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ENDANGERED SPECIES ACT COMPLIANCE DETERMINATION

1. To:  Well file, MI-075-2D-0009
Fr: Anna Miller
Re:  Endangered Spécies Determination
December 8, 2011
2. The endangered, threatened, and candidate species present in (County) County as of
December 8, 2011 are:
Species o Status | " Habitat
Indiana bat Endangered Summer habitat includes
(Myotis sodalis) - small to medium river and
stream corridors with well
developed riparian woods;
woodlots within 1 to 3 miles
of small to medium rivers
and streams; and upland
forests. Caves and mines as
hibernacula.
Eastern maésasau&a Candidate
(Sistrurus catenatus)
Mitchell's satyr Endangered Fens; wetlands characterized
butterfly _ by calcareous soils which are
(Neonympha mitchellii ' fed by carbonate-rich water
mitchellii) from seeps and springs
*Poweshiek skipperling Candidate  Wet prairie and fens
(Qarisma poweshiek)
3.  The action area is a well pad about 200 feet by 200 feet, creation of an access road. Land

disturbance includes removing top Heavy trucks will deliver rig components and a large
rotary drill rig with support facilities will be utilized during drilling.




4. The previous and current land use is agricultural, with some residential at % mile
boundary.

5. Due to 1) there being no critical habitat in the action area, 2) there being no endangered
- species in immediate proximity to the action area, or 3) the non-disruptive and limited
nature of the activities in the action area), I have determined that this well will have NO
ADVERSE EFFECT on endangered species.




The eastern massasougae is
generally found in smoll,

isolated populations
throughout its range.

What is an eastern
massasauga
rattlesnake?

Muassasaugas are docile,
secretive snakes that will
try to escape rother than
fight. Butthey will protect
themselves and may bite if
cornered. Be cautious in
MASSASAUGE ATeas by
wearing leather boots or
shoes, watching where you
place your hands ond feet
ond walling around, rather
than over, fallen logs. Treat
massasaugas with respect,
lifee amy wild animal. If
you are bitfen by a
massasauga, seek medical
help immediately.

Eastern Massasauga Rattlesnake

The eastern massasauga rattlesnake (Sistrurus catenatus cotenofus) is 4 Federal
candidate species. Candidate species are those species for which the Service has
sufficient information on their biological status and threats to propose them as endan-
gered or threatnened. Candidate species receive no legal protection, however,
conservation is encouraged since they may warrant future protection under the
Endangered Species Act.

Appearance - Massasaugas are small snakes with thick bodies, heart-shaped heads and
vertical pupils. The average length of an adult is about 2 feet. Adult massasaugas
are gray or light brown with large, light-edged chocolate brown blotches on the back
and smaller blotches on the sides. The snake’s belly is marbled dark gray or black and
there is a narrow, white stripe on its head. Its tail has several dark brown rings and is
tipped by gray-yellow horny rattles. Young snakes have the same markings, but are
more vividly eolored. The head is a triangular shape and the pupils are vertical.

Habitat - Massasaugas live in wet areas including wet prairies, marshes and low areas
along rivers and lakes. Tn many areas massasaugas also use adjacent uplands during
part of the year. They often hibernate in crayfish burrows but they may also be found
under logs and tree roots or in small mammal burrows. Unlike other rattlesnakes,
massasaugas hibernate alone,

Reproduction - Like all rattlesnakes, massasaugas bear live young. The young actually
hateh from eggs while still in the female’s body. Depending on the health of the
individual, adult females may bear young every year or every other year. When food
i especially scarce they may only have young every three years. Massasaugas that
have young every year, mate in the spring and bear their young in late summer or
early fall. In contrast, snakes that have young every other year, mate in antumn and
bear young the next summer. Litter size varies from 5 to 19 young.

Feeding Habits - Massasaugas eat small rodents like mice and voles but they will
sometimes eat frogs and other snakes. They hunt by sitting and waiting. Heat
sengitive pits near the snakes’ eyes alert the snake to the presence of prey. They can
find their prey by sight, by feeling vibrations, by sensing heat given off by their prey,
and/or by detecting chemicals given off by the animal (like odors).



What is an eastern
massasauga
rattlesnake? (cont’d.)

Why is the eastern
massasauga a candidate
species?

What is being done
'0 conserve the
sastern massasauga?

Vhy do we want to
onserve the eastern
1assasauga?

S. Fish & Witdlife Service

Federal Drive

1t Snelfing, Minnasota 55111-4056
2/713-5350

tp//midwest. fws.gov/endangered

(

y {
“nange - Bastern massasaugas Hve in an areds waat extends from western New York
and southern Ontario to southern Iowa and a narrow band in northeastern Missouri.
Historically, the snake’s range covered this same area, but within this large area the
number of populations and the number of snakes within populations have steadily
shrunk. Today, the massasanga is listed as endangered, threatened, or a species of
conecern in every state and provinee in which it lives.

Eradication - People seem to have an innate fear of snakes and fear of poizonous snakes
is particularly strong. Therefore, not only are massasaugas killed when they show up
near homes or businesses, but people may go out of their way to kill or even eliminate
them. Indeed, many states had bounties on all ratilesnakes, including massasangas.

Habitat foss - Massasaugas depend on wetlands for food and shelter but often use
nearby upland areas during part of the year. Draining wetlands for farms, roads,
homes, and urban development has eliminated much of the massasauga habitat in
many states. Also, massasaugas are not long distance travelers, so roads, towns, and
farm fields prevent them from moving between the wetland and upland habitats they
need. These same barriers also separate and isolate remaining populations from each
other. Small, isolated populations often contimie on a downward spiral until the
massasauga is lost from those areas.

Research - Researchers are studying the eastern maszasatgs to learn about its life
history, about how it uses its habitat, and how we can manage for it and its habitat.

Habitat Management - Many of the remaining populations of massasangas are on public
land and privately owned natural areas. Some land management practices on those
properties harm massasangas. The Service is working with willing land managers to
practice techniques that allow traditional management goals to continue but avoid
harming the massasauga and its habitat.

