onardous properties of 1 sol-
vent anil sobid arg non dearly and unamhiguously described either lhenruaulh or by quamifiable
means. The main fagions affmzm‘ the soluhilfty of gipstine ane oulined below,

2. Main factors affecting the solubility of gypsum

Pressure applied to the rock. [‘\Urzhm\fﬂ (19534 showed that the solubility of minerls
increases when:the rock fabric experiences pressures higher than that of the sraunidwiter,
Experimental dacs by Manikhin | 190(3; sugpest that the solubility of anblrte increscs sharply
with the increase in pressure: each 0.01 Pa increase in pressure fesults i i 3 'S times increase in
the solubility. The solubility of gypsum is reponed to mcrease 4§ times with each additional 0.1 P,
Consequently, the solubility of anhydrite becomes higher than that of gypsum under gpplicd
stress. Pecherkin (1986) diseussed the stress fiehd in the Polama Evpsum/anhydrite nussif of the
Leals andl. referring 1o Manikhin's data, evaluated that the solubilits of anhydiite in the rones of
high stress should be 2 105 times higher

;l}‘ C gi;;:gka% g%t i{‘;;’ 1 than in the low stress areas. This factor i
5 5012 4645 966 hrliewed 1 have d 51,{.:111{}1*.1:}: roke in ,:4%1:: flif!
10 5003 4675 3370 ferentiation of dissolution-recnstallizution
15 682 4613 2.439 and hidration provesses on g massil seale,
20 6183 4.607 2472 For gypsam, the increase in solubility with
35 6286 4.607 2471 depth caused b‘. the #hove elfect will be
“'2 "’;“jif “}‘112 ,3’“;3 g abour 6% ata depth of Slim {averge pressu-
j(;. :&5} 32}'2 52;8 re 135 10! Pay and ahout 14% ava depth of
45 6791 A.665 2163 100 m (2 ¥x 10-4 PA). The effect is likely
30 G938 4.692 2034 he important 1o karst development in.all
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BOVIIOMRENS, NOCjust in deep-seated ones,

Grain stze. G.llewleu reponed that sauration with respect to gypsum for geains of Zm in
size i reached a4 concentration of 15.3 mMAL Hirvever, for 8 3m-sized grains the solution heeo-
mes saturated at 18.2 mMA and the solubilivy e!’fm;wh mcreases by 20% (cied afier Sokoloy,

1962}. Sonnenfeld (1984) indicared thas the solubility of gypsum reaches 2 maximum for erystals
in the size range of 0.2+ 05 S, whereas the solubility of anhydrite is highest for crystals around
28 insive=

Dificientia sefubsiioy widh respect o goains of diffecent sines results i imtersiitial {feire)
waters. that ean be undersaturaed with respect: to smallsized grains, bur supersaturated with
fespoct o Lrpe grains, This phivs an mporant role in reerystallization and hedration processes
{see sections 3 and 6 hr*]mn and perhaps in the development of imcgulie small-seale porosity.
Selective dissolution within heteroblastic rock may facilizte surface retreat by water herause of
the preferential removal of small-sized grains thas initially. provide a3 cement hetween the larger
ones The differemial salubility of crestals of various sizes s illustrated well by observations made
in the gepsum caves of the Western Ukraine, where single giant covstals of sclenite within the
heteroblastic rock mass commonly protride from the walls and cetlings 15 pendants, They are
apparenily Jess solible than the surrounding, fner-geiined, mariy.

Sodubility i various sall solntions. Al nateryl waters contain some dissobved salis, and it
is well known thit these can affect the solubiliy of other minerals.

lorr pairing clfects redice the Activity of ions and result in increased solubility, Ford & Williams

ISJH‘J} noted that an increase of up W 10% In gypsum solubility was possible in tvpical karst
waters. However, they stressed the far greater imporance of the effect on the values of caleubited
saurition indexes, 1 pairing & not taken info accauny, the S values are overestimated, Iy is likely
that many reported cases of supersaturared waters in gypsum Karst sre actwally related w this
effect,