Education - Although many people have an innate fear of massasaugas, it is actually a
secretive, docile snake that strikes humans only when it feels threatened and
cornered. Living, working, or recreating in massasauga areas does require caution,
but the massasauga is also an important and beautiful part of the natural heritage of
those areas. We hope that education about the docile nature of the snake, its habits,
and its role in the ecosystem will help people feel more eomfortable living with this
rare creature,

Ecosystem Rale - The magsasauga plays an important role in its ecosystems, both as a
predator on small mammals, other snakes, and amphibians and as prey for hawks, owls,
cranes, and some mammals,

Indicator Species - The fact that massasaugas are in serious decline is a warning bell
telling us that something is wrong. The story of the massasauga is similar to the story
of many species of plants and animals that need wetlands and/or a combination of
wetlands and uplands to survive. When we drain wetlands and develop in natural
areas, we push our wild plants and animals onto ever smaller izolated islands of
habitat where it is difficult for them to survive. By conserving massasaugas, we
congerve natural systems that support many species of plants and animals.

October 1998
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Mechanism of gypsification*
R. ¥ CoxLey} and W. M. Burpyt
(Received 1 April 19587 in revised form 24 February 1958)

Abstract—Petrographic studies have shown that many gypsum deposits have been formed by the
hydration of anhydrite, but the mechanism for hydration has not been fully explained. Gypsum hasg
heen produced experimentally by the agitation of anhydrite in pure water, & reaction that is accelerated
by certain acids, bases, and salts, particvlazly alkeli sulpbates.

Phase investigations and reaction velocity studies indicate that accelerated hydration of anhydrite
takes place through the medium of transient surface complexes in dilute solution. Concentrated solutions
may precipitate double salts.

Contrary to recent hypotheses of gypsum dehydration by concentrated salt solutions, double salts
and/or gypsum are stable phases below & temperature of 42°C. Above 42°C double salis may replace
anhydrite as the stable phaze. Gypsum, however, may remain & metastable phase indefinitely in its
saturated solution below the hemihydrate transition semperaturs (98°C).

Experimental data indicate that precipitation of anhydrite from sea water is unlikely.

INTRODUCTION

HyprATION of the mineral anhydrite (Ca80,) to gypsum (CaS0,-2H,0) has been
a well-known phenomenon for many years. Although the hydration of anhydrite
by pure water is extremely slow, it is accelerated in the presence of certain salts,
alkalis and acids. The mechanism wherebhy this acceleration takes place has
never been fully understood. This paper attemipts to shed new light on the
mechanism by which activation of anhydrite takes place.

Previors WORK

FARSSWORTH {1925} carried out hydration experiments using very finely
ground anhydrite agitated in pure water. Several weeks were required for complete
conversion. This reaction has been demonstrated by PosNyax (1940) to take place
via solution phase. His results are based on solubility data for calcium sulphate
phases in water which show gypsum to be the least soluble phase below 42°C.

Thermodynamic studies by MacDowaLp (1953) show that hydrostatic pressare
assists hydration by driving the components of the following reaction to a state
of lesser volume.

(A) €a80, (anhydrite) - 2H,0 — > CaS0,-2H,0 (gypsum)

However, when the Lithostatic pressure exceeds the hydrostatic pressure, and
confined water is allowed to escape, the equilibrium temperature for the above
reaction is lowered, MacDoxaLp theorized that when pressure differential exists,
gypsum in pure water could exist only at depths less than about 2500 {t.

Several investigators have also postulated that certain salt solutions decrease
the solubility of anhydrite relative to gypsum to the point that anhydrite is the
stable phase at temperatures well below 42°C. This change in solubility is based

* Published with the permission of the Siate Geologist, Tadiana Department of Conservation,
(Heological Survey, Bloomington, Indisna.
+ Present address; Georgia Kaolin Company, 433 North Broad, Elizabeth, New Jersoy, U8 A,
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on the thermodynamic considerations of vapour pressure relationships by Mac-
DoxaLp and Poswsak and also Kerimy, Sourmarp and ANpErRsoN (1941).
MacDoNALD proposed that concentrated saline solutions, as evaporating bodies of
sea water, precipitate anhydrite at temperatures as low as 7°C.

Posnrax (1940) demonstrated the persistence of gypsum as a metastable phase
up to 98°C (hemihydrate transition temperature) and this has been substantiated
in the present investigation. Finely ground gypsum in contact with saturated
Na(l solubion remained unchanged at room temperature over a period of 6 months.
Anhydrite nuclei added to this mixture were subsequently transformed to gypsam.
Upon elevation of the solution temperature to 60°C, no alteration to anhydrite
took place after 3 weeks. Other similar experiments with saturated solutions of
sea water, MgCl,, CaCl, and Na,S0, over more extended periods of time gave the
same results. Precipitated caleium sulphate formed by the following reaction
occurs as gypsum up to aboub 70°C:

(B) CaCO, - 2H* + 80,” —25 00,1 + Catt 80,~ — ppt.

At higher temperatures hemihydrate precipitates and readily reverts to gypsum
in water below 70°C. Henee, it may be concluded that the following reaction
under standard conditions of temperature and pressure proceeds with exireme

slowness, if at all:
“gatd. salt

(©) (a0, ZH,0(() ~o™5 0aS0,(4) + 9H,0

In contrast to the work of Posnsar and MacDoxaLp showing that in eertain
salt solutions the gypsum-anhydrite transition temperature is lowered, several
workers have demonstrated that these salts activate rather than inhibit hydration.
This activation occurs even under conditions theoretically favouring anhydrite.

HexniceEe (1923) introduced in Germany a mortar-forming process which
utilized solutions of “alkali salts, acids and bases” with ground anhydrite. These
solutions accelerated the hydration process. Further investigations of accelera-
tion processes have been carried out by Raxprr (1933), Orramax (1950), and
GermMroTH (1953). '

Recent experiments (LEivingEr, CoNLEY and Buwpy, 1957) conducted to
determine the relative effectiveness of activators yielded the following qualitative
series:

K+ 3 Nat = NH," > Mgt+ > Fett > Ht > AlHH+ > Catt
and 8O0, > CI- > OH~

Although other ions may promote conversion, only these were studied because
of their industrial and geochemical application. Potassium and sodium sulphate
were investigated in detail because of their efficiency in activation and presence in

natural waters.
Dovere Sanr Formarion

The reaction for the conversion of anhydrite t0 gypsum with activator solutions:

(D) CaSO, (A) —ﬁ% Catt 4 80,~ —22> CaS0,2H,0 (G)
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Fig. 2. Potassium sulphate isomolarity curves.

is primarily dependent upon solution temperature and econcentration. Figs. 1
and 2 illustrate the effects of these parameters when sodinm sulphate and potassium
sulphate are used as activators and the product is removed and washed free of
activator.* In this process gypsum results from decomposition of any double
salt that has been formed. In Fig. 1 it is apparent that anomalous conversion to
gypsum oceurs at temperatures below 13°C and concentrations above 0-75M

* Gypsum content determined by standard A8 T M. gravimetric method,
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Na,30,. Experiments conducted within this field give rise to the formation of a
stable double salt which subsequently decomposes upon washing. This double
salt appears identical in composition with the sodium hemicaleium sulphate salt.
2Na,50,CaS0,2H,0, designated as labile salt, and synthesized by HinL and
WiLLs (1938) by the following method:

A slight excess of gypsﬁm is placed in a solution of sodiuwm sulphate, 24-2 to 28-0 per cent
hy weight. The mixture is maintained in a sealed container at 75°C for 72 hr.

Table 1. Chemical analyses of labile salt

: !
Component Labile salt Synthetic Synthetie
omp {theory) | {Hrw and WiLis) ! (Cowrey and Buwny)
. - : ‘ f — .

Na,S0, ‘ 62-27 -: 61-6 ; 69-4%
Cas0, ! 29-83 297 ; 23-8
H,0 7-90 ) 87 | 77
l - | T
100-00 | 180-0 ; 100-6

* High sodium content due to activator contaminatiorn.

Table 1 intludes chemiecal analyses of the double salt obtained from a solution
at 6-5°C, the salt synthesized by Hrir and WiLLs, and the stoichiometrie composi-
tion of labile salt. X-ray spectrometer data of the synthesized salts are shown in
Fig. 3.
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Hill and Wills}
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Fig. 3. X-ray spectrometer trace and interplane spacings for labile salt.

Fig. 2 shows that conversion is largely dependent upon K,SO, concentration,
and no critical temperature is observed below 42°C. Throughout the operating
range 0-42°C and 0-25-1-25 M K,80, a double salt which corresponds to the
mineral syngenite, K,80,CaS0,H,0, is obtained. Chemical analyses for the
double salt obtained in these experiments and the stoichiometric composition of
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Mechanismn of gypsifieation

syngenite are given in Table 2. An X-ray spectrometric trace of the double salt
is shown in Fig. 4. Although this pattern is nob in complete acgord with the
A.S.TM. data listed for syngenite,} it is believed that chemical and X-ray data
are adequate to conclude that syngenite is present.

WTERPLANSR SPAUNGS 142
FOH SYNGENITE
{857, 4. DATA CARDS)
dimessld L
588 "
] ]
258 ¢
b2 #e
330 EL
It 50

g 82 284

234

93
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L3 =|'3?:||(l|i1|fLlrt!.x::t}.{:t!!slit!LJ_lzll:!i%:_z

40
DEGREES 28
Fig. 4. X-ray specirometer trace and interplane spacings for syngenite.

0

PEASE STUDIES
Ternary phase diagrams for the systems Ca80,~Na,S0,H,0 and
0a80,-K,80 ,~H,0 have been constructed in order to obtain a better understanding
of phase equilibria. Hyrrn and Wiirs (1938) collected data for the former in the
range 25°-100°C and Hrrx (1934) for the latter from 40°-100°C. These workers

Table 2. Chemical analyses of syngenite
{ !

Component Syngenite Synthetic
pone {theory} {Covexy and Boxny)

€a80, 11-46 i £1-0
B,80, 5306 | 535
0,0 548 | 55

10000 100-0

;
| i

t All the lines on the disgram that are within the range of those rocordod on the AST.M. eard
check to within 0-02 &. The one line on the card that doss not show up on the diagram {538 A} is also
missing from the syngenite pattern on filo ab the U.S. Geological Survey, so it is possible that it was
dus to an impurity in the material from which the pattern symmarized on the A.8.T.M. card was made, ¥d.
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have demonstrated the stability of various double salts above 42°C. It was
necessary to supplement these data with information obtained in the range 0-25°C.

For this purpose a warming-curve method modified atter Tammann cooling-
curves (1903) was employed. Fig. 5(a) shows the temperature change with time
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Fig. 5(b). Warming curve for the system K80 ,-CaS80,-H,0.

of a Na,50, activated suspension of anhydrite. The composition of this mixture
was selected from the field of complex salt stability in Fig. 1. The mixture was
agitated for 6 hr in a 2°C bath to obtain maximum double salt formation. The
resulting mixture was removed from the bath and allowed to warm in air at room
temperature. Temperature measurements of the warming solution wers determined
periodically with an N.B.S. calibrated thermometer graduated in 0-1°C.
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Mechanism of gypsifieation

A well-defined plateau in Fig. 5(a), originating from an endothermic reaction,
is obgerved at 9-8°C. The change of slope above this temperature indicates the
formation of a new phase. Results of X-ray analysis show that below 9-5°C labile

Compositien of
oghvahon muxturgs

GYPSUM
K |
SOLUTION LABILE SALT)

+
SOLUTION

+
LABILE SALT
+

SCAUTION

GYPSUM
+

LABILE SALT
+
SOLUTION

----- Compqsiiion of ol
aclivation mexlures
\RABILITE
+*
% ™ SOLUTION
TP+5 MIRABILITE
MIRABILITE
+

SOLUTION

MIXTURE

GYPSUM SOLID

£eS0q

Fig. 6(b). Wuight (%} ternary diagram of Na,80 ,~Cal80,-H,0 at 25°C.

salt and small quantities of gypsum exist as stable phases but above this tempera-
ture gypsum and mirabilite, Na,80,-10H,0, are stable. Therefore, 9-8°C is the
temperature at which labile salt begins to dissociate into gypsum and mirabilite
(the solubility of labile salt equals the solubility of gypsum). It should be noted
that the transition temperature 13°C apparent in Fig. 1, probably represents

63



R. F. Coxiey and W. M. Buxny

equilibrium between the solubilities of the two metastable phases, labile salt and
aphydrite. Tn Fig. 5(a) a very small break occurs at about 13°C. At this point -
equilibrinm is believed to exist between metastable labile salt and the very small

————— Composition of
oclivation mixtures h

[ T*. >
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+
SOLUTION

SYNGENITE
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T
~—
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i
e T STNGEMITE
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Lo304 B —— KaS504a

Fig. 6{c). Weight (%) ternary diagrazn of IK,80 -CaB0,-11,0 at 25°C,
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Fig. 6(d}. Weight {9) ternary diagram of K,80,CaB80,-H,0 at 40°C.

CaS0s

quantity of anhydrite remaining in the mixture. Other warming-curve data taken
from an automatie recorder and plotted as the second derivative, d27'/ds?, support
this interpretation.