“The presence of ons foreign 1o the solid phase considerably increases the s¢ ohuhitiey of
gypsum-due 10 the enhanced fonic .:,tmm,lh of the solugion; figure § shows the offecr (of NaCl
tafter Shiernina, 19493, With increasing mmcmrmnm of sodiom chioride the m!uhnhtv af
Qpsum mcreises. Afier guickly reaching 4 maximum of 7 326 mgdoat 13875 /1 of NaCl, it Lhr:n
dicreases slosly, hut remains much higher than the sohubility in pure water The solubility of
Lypsum i solulions (tms.ammg q)[humiis Lsh:;,her:- ill; the presence of 3\11.,-’\0“ £un buisy the
solubility of gepsum by alimost 6 times whin compargd \u[h the value for pure water. Figure 6 s
taken from the wark of Shiernina {19: 491 and shows similar curve shapes, afthough characteristic
poines are Uiferent, The study of complex systems, common in narure {Mel'nikosa & Moshking,
1973} indiciites gypsum sduhilities of 5.9 10 6.3 £/ in solutions containing high concentiitiins of
MEs0, (501018, 2% 1nd£\€;{dq07 oy 4, 1%, Jamu{l&)‘)“’; refeering 1o Paine ot al, (1982), fuo-
ted 2 good-example from the Poechos dam in Peru. Here direct determinasions of the selubility of
gypsum in groundwaier samypiles cs brom wells, gave CaS0, values as hlgh as 0.2 g/ three times the
sulubiility i puce watcr e 33% myire than the nis unmm sébehilivy it 33 waer: these W sam-
ples also containey Nz, K, Mg, H(G‘,(I S0, and NOy ions,

The effecr of furcn.,t] iuns is very important for gypsam karse development, Ocher salts are
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Fig.5, The dependenie of solubility of CaSQy on concenteations of NaCl in solution at 25°C (Alier
Shierni, 1949,
Fig.6. The solubihiy of gypsumin water solutions of salts t 250C (Alter Shieening, 1949).

commonly-associzied with yvpsun in evapotite. formations and the groundwater of maay aqm«
fers, particularly the deep-seated anes, may contain high levels of dissolved salts.

The presence of common fons in selution {ones which are the samie 15 the dissolving mineral,
but introcticed from some ather -.umcc) decreases the solubility uf the common mineral. Ca2* is
the common ion for gypsum and caleite and the effect occies in many kitest areas where intercala-
ted or adjacent sulphite and carbonate iyers occur. The effect is mire proncunced with respect
10 ihe solubility of talciie and & of lower significance for gypsum dissolution. The stutly of the
system Cad* HCOy - 1-‘.03‘" - Ha0 by Wigley f]‘??‘ﬁ*n allewss the asscsment of the rdatjxe contriby-
tions to the total concentration of calcium of calcium derived respectively from gypsum and calci-
te. It also allows the evaluation of the equilibrium (disequilibrium) for each mineral (Fig 7). The
partial pressure of CO; is an indepentlent variable influencing the solubility of calcite, but it as
negligible effect v gypsum solubility (Sokolav, 1962). Zdanavsky (1956) suggested that the solu-
hiliay of some salts, including gypsum, decreases slightly with increasing CO5 Where only gypsim
dissobves, hut €O, is supplied 10 the water from soil Cover ar from ofher sources; net deposition
of calcite may oo as saturation with sespect 1o CaCOy is quickly reached, The relationship
between gypsum dissolution dad calcite depésition in 1he preseace of CO,, in the shallow sub-
surface, was sttidied by Forti & Rahbi (1981). They caleutated the ¢ quahhzmm pateern for the CD;
1,00 - calvite - gypsnny system wish respect 10 COy and pH {Fig8): The effect s responisitle for
caleite deposition in many gypsum caves that are close 16 the surface, but it is also responsible for
thie replacement of gypswm with caleite in the reducing enviconment of some confined agquifers,
However, since the effect has a low influgnce on gypsim solubiity, and since much gypsum disso-
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saf- Temperature 16°C Fig, 7, Saweation index curves
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lation occurs withou! any CO;E involvement, it appears unreasonable 1o claim gypsum karst as a
\hree-component system (Fortd & Rabbi, 19317,

3. Factors maintaining the dissolution potential with respect fo snlphates

Sulpbate reduction. The reduction of dissolved sulphates by microbes {including heteroge-

rieous assemizliges of Desulfo-vy s a commen process in confined aquifer systems where sulphate

rucks and dispersed prganic natter are present. The pracess is described by the following simpli-
fied reaction:

S04 + 20,0 — H,S + 2HCOY

amaerobic bacteria

i

Fig. 8. The equilibrivm panem for the sysent COy~ NS

_ Lo During sulpliate reduction, sulphate ions are
H,0 - culciie - gypsuen with respect 10 GO anid pH ar me e , 3

- e R = consumed and removed from the solution,

WPC {After Fani & Rabbi; 19813, - il o .

making it able (o dissolve more sulphages.