The discontinuity occurring at a temperature lower than 9°C could not be

-interpreted with present phase information. A new phase region may be indicated
by this break.
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Mechaniem of gypsification

From the above determinations, along with CaS0,-2H,;0 and NaESO;&OHzO
solubility data, the ternary diagram [Fig. 6(a)] was constructed. The extreme
narrowness of the field, labile salt 4 solution, inhibits precise determination of the
phase boundary, labile salt - solution/solution. The diagram was.drawn in
accordanee with the general principles reviewed by Mamrsum (1935) and Riverr
(1923). A similar ternary phase diagram [Fig. 6(b)] was constructed from 25°C
data to show the shift of the various stability fields.

A second warming curve [Fig. 5(b)] was obtained by using 2 K,S0, activated
suspension of anhydrite. The methods employed were similar to those used in
obtaining the Na,80, warming curve. An exothermic reaction was obtained at
about 34-5°C. 'This represents the equilibrium temperature between the fields of
syngenite 4 gypsum and syngenite |- pentasalt [(CaSQ,);K,S0,H,0]. No other
phase changes were observed up to the terminal temperature, 60°C. These phages
are substantiated by X-ray analysis, and the results are in agreement with con-
clusions of Hmr (1934). Figs. 6(c) and 6(d) are two ternary phase diagrams
constructed from 25°C and 40°C data. The greafer efficiency of K,S0, over
Na,S0, activation may be expected to result from the greater stability range of
the K—Ca double salts. X-ray determinations and warming-curve data show
svngenite to be stable throughout the temperature range in Fig. 5(b). '

MecHANISM OF DousBLE Sarr FormarTion

The transition from anhydrite to a double salt and the decomposition of the
double salt to gypsum by washing were observed to be relatively rapid processes.
Transformation of anhydrite to gypsum by means of stable double salt formation
and decomposition can therefore be readily understood. Comparison of Fig. 1
with Figs. 6(a) and (b) and Fig. 2 with Figs. 6(c) and (d) indicates that relatively
rapid conversion also occurs outside the double salt stability fields. The reactions
within these areas of complex salt instability require a more thorough explanation.

OrreMAN suggested the formation of transient double salts as a possible
mechanism of transformation. He further postulated that the inereased solubility
of anhydrite in concentrated Na,80, solution is a primary factor in this trans-
formation process. Results of the present investigation are in agreement with
OTTEMAN's ‘‘transient double salt” postulation; however, the writers do not
believe that the slight increase in anhydrite solubility contributes significantly to
the conversion process. The negligible effect of this solubility increase is shown in
Fig. 7. Fig. § shows that after 2 hr of agitation in pure water 0-2 per cent of
anhydrite is converted to gypsum, whereas under the same conditions with 0-756 M
Na,S0, in saturated CaSO, solution about 60 per cent of anhydrite is converted.
The reaction rate is increased 300-fold, but the solubility-differential between
anhydrite and gypsum for these two solutions shows only a slight increase.

This relation is further demonstrated by an analysis of the effects produced by
NaCl activation. The solubility of caleium sulphate in 0-5 M sodium ebloride
solution is approximately three times greater than in an equivalent sodium
sulphate solution (Comey and Hanw, 1921). Conversely, the activating efficiency
of the Na,SO, is about fifty times greater than that of NaCl. It is concluded that
both the cation and anion enter into an activation complex.
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Experimental work (Lemvisger, Covnry and Buxpy, 1957) indicates that
sulphate salts are more effective activators than foreign anion salts. To com-
prehend better the effect of the anion upon activation, the following theoretical
treatment is given. The surface of anhydrite® is considered as a network of
alternating Ca*¥ and 80, ions. When this surface is in contact with a saturated

* Microscopic observations of anhydrite undergoing hydration by an activating sclution show thas
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Mechanism of gypsification

caleium sulphate solution, the following transitions take place and approach
equilibrinm:

Interfacial ion Solvated ion
{F) ' (S0,~) ———-mr BO,”

This exchange process is shifted slightly to the solution phase below 42°C and
results in very slow rate of gypsum precipitation.

If the anhydrite surface is in contact with a caleium sulphate solution which
contains a dissolved salt M+3X~? of a given concentration, the following transitions
can OCceur:

Interfacial ion Solvated ion
(E) 1{Catt) <———> 1Catt
(¥) 180,) ————— 180,
(G) Catt) < ——— 2[aM+e
(H) : 1(80,=) <———r 2[bX7?
(1) 1{Ca*+80,~) <——— IM# X

Only these ionic transitions permit the net surface charge to remain electro-
statically unaltered. If the molar concentration of the salt M+°X~" is large
with respect to the concentration of calcium sulphate, transitions (&), (H)and I
predominate.

It is apparent that when X~ is the sulphate ion, the statistical probability of
a surface transient complex formation is considerably higher than when X% is
Cl-, etc. Many investigators have reported double sulphate salts of Cat* and
cation M+=, but relatively few complex salts which have a composition of the general
type MX-NY (different cations and different anions) are known. The increased
quantity of SO,~ ions in solution also increases the precipitation rate of gypsum
by virtue of a greater number of Cat+-80,~ collisions in the solufion phase.

The formation of surface transient complexes may then be considered as a
statistical replacement process whereby M*® ions are substituted randomly for
Ca'+ ions or adsorbed on the calcium sulphate surface. The adsorption of these
foreign ions in localized areas produces surface deformities and reduces the surface
energy. Because of surface energy reduction, more {att and S0,~ ions
are released per unit time. These, in turn, precipitate as gypsum from the already
saturated calcinm sulphate solution. The increased rate of gypsum formation is
produced, therefore, by making the anhydrite more readily soluble.