Catcium and bicarbonate commonly react 10

precipitate CaCOy, utilising the HCOy™ genert-
ted by the above reaction. Epigenetic calcite
masses can also form as a result, Calcium
| cations can dlsp be exchanged with sodium
tlerived from intercalated or surrounding rocks:
Sulphate reduction appears 10 be a very impor-
ant mechanismy in maimaining the dissolution
patential of groundwater with respect
gypsum in confined aquifers, especially if verti-

e |
S5 ACCR) pmo

g

Bupdrsaluration
with respect to calrile

o  with respect to calcl

Lindersaturation

E) i E]

7 8

cal gross-formational hydraulic communication
is present (see Klimehouk, 1997, Chapter 1.5 iy
this volume), In hydrochemistry the effect has
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heen known for 2 long time and s possible general relevance to kanst development Paad heea
outlined by Raveey {1903}, Turyshey (1965) and some other workers. Recently its actual importan-
ce fir speleogencsis in gypsum has been emphasised by Klimchouk (1994, 1996).

De-dolomitization. Dolomite is commanly assocfated with 0r interctared with gypsum,
Sikevich 1970y pointed out that the process of gi(?{l()lfaﬁ‘xiléézlzioﬁ'g{fnrzi‘:ues further dissolutio-
nal capacity with respect 10 gypsum, because ol s removed from soluton andd the: sulphate
s Teact with the Mg, The process Evours the development of gypsum Yarst in doep-seated envi-
TS, .

Suspended crystals. Pechorkin (1986) report edd experimental results su ppesting that when
solution approdches gypsunt saturation, small crysals nrigim!uz"m the presence of the solicd phase.
These can then b catricd in suspension by fhowing water. Such erystals begin 10 form w CasQy
concentrations of 1.1 15 gl and reach 3 mtaimur of 10-15% af the total dissolved] £a80 ) at
concentrations of 2.2 g, Thus, 2 adchivionad 1,28 - 0.2 grams of gypsum tan be ghssobved in
cach litre of water, The cited suthior didd nist fiscuss what Causes precipiadon in undersaturated

salvents.

4. The dissolution kinetics of gypsunt and anhydrite

Dissalution is 4 heierogeneous reaction otcurring at the bondiry brrscen o phases.
Modecular dissociation of gypsum OCCurs almost instantaneously, so that dissolution is controlled
solely by dilfusion across the boundary Jayer. Dissolution rHes depent on honndary fayer condi-
lions and the concentratinn gradients aceoss i they sire tlescribed by the fllowing equation:

Gl = (KA (G, - CF

Where dC/duis a tae of change of coneentration in Jvolume Vol solution with 3 bulk coneen-
iration C; Cs s the solubility of the digsolved substance, A 151 surfice ared and K ¥ e Con
stant varying with boundary laver conditions, mineral propervies and surfave roughness.

Theoretical and experimental sundlies of the dissolution Kineties of gypsum ind anhytric are
Punierous, althongh many uof the results are conflicung, The most camprehensive freaiment of
the tapic s given in James & Lupron {1975} and James {1992} The biief summary helow i sk
karpelv on these works.

The main difference in the disspluiion kinexics between gypsum and anhydrite lies in the
power of the tem n. i1 was shown by }Lﬁan{ﬁ‘.ﬁky {1956), Liu & Numcoltas (1971) and Jimes &
Lupton (1978) that the gypsum dissolution follows the first ofer equation, while the dissolution
sate of anhydrite obeys the second arder equation, The lauer eflects panial control of the surkece
reaction e, which Is assametl 10 be hydration, Figure 9 shows his difference by platting con-
ceivration against time, with an overlay of theorerical curves. For gypsuiy, the flow tme {distance)
a1 which salution approaches 90%,. of saluraton s ery shor: the rare of dissolution decreases by
several vrders of magnitude above this lienit. Simitar dependence of gypsum dlissolution FHCs QN
the satuntiog were reported by Laptey (1939}, uznerzoy (1947) and pechorkin (1986). This fat
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Fig, 9. Dissolution rares of gypsum {3 and anhytleite (Afier James & Lupton, 1978),

has impormant speleogenetic consequences (see Klimchouk, 1997, Chapter 6 in this volime.

The secomd urder equation for the dissoluion of anhydrite causes much Tower dissolution
rates. The wavel distance for water Rowing through fissures in anhydrite could be rather long
before sulficient CaS0y is dissolved to precipitae gypsum, The conditions required for gypsam 1o
be precipiated from solutions that have dissolved anhydrite are reached gradually due to he
second order dissolution kinetics, but when they-are achieved the precipitated gvpsum may seal
the secpage paths. ' ‘ ‘ '

The main cancern of tissulution kinetics studies are variations in K, which & nat a true con:
sand but one that vanes with changing boundary kiver condifions. These conditions affect the
thickness of the laver, which varies with the flow velovity over the dissolving surface, the fonic
sivength of the solution ind its temperaure. The appropriate valies of K thal encompuss these
variahles are considered hriefly below, along with sume nther parameters, including the diffusicn
coeflicient that reflects ion mobility {values for the commen inorganic Jans are rather similar,
Theoretical calculavions of rate constants for transport-controlied dissolution are rarely adequate
and experimental data are used in most cases (Frank-Kamencusky, 1987). '

Gypsum and anhydrite, {which are polar molecules with strong clectrical dipales) tend to
form thick boundary layers; which are thus casily subjected 1o thinning (stripping} hy Aewving
water, This exphains why K values and dissolution rates are siongly dependen upon fow velack
ties, Figure 10 shows lincar dependencies for dissoluion within a Liminar flow regime: for cach
doubling of low velocity over Rypsum, K doubles, but for anbyalrite it anly increases by ong and
half times. Nore that K- has small positive values even in stationary water: Anhydrite shows a rapid
increase in K with only a very small flow velocity. As 2 rurbulent regime sets in, K- is expected 1o
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Fig. 16 The dependence of the nie constant for gypsumemd anhydoite upon flow velocity
{After James & Lupion, 1975,
!

| -

increase :ihru]n] bt there are no L,\p(r‘;menmi data for gypsuni. In the case of calcite an increase
bya factor of ten i n:pnned to oceur, James (1992) postilaes that gypsum and anhydrite should
exhibir similar increases. The strong dependence of gypsent dissolution rates upon Aow velociry
has speleogenctic implicadons: (see Klimchouk, 1997; Chapter Lo ia this volume), It also has #
marphological expression manifested in 3 variery of dissolutional sculpting features that form rea-
dily on gypsum surfaces {see Sauro & Macaluso, 1997 Lhapw 18 inr this velume),

The presence of other dissolved salts increases the jonic strength of 1 solution causing com-
pression of the diffusion layer and hence rising K values. This is ilustrated Table 2, which sum-
marises data presented by James & Luptén 1978). The rate consiant almist doubles for gypsun,
but it increases by a Tactor of 9 for anhydrite, as the salt concentrtion rises from 0o gl
Apparemly, the elfect needs 1o be allowed For whea considering karst de lef)pmem in deep-ses-
ted setings, where 2 high cantent of sodium chiorde jons commonly occurs. This is especially
true if anhydnite rocks are eonsidered.

Data-on the remperature dependence of K for gypsum are given in Table 3. James (1992) sug-
gests that a proportional reationshipof log K 1o 1/T should be used to adjuse K- values from one
iemperature to another,

5. Gypsum-anhydrite-gypsum conversions

The therniordynamic stability and the solublity of gypsim and anhydeite are greatly affected by
changes in the physmi anel chemical parsmetees thar pceur within common geological eavimon.
ments. The conversions of gypsum to anhyverite dnd back 1 gypsun are common processes.