Tf a double salt is the least soluble species under the conditions of the system,
a double salt crystallite will be formed. Growth will occur upon the crystallite
surface by depletion of Catt, M+e and SO, ions from the surrounding solution.
The solution is replenished by dissolution of the more soluble anhydrite and, if
present, solid phase M,,80,. This process of precipitation may result in the
inclusion of the anhydrite grain by peripheral double salt growth. Microscopic
observations show this type of ineclusion to occur.
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Nuclei for double salt formation also may be provided by direct precipitation
from solution, This type of nuclei formation can be observed during the inter-
action of saturated calcium sulphate solution with potassium sulphate solutions
above approximately 0-2 M and eoncentrated NaSQO, solutions below 9-8°C.
~ If the solubility of the double salt is greater than that of gypsum (the double
salt is unstable under the conditions of the system), dissolution of the crystallite
surface will cecur and supersaturate the solution with resepet to CaSO,2H,0.
Precipitation of CaS80,2H,0 then will occur either on the surface of existing
nuclei or by spontaneous nucleation. Depletion of the solid phase anhydrite will
be most rapid when the ratio of anhydrite to gypsum is large. As greater quantities
of gypsum form, a competing reaction due to foreign cation adsorption on the
gypsum surface will then decrease the anhydrite dissolution rate and, consequently,
the gypsum formation rate. Therefore, an inflexion in the hydration rate curve
would theoretically be obtained when the surface area {or surface activity) of
caleium sulphate in the anhydrite phase is equal to that of the calcium sulphate
in the gypsum phase. It is apparent from Fig. 8 that the data show a maximum
for the rate change at about 50 per cent yield.

The precipitation of gypsum from a saturated calcium sulphate solution may
then be considered as a two-stage process: (1) formation of incipient nuclei, and
(2) crystal growth of these nuelei. The overall reaction may be represented by
the following equation:

{(J) nCatt + n80,~ 4+ 20,0 —— nCaS0,-2H,0.

If the mole fraction of water is large relative to the concentration of calcium and
sulphate ions, the precipitation of gypsum will be limited primarily by the Ca*+
and SO, ion concentrations. Crystallite formation is dependent upon the total
number of anion-—cation collisions which in turn are a function of the anion and
cation concentrations. The rate of formation of nuclei is proportional to
{{Catt)(SO,7)*2 where p is the number of monomers, or ion members of a
nucleus, required to sustain the crystalloid (O'Rovrxe and Jomwsow, 1955).
With regard to nucleation, it must be pointed out that natural anhydrite may
contain intrinsic gypsum and also may provide simultaneous growth planes
{(SPanGgENBERG and NevmAUS, 1930; TurNBULL and VoNNEGUT, 1952) for gypsum.
Both of these processes would circumvent the necessity of incipient nuclei
formation.

The precipitation rate of gypsum by crystal growth of nuclei is represented by
the following solution equation:

a0

(K) - = kO — O

where ¢ — concentration of monomers

(', = concentration at saturation

g = number of monomers in the growth nucleus

Simply stated, the driving force for precipitation is a function of the concentration
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of calcium and sulphate ions above the saturation concentration. The equation
can be transformed to: :

L) Ve [80,7) — VOISO

The value +/([Cat*][S0,7];) can be equilibrated with the (K, )" for caleium
sulphate. As Fig. 7 shows, the K, varies strongly with 80, concentration. The
growt.h order, g, and nueleation order, p. for the reactions are assigned the value
of 4 based on the similar barium sulphate kinetic study by Jounsonwand O'ROUREE
(1954). Hence, it is concluded that the rate of precipitation is a([Catt][SO,7])?
for nucleation and afy/([Cat+][80,~]) — v/ K, }* for growth.

"The above treatment of solution kinetics has been incorporated to show that a
sulphate activator provides greater precipitation rate for gypsum than other anion
activators do. These kinetics also indicate that very dilute activator solutions.
even in the range where calcium sulphate solubility is sharply depressed, are more
efficient in producing hydration (as [M,,50,] - 0) than water alone. This is
substantiated by the 0-05M Na,S0, data appearing in Hig. 8.

GEOLOGICAL APPLICATION

Giypsification of secondary anhydrite is believed to take place primarily by
the action of activating cations. This concept of natural activation is supported
both by the prevalence of saline solutions associated with gypsum-anhydrite
deposits and by laboratory evidence.

The salinity of ground water associated with evaporite deposits is largely
dependent upon beds of the more soluble K, Mg and Na salts. The prevalence of
these salts in the Stassfurt evaporite deposits of Germany should resuit in the
formation of concentrated salt solutions. Tt can be assumed, therefore, that
activation of anhydrite through the formation of both stable and unstable double
salts is a significant process in these deposits. Some of the complex salts which
oceur in the Stassfurt deposits and which may be related to activation processes
(CrarkE, 1924) are:

Glauberite (CaS80,-Na,80,
Polyhalite 20a80,MgS0,K,80,-2H,0
Krugite 40280, MgS0 - K,80,2H,0

(polyhalite admixed with
anhydrite (Forp, 1947))
Syngenite CaS0, K,80,H,0

Obviously, the stable double salts persist only as long as their environments lie
within their fields of stability. Dilution of the salt solutions and, with some salts.
change of temperature result in their decomposition and subsequent precipitation
of calcivm sulphate as gypsum,

In contrast to the Stassfurt deposits the evaporites oceurring in south-western
Indiana (McORrEcoR, 1954) are limited to anhydrite and gypsnm. The ground
water associated with these deposits contains relatively little solute. Chemical
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analyses of water samples from the National Gypsum Co. and United States
Gypsum Co. mines near Shoals, Ind., show a salinity of less than 20 parts per
thousand. The following analysis (Table 3) of a sample taken from the National
Gypsum Co. mine indicates the dilute character of the subsurface water:

Table 3. Analysis of mine water (National Gypsum Co., Shoals, Ind.)

Conatituent : COI‘LG@HPI‘&HOH

i (%}
S
Na ) G-56

CatMg | <01
i . 0-59
50, i (-43
B . trace
Fe i trace
K ! irace
Li ' i trace
Sr trace
8 (as salphide) trace

- Total dissolved solids | 178

pH : 80

The constituents of these subsurface waters may have been derived from any
of the following sources: : '

(1) Connate water. Occurs as liquid inclusions in mineral grains and pore
fluids within rock strata.

(2) Disseminated salts. Minute crystals included in the anhydrite-gypsum
beds. '

(3) Adsorbed ions. On clay structures by ion exchange.

(4) Previous salt deposits. Although petrographic evidence does not indicate
the presence of soluble K, Na and Mg salts, these may have been removed by the
action of ground water.

The relative rate of hydration produced by dilute solutions is illustrated in
Fig. 8. The amount of conversion obtained by using a 0-75M Na,S0, activator
solution is shown by the upper two curves. The time lag between these two curves
indicates the necessity of caleium sulphate saturation before gypsum precipitation
can occur. At 0-75M sodium sulphate concentration the anhydrite solubility is
noticeably increased with respect to dilute Na,S0, soiutions (see Fig. 7). The
curve obtained with 0-05M Na,S0,, where anhydrite solubility is depressed, shows
that activation occurs even in very dilute solutions. Although dilute solutions do
not greatly accelerate hydration, the slight rate increase over pure water is
significant when geologic time is considered. This observation becomes important
when applied to geclogic conditions in which the number of nuclei and amount of
reaction surface are comparatively small.

On the assumption that crystallites of anhydrite form in sea water, as postulated
by earlier workers, the present investigation indicates that activating constituents
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contained therein would bring about almost immediate conversion to gypsum
andfor double salts. Gypsum formation requires that temperatures during pre-
cipitation do not greatly exceed 42°C. The activating effect of sea water is shown
in Fig, 9. A second curve of activation by NaCl is included for comparison. The
greater efficiency of sea water activation can be accounted for by the presence of
small quantities of sulphate ion in sea water. It can be seen that sbove 214 parts
per thousand salinity for sea water and 196 parts per thousand for NaCl, anhydrite
is still converted to gypsum. Above these concentrations, theoretical vapour

7
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Fig. 9. Activation effect of sea water and NaCl

pressure calculations indicate that at 25°C only anhydrite can be precipitated
from solution. It must be concluded, therefore, that former thermodynamic
applications based on vapour pressure relationships, which predict the formation
of anhydrite from gypsum in concentrated salt solutions are incomplete. These
applications do not incorporate the lattice alterations and intermediate caleium
sulphate-activator complexes which influence the reaction kinetics.

It appears more reasonable to assume that anhydrite is formed, given sufficient
time, only after burial when gypsum is subjected to directed stresses and increased
temperatures.

' SuUMMARY

(1) The hydration of anhydrite is accelerated by certain acids, bases, and salts.
Alkali sulphates are the most effective of these activators.

(2) In dilute activating solutions hydration proceeds via transient complexes.
Depending upon temperature, double salts can be stable in concentrated activator
media. The formation of complexes is believed to be a surface ionic transfer
process and is a function of probability.

(3) Hydration of anhydrite in nature is believed to take place primarily by
action of the activating cations occurring in ground water.

(4) Primary precipitation of anhydrite from sea water is improbable. The

* Rorert F. CoNLEy (1957) Unpublished manuseript.
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relative ease of crystallization of metastable gypsum within the anhydrite stability
field prevents sufficient supersaturation for nucleation of anhydrite. Abundant
activating eations present in sea water further inhibit the formation of anhydrite.

Acknowledgement—The authors are indebted to Dr. Raveu L, SErrerT, Indiana University, for
his assistance and suggestions in the econstruetion of the phase diagrams.
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THE GYPSUM--ANHYDRITE EQUILIBRIUM AT
ONE ATMOSPHERE PRESSURFl

Hopkms_Umvernty, Baltfmore M aryl_and

ABSTRACT

The equilibrism temperature for the reacfion. CaS0;- 2ZH0=CaS0:42H:00i. sowy
has been determined as a function of #ctivity of H:0 (dm0) of the solution. Synthetic
gypsum and anhydrite of: 1: 1 mixtures were stirred in solutions of knowii gy (calculated
from vapor pressure data for the Nas50; and H.S0; solutions), at conslant temperature for
as much as 12 months. The reversible equilibrium was approached from both sides and is
defined by: omo==0.960 at 55°, 0.845 at 39°, 0.770 at 23°C. Provided the solids do not
change in composition, the equ111br1um at constant P and T is a fusniction of amo only and is
independent of the constituents in solution: Extrapolation to the bounding system CaSOy
HeO (em,0=1.000) yields 58° % 2°C. This.is within ‘thermodynamic calculations (46° & 22°C)
but higher than golubility measurements. (38° to 42°C). Thenew data indicate that in sea-
water saturated with balite and gypsum should ciehydra.te above 18°C. The scarcity of an-
hydrite in modern evaperite depra:.lts is predlcted by the present resuIts The available data
on the tempemture—sahmt} conditions under which anhydrite and gypsum exist in the Re-
cent supratidal flat sediments of the Trucial Coast, Persian Gulf, are compatible with the
present experimental data.

TNTRODUCTION

The stability: relations of gypsum (CaSQi-2H,0} and anhydrite
(CaSO,;} are of considerable interest hecause most natural marine evapo-.
rite déposits consist essentially of gypsum and/or anhydrite interbedded
with dolorhite, limestone and clastic sediments (e.g:, Stewart 1963, Table
18). In the binary system CaS0,-H,0, thereaction CaS0,- 2H,0=CaS0,
-2 HyOqiq,) has been studied experimentally at one atmosphere pressure
by van’t Hofl et al’ (1903), Partridge and White (1929), Toriumi and
Hara (1934), Hill (1934), Posnjak (1938) and T’ Ans ef al (1955). Kelley,
Southard, and Anderson {(1941) measured the thermochemical properties
of the solid phases of the system at atmospheric pressure; and from these
data. calculated an equilibrium temperatire for the gypsumﬂnhvdute”
transition. Marsal: (1952), MacDonald (1953) Zen (1965) and Hardie
(1965 Pp- 25— 30} calcuiated the effect of pressure on the reaction.

The effect of salt golutions on-the gypsum-anhy drite ethbnum at’
atmospheric pressure has been considered in some detail by several work-
ers, all of whom have verified that the transition temperature Is Jlowered
with increasing: salinity. The system CaS0sNaCl-H;0O has been inves-
tlgmted expenmentally by van’t Hoff e af (1903), D’ Ans et al (1955),
Madgin and Swales (1956); Bock (1961)-and Zen (1965) Ma.cDonald

1 This paper is taken from a Ph.D. d1ssertat10n subzmtted by L. A Hardie to the De-
partment of Geolovy, The ]ohns Hopkins University, Baltimore, Maryland;,
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(1953) calculated the. effect of NaCl solutions on the equilibrium tem-
perature. The transition in sea water has been studied by Toriiimi i al
(1938) and POSn}ak (1940). Other pertinent laboratory studies are those
of Hill and ‘Wills (1938) and. Conley and Bundy (1958) in the system
CaS0sNapSO M0, D’Ans andHofer (1937). in' the system CaSOs- '
H:POH0, and Ostroff {1964), who: conwe;ted gypsum. to anhydrite
in'NaCl-MgCl, solutions.

For the most part the results of ‘the different workers are in poor
agreement. Ior this reason, and because the methods used were largely
indirect {e. g solubﬂlty and dilatometer measuremerits, therimodyriarnic
caléulation), a re-examination of the problem, usmg a different hbora—
tory approach seerned desirable.