Geological tar suggest shar in evaporitic epvironments at shallow depths sulphates oceur
axaindy in the form of gypsum, hutae depths exceeding 450m anhydrite prt,dc:mm.:(es However,
there are nUmerous exceptions 1o this usual siuation, with gvpsum occurdng at greater depths,
ane) Jocalised or dispersed anhydrite being found in the shitlow sub-surface for 2 hrief review see
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Tahte 2. The effect o sodiwm chivride s the dissolotm ; oy ) s .
. ) - Table 3. Vadation of the rate vonsisig of
eates of pypsum wied anfyddite (ARes Jaines & Eapton, L . S
19785 i pypuum dissplibion wilh temperature; Tlow
T - - velueily 9,25 s eARer James & Laiptosy,
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Klimchouk & Andrejchouk, 1997 Chaprer 1.1 in this volume}. Theoretical and experimental datg
an the stability of sulphate minerls aad the mechanisms of conversions are also controversial,
with some misleading views, This section discusses the modern undersanding of the problem,
which is importamt for the interpretation of karst processes and assaciated phenamena in 2ypsum
anid anhydrite,

The stability fields Tor gypsum an anl hydrite are depicted in h;,uu’ 1. The presence of other
salts, such as sodium chloride, also affects their stahility and solubility. In evaporitic basin calvium
sulphates primarily precipitate in the Torm of gypsum (Srakhov, 1962: Sonnenfeld, 1984),
Anhydrite is believed to originate mainly by the debydration of gypsum due 1o the effects of high
pressure and temperature during burial. However, Sommenfcld (1984 sugpested that the Erctors
of high pressyre and temperature dlone are insufficient 1o explin the mansition of gypsum to
anhydrite. He showed that gvpsum dehydration vecurs widely during Gardy di.bgmwb where- it
takes place a1 shalfow burial depths; by interaction with ] hygroscopic brines of Na, Mg or Ca chlori-
des. James (1992)-noted that in very hot climates pvpsum can dehydrate 10 anhydrite when i is
expased a the surbice; with 1o in excess of 4%, or where highly: saline saver iy presenr. Theses
dnngcs are slow and mainly unaffected by diurnal cyeles; but over looger perinds they can he
aifected by seasonal changes. lt can be concluded that in such conditions the vanversion will
m‘unhmugh the dissolurion of gypsum and subsequent precipitation of anhwlriic, not by aliera-
tion of the solid phase,

Regardless of how the anticlrite formed, most mature gypsum rocks appear 1 he secondkary
and 10 have formed by hydration of anhydrite to gypsum afier upliit 1o shallpsy sub-surface levels:
Consequently, the conversion of anhydrite 1 gypsum is 2 major significant process Tor karst deve
lopmenr, 1t also has imporiant mphcaunns for engineering and CORSUTUCHON Praclices.

The cammon view is that the conversion of anhyrite to gypsum is accompanicd by an uverall
increase in-rock volume. Kushoie (1988 quoted an increase in rock volume of 18.25%, Petifohn

(1975), 30:508%; Gaﬂﬁun{m{lfﬁ?} 64.9% and Ford (1989}, 30-67%. Sonnenfeld {19843 quuted an
increase of 61%, but stressed that 2 pressure of 60-150 kPa, vorresponding 1o a 60-75m thickness
of overlying rocks, would effectively halance the pressure generared by hydration and dhs prohi-
bit expansion. This effect is referred to widely in 1exts ahout karst {eg. Jakues, 1977 These argue
that such expansion would seal most of the fissures in the. fypsumy anhydrite rock, preventing
water cinculation and karst development, When expressed in this generalisetl form such views are
miisteading, Close examination of the problem reveals thar expansion need not necessarily occur,
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ol that 2 variesy of inechanisms may be involved in the conversion processes. The problem is ot
clear theoretically, especially when rte processes are concemed, and the field dats are controver-
sial. Reported observations of hetve and swelling, ehimed 1o have resulted from tle hydlration of
anhydrite, nay relate to specific Jocal conditions: Geological ebservations of Tolded steuctures in
gypsum dnd the deformation of adjacent Riyers Gssumed to prove expansion by anhydrite-
gypsum comvension ) may well he explained by other mechanisms {see Klimchouk et al, 1995 for
an example). Furthermore, other fickd data show that in some undegeound and opencast anhy-
deite mines no heave has occurred (e, Kaiser, 1976; James, 1992y, Experimental dataand inter-
pretation also conflict, suggesting that expansio during the canversion from anhydrite 1o EypsLam
is noy ghwas the rule, ' '

Nekeasow (1945 denved an expression describing the limit of compression inra-system S
caused by ull hydnuion:

Alim = (Add, + B) - ¢/d £5)

Where A is the quantity of the original substance of specific weight d,, B is the quantity of
added waner (d=1) and C'is the quantity of hdeion product of specific weight o, A systeny will
compress proportionally 1o the volume of waer involved in‘the reaction: this means that changes
depend on whether the process proceeds inan open or # closed system:

Theoretical calewlations (Zanbak & Arthur, 1986, Pecharkin, 1986 Kushnir, 1988, Jamies, 1992y
suggest 1har when anhydrite comverts complerely 1w gypsum the molar volume of the silid phase
increases by ficror of 1626, hut the overall volume of the system reduces by 87%. Pechorkin
(1980) reported experimental data fora closed system, He used 1822 gram samples of anhydrite
placed respectivelyin distilled water and in 2 samrated solution of CaS0,. These were hermetical
I sealed for 1.5 years wider normal pressure conditions. Coniplere CONVEFSioN {0 gypsum eeur:
recl, resulting in-a reduction in the overall system volume of 3% in the case of the distilled water
and 28% for the sawurated solution. Simultancously, the solid volumes increased respectively by
3.1% anad 4%, However, the short time repored for the complete conversion 1o gypsim appa-
remly conflicts with anather experiment performed by James (1992). He used a small disk of
anbydrite insmersed in water for 12 vears. This displayed the arowth of gepsum crystals on i, but
itwas not fully converted to gypsum, .

In parure the mechanisms and rate of hvdration of anhydrite 1o gypsum depend on miny fac-
tors including: 1) the texture and structure of the rock, 2) the form and chemical composition of
water coming into reaction anc 3) the temperature and pressure conditions.

Maost authors befieve that hydration proceeds through the dissolution phase, so that anhydrite
dissolves for provide & solution of CaSOy which then precipiunes from sodwtion as grpsum fe.g
Kuznersov, 1947; Mossop & Shearman, 1973; Quinkan, 1978; Kushnir, 1988; James, 19923,
However, Pechorkin (1986} argued that lydration through dissolution-precipitation accoims for
only a minor proportion of rehydeated rocks. He considered that the main process proceeded
through the diffusion of water molecules {or hydrosy] ions) into the anhydrite erystal lattice; ery-
stal Lantice defects are said 1o favour this process. This is.also supported by dara suggesting thar
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the crystal lattice defects in gvpsum are inherited from anhyedrite (Pechorkin, 1986, In reality, it is
fikely that the mechanisms of dissolution-precipitation and diffusion are closely interrelated.

There are two main types of water that are in contact with anhydrite rocks: 1) interstitial waer,
which is rewaincd in pares within g rock amd, 2) water that circulates freely, through joints and
other panings. The former is disseminated. throughowt thie rock aiass, while the latter coniacts
only the surfaces of large rock blocks. The suthor believes tha interstitial water plays the most
imponant role in the hydration of anhydrite racks, even though its yolume is refatively small, due
w0 the Jow porosity of anhvdsite {note that not only the effective porosity, which is negligible in
anhydrite, but 1otal porosity should be considered). If fissuring within @ decp-seated anhydrite is
o, then such a system can be viewed as cosed, with no additional water entering o ledving the
sstem, When anhvieie is under thermobaric conditions in its stability region the wssocizied water
siurated with C4S0, is in dynamsic equilibrium with the mineral, When the rock becomes Joss
haried and moves out of the stability ficld of anhydrite the eouilibrivm is disturbsedand the interstic
tial sofutions precipitate gypsum. In closed or semi-closed conditions only partial conversion may
he achieved resulting in mixed anhydregypsom rock, apparently with no exparnsion of the solid
phase. Conversely, some shrinkage of the overall solvent-solitl system may cause some water (o be
sucked from adjacent becls into the hydration zone. With continting emergence of the fock 1o pro-
gressively shaflower depths, imposed fissuring and free water circulation o result in operr system
conditions, allowing water 1o partally recharge the remaining pore spaces. In this situation, Jocali-
sed hydration along fow paths becomes incréasingly important. Water circulaion through vpen
fissurcs in anhydrite and gypsum @1 shallow depths may be fast enough (© ensure that dissolution
will jeminve any excess gvpsum. In this siuation, no overal expansion of the rock may be expected
1 oecur. The i impnmncc of the dissolutional removal of marerial is supported h} the fzet that the
porasity of ammd.u} gypsumis evidently higher when compared with that u['.mhwime

This explandtion conibines several possible hydration miechanisms and encompasses most of
the known geological peculiarities of gypsumeanhydrite formations. It sugpests that, in natural
conditions, the mechanisms and rates of anhydrite 10 gypsum conversion depend on liw WECTOIIC
reginie, the water-bearing properiies of surrounding sedimenis and both the regional and local
flow repimes: It also suggests that, in most cases, no expansion in volume occurs during hydni:
tion. Expansion resulting inheave can be-expected where thin kayers of anhydrite are suddenly (i
a geological sense) released from their confining pressure and exposed w water; perhaps 3 specis
fic mude wd rate of water ingress is requiired for expansion o occur. This siew is in agrement
with the occurrences of heaves definitely identified as heing due to hvdraion of anhydrite w
gpsom, which have been reported from unnels or mines (James, 1992).