The conversion of gypsum to- anhydrne and-anhydrife to gypsum,
was studied at.atmospheric pressure as a function of temperature - and
activity of H:O (@g,0). For the reaction

CaS0,- 2H§O{g) = CRSO,;@) 4+ 20 iquid, in solution)

the equilibrium constant may be defined in ferms of activities, as follows:

(Ka,_)‘p',_i" = %3S04'-a£{?0

432,80, 7,0
Tf the standard states of the coniponents of the reaction are considered to
be pure HoO: liquid water, pure cristalline CaSO, and pure cwsmlhne'
CaS0;-2H:0 at one atmeosphere total pressure and at the temperature
of reaction, the equﬂlbrmm constant simplifies to

(Ka)r,p=1=" aH,ﬂQ'

Tt follows that the dehydration of gypsum to anhydrite, at'atmospheric
pressure; is a function of temperatufé .and activity: of H20 only. There-:
fore, provided the solids do not change in composition, the equilibrium
is independent of the components in' the co-existing solution. '
The. act1v1ty of H,0 &f the solutions co-éxisting with gypsum or anhy-
drité was varied by adding- Na,S0; or HaS0;! these were chosen because’
the: gypsumv—anhydnte conversion rates: were found to be relatwely' :
ap::d in sodiim suMate or sulfuric a.c1d solutions. Tn. the system CaSO;-
NasSO,-HO neither gypsum nor. anhydnte can co-exist with a solution
of Na,SOy congentration greater than that fixed by the one atmosphere
1sothermalljr invariant assemblage gypsum (or anhydrite){glauberite
(€aS0,-N2,S0,) Fsolution+fvapor. The a0 of the invariant solutions
varies from about 0.90 at-25°C, to about 0.96 at 70°C. This limits the
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: study to very dilute solutions only, a considerable disadvantage because
many natural calcium sulfate deposits must have formed in brines with
activities of Hy0 at least as low as (.75, as ‘defined b) the assemblage
gypsum {or anhydrite) +halite-+-solution+vapor in the “haplo-evap-
orite’” (Zen, 1963, p. 1235) system CaSO,-NaCl-HxO.. In the system
CaS0,-HSO4-H;0, however, the stability fields of gypsum and anhydrite
are not limited by double—salt formation. Thus, the reaction may be
studiéed in H,S0y solutions which have a range of activity of H;0 com-
‘parable to-that found in naturzl waters, that is, from tiear 1.00 to about
0.70.

EXPERIMENTAL METHODS

Stariing Maierials. The solid starting materials. were artificial CaSOq-
2H,0,. CaS0; (anhydrous) and NaxSO, (anhydrous) of reagent grade.

The CaS0,-2H,0 (Baker Analyzed, Lots No. 25692 and 25286) was
fine-grained but variable-sized material (0.1 mm to less than 0.01 mm),
which showed the characteristic morphology. of gypsum euhedra. The
X-ray difiractien pattern was indistinguishable from that of natural
gypsum, and the material was used as such with no further treatment.
The CaS0; (Baker Analyzed anhydrous {sic) Lot No. 90128) vielded an
K-ray pattern consistent with bassanite CaSO;:nITL0 (#<0.5). When
this material was heated at 450°C'to 550°C for 2 to 5 days, a very fine-
gramed powder was produced which gave an excellent anhydrite X-ray
pattern: In the experimental runs with anhydrite as 4 starting material,
the heatitreated CaS0; was used. Zen (1965, p. 151). found that-artificial
anhydrite, prepared by dehydrating gypsum overnight at 300°C, readily
reverted to gypsum when brought into contact with water; be therefore
considered such anhydrite unsuitable as a starting matenal In the pres-
ent investigation no such rehydration of artificial anhydrite occurred—
even in stirred runs of 6 months duration—under conditions wherée an-
hydrite was cotisidered to be stable. Critical experiments however, were
repeated using natural gypsum and/or anhydrite, The gypsum was large:
clear selenite plates from Montmartre, Paris, and the anhydrite was mas--
sive fine-grained material from Richmond Co., Nova Scotia (Williams
Collection; The Johns Hopkins University).

The Na;SO; (Baker Analyzed,; anhydrous, Lots No. 25581 and 22088)
gave asharp thenardite X-ray pattern and was used without further re-
finerment.

The. sulfunc acid solutmns were prepared by diluting Baker Analyzed
95 percent 50, with double-distilled water to the 1eqmred concentra-
tions, The éxact concentration in weight percent HoSO4 was then deter-
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mined by titration of carefully weighed aliquots of each’solution against
IN NaOH solution’ (COy free) using: methyl orange as an: indicator
{Welcher, 1962, p: 540). The results were checked against the 2SO,
concentration determmed by specific gla\ntv measurements, using. the
calibration curve of Hodgman (19:;3 p- 1894).

Emperzmgmai proced nre.

(a) Static Method: At the start of the study-a technique similar to
that used in hydrothermal work was employed. Finely ground mixtures:
of anhydrite, ot gypsum, and thenardite were accurately weighed, with
the required amount of distilled water; into pyrex glass tubes (7 X 60 nim}
‘which were then sealed.using an 0Xy- acetylene torch.- Loss of distilled
water was successfully: avmded during the .sealing process by wrapping
the tubes in wet filter paper. The sealed tubes were then totally immersed
in thermostatically controlled water baths. At the end of the run petiods,
which varied fromi seviérdl days to many months, the tubes were br oken.
open and the solid products separated from the solution on ‘ahsorbent
paper. Sampies were immediately examined, both under the microscope
and by X ray diffraction. Although by this technigue many runs can bhe
carried out simultaneously, it has the obvious disadvantage that the
solution volumes are too small for analysis. Unfortunately, the method
‘proved to have an even greater disadva ntage; in many runs ethbl ium
wag fot. a,tta,lned even, after permds of many months. When it was ap-
parent that some form of agitation: was required to promote the reactions,
the static method was abandoned. However, it was possible to salva'}e
enough significant information, to warrant discussion and. comparison
with the results of rung carried out with the dynamic method (continuous
stirring of the charge), which was used through the rest of the study.