6. Recrystallization

Sulphme rocks undergo recrystallization throughout their diagenetic and catagenetic history.
Beaporites precipitated from aqueous solutions contain connate pare watsr pmqervfd from their
original depasition: Some of these connate brines are expelled from the pores by compaction
during burial, but some remain, When meteoric water begins 1o circulate through open pantings,
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B cin replace pant of these interstitial connate brines and induce weervstallization. The gypsum-
anhyilrite-zypsum conversions discussed above further complicate the water-rock interaction, Al
these processes continuously disturt the water-rock equilibrivm and are accompanied by recry-
stallization of the deposits,

Recrystallization considerably alfects the various properties of gypsum and anhydrite by alte-
ring, among other things, a rock’s wexiure and strucure, porosity and strength. Consequently, #
may influence karst developnsent in many ways, Aggradation recrystallization is an imporeant fac-
tor because generally the solubility of gypsum 35 higher for the smaller crysials. The different solu-
hilities and dissolution rmres for crystals of mixed size are the main cause of reerystallization and
directly influence the karst process (see sub-chapter 2 above and Chaprer 1.3 below for detalsh.
However, the most important effect of recrystallization on karst i5 the alweeation of the rock per-
micahility. Two extreme examples are cited below o illustrate the possible effects,

tn the Western Ukraing recrystallization has caused severe texiunat and structural differeniia:
tion of the huried gypsum sequence, with the formation of three distine horizons {Klimchouk et
A, 19953, This differentiation hus also caused the formation of largely independent superimpused
netwarks of lithogenetic fissures confined teach horizon, These fissure nepworks have seoved a8
primgry paths for metenric waters, which hive entered the sequence from the underying aguifer
el ciecubated upwards under atesian conditions {Klimchouk, 1992). The structure of the lithoge-
netic fissuring was exploited by dissolution o generate the structure-of huge maze cave systems,
Thus, textural-siructunl differentiation of the gypsum by recrystallization was a primary guiding
Factior OF this spclengenetic effect. o

by Sicily, where gypswm massifs are exposed at the surface, a distinet crust, up 1o one metre
thick; is furmed and within this 2l the apen fissures tend 1o seal {for details see Macaluso &
S, this volune; 1957). This is prohably the result of gypsunt recrystallization caused by the
liiss 0f imterstitial water from the exposed rock, sl by i specific set of dissolution-precipitation
processes related t local dlinatic conditions. The exact mechanisms are not yer clear and need o
be studicd, bur the effect upon karst dev elopment is abvious. The crust presents the dispersed
recharge of the gypsum m,mlrs from the surface, and water is thus allowed 1o penetre deeper
inler (e st only along selected major fissures and s,

Another morphogenctic fiéet of reerystallization of the uppermast exposed layer is the Torma-
e of small ridges, blistees o tunuili; which oeeur where the coust coineides with the sedimentary
bedding. These forms cleady result from the deformation of the gmmr.chmicaih independent
{detached from the substaie) vuter laver by compressive steess, possibly caused by recrystalliza-
tion, However, for expansional rocrystallization 1o ocvur some specific conditions are required: 1)
,tpm;., hediding pl.am:. sub-concordant with the sorfice, 23 pathways for meteosic water to access
the hottom of the outer layer and, 3) appropriate climatie conditions. Conteaction and fracuring of
the vuter bver mrecede the expasional reerystallization, having first privided conditions 1 and 2
above, Meteoric waters, which escaped surface evapiration and run-off o the shalfow sub-sutfice,
are drawn continuousty opwards back w the surface by capilliry action through thie poses in the
outer kyer, and this leads o aggmdational reensellizition. The stresses genentted hy the volume
expansion are released through swelling of the outer faver snd oy anifesied as ridges and hlisters.
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