(b) Dynamic Method.. Approximately 200g of starting materials were
weighed. (+0.19,) into a 250-ml. LErlenmeyer flask, fitted Wlth 4 Imercury-
in-glass air tlght seal thr ough which the solution was stirred sufﬁmently
to Leep all the solid. 1m1teual in constant agitation. The charged reaction
vessels were immersed in W&t&l baths of capacity 30 liters, thermostati-
ca,liy cantrolled to: +0.1°C, _

A maximum variation of i—ﬁ-ﬁ?c Wis jdbSérved"ove_r-‘a‘ perié’d of 'six
months
drawn thh a p1pette and 1ap1dl}, pressure ﬁlteled through a Buchnerf
funnel: this removed alinost all the solution. The solid material was im-
mediately washed several times with a(,etone and air-dried. A portion
of the sample was examined under the petrogmphm mlcroscope the re-
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muinder was hand-ground under acetone and a smear moubt prepared
for x-ray diffraction.:

Delerminations of activity of .0/ in solutions. The activity of ary: con=
stituent of 4 solution is given by the ratio of the fugacities:

ai = fi/f.

:'At'on'e-a.tnlo'spll'ere_totaI pressure, water vapor may be regarded 4s an
ideal gas so that the fugacities may bé safely replaced by the partial
pressures of H0: ‘

a0 = Do/ a0

The standard state is taken as pure liquid: water, at one atmosphere
pressure and at the temperature of reaction, for which the activity is
unity. ' :

The solubilities of gypsum and anhydrite In sodium silfate and sul-
furic acid solutions are very low (léss than 0.25 percent by weight).
Therefore, the vapor pressures of these solutions saturated With Cas0;y
are given, within experimental measurement, by the vapor pressures of
the CaSO-free solutions:
 For the sodium sulfate solutions the vapor pressure data given in In-
teriiational Critical Tables (IT1, p. 371) were used to cal¢ulate agm,n. The
a1, of each solution was computed at the temperature of each experi-
ment. At the end of a run the total dissolved golids content of the equi-
librium solution was determined. This value was compared with the
starting N2;50. content to provide a check on the assigned am,o value.
The activities of H;O of the sulfuric.acid solutjons were token from
Harned and Owen (1958, p. 574). These data, reproduced in Table 1,
chow that within the range of H,SO, concentration used in the study,
an,o values determiined by EMFP measuremerits are in excellent agrée-
ment with those calculated fromi vapor. pressure measurements. The ini-
tial. gypsum and (or) anhydrite constituted only about 3 percent of the
toial charge. Conseque_ntly the HSO, concentration' of the selution, and
hence the activity of HO, was not. significantly changed by the T1,0
released or absorbed by the gypswn-anhydrite conversion. The HySO,
content of the solution was cheécked. by titration at the completion of
each run. B o 3 B _

The a0 of the 4l solution in each of two rins (one in HaS0: and
one in NasSOy) was measured directly using ap H;O-sensing apparatus
(Hardie, 1963a; p. 252) the values did not differ measurably from the
aétiVities_of:HgO determined. in the CaSOy-free solutions..
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TaprE 1. Actrvirt oF H;0 1N AQUBOUS SULFURIC ACID. SOLUTIONS
“(After Harned and Owen, 1958, p. 574)

Moles: Wt 40°C | 60T
H,504/1000 moles i e

HoO §OHLS0. eraf v.p. emf % emf
1 T 8.93 09620 0.9620 | 0.9624 | 0.9630
L5 12.82. | 09391 | -0.9389 0.9402 | '0.9415
2 16.40 0.9136 | 0.9129 | 0.9155 .0.9180
3 22,73 | 0,8506- | 0.8514 0.8548 | 0.8602
4 28.18 | 0.7775 0.7795 0.7850 | 0.7950
5 132.90- 0.6980 0.7030 0.7086 0.7229
6 P 37.05 | .0.6200 0.6252 0.6288 | .0.6505
7 40.71 'L 05453 0.5497 0.5608 0.5815

DESCRIPTION AND PROPERTIES OF THE SOLID PHASES

The gypsum synthe51zed by hych ation of anhydrite (hereinafter re-
ferred toas “synthetic vasum”) commonly consists of thin plates
flattened parallel to (010); with the characteristic monoclinic outline
(Fig. 1). Between crossed nicols the thin plates show first-order white or
grey interference colors and oblique extinction. In runs where gypsum
was converted to anhydrite, the first stage of the process was recrystal-
lization of the fme—gramed artificial gypsum. used as a starting material to
coarser bladed crvstals, This recrystallized gypsum, seemlnglv of a more

Fre-1. Photomlcmgraph of synthetlc gypsum; prepa.red from anhydrite at 40°C and
1 atmosphere in 2295 H:80; solution; with seedmg, in 50 days (Run LS 23). Average length’
of crystals 0.2 {6 0.3 mm.
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stable habit than the original smaller crystals, was mor phologically and
optically indistinguishable from the synthetic gypsum.

The optical properties of the synthetic gypsum were not significantly”
different from those of the natural material.

Wooster (1936) has determined the crystal stiucture of gypsuin. In the

ac plane two sheets of SO, tetrahedra are bound by Ca atoms within
them. Between these sheets lie layers of water molecules. The Ca atoms
are linked to 6 oxygens of SOy tetrahedra and to 2 water molecules.
Water moleculés thus occupy important structural positions and even
partial dehydration must result in the destructxon of the gypsum struc-
ture.. : :
Unit cell parameters of the synthetic gypsum were determined by
X-ray powder diffraction methods with either silicon or quartz as mternal
standard, and found to be in excellent ‘agreement with those given by
Deer et al. (1962) for natural gypsum.

Anhydrite synthesized from gypsum appeared under the microscope
as a mass of minute birefringent grains; individual crystal outlines were
barelv dlstmgulshabie under high power, and retractwe index measure-.
ments were unreliable.

The presence of synthetic anhydrite could be readily detected i in the
reaction flask by inspection: a fine white mass stayed in suspension long
after the stirrer was stopped. In contrast, the well—mystalhzed synthetic
and seed gypsum settled very mpldly leaving, in the absence of anhy-
drite, a remarkably clear solution.

In one run (LS 51, Table 2}, anhydrlte grains as large as 0.3 mm-across
were synthesized from gy psum in 22. percent sulfuric acid solution at
50°C. They showed a stubby prismatic to equant shape with very high
interference colors and par allel extinction.

The cell parameters of synthehc mhydnte were in excellent agreement
with those given by Swanson. et al. (1955).

Bassanite (CaS0,- 1,0, <0.5) was encountered only in static runs
in which NaCl had been added to the charges. It was identified by X-ray
diffraction techniques only, using the data of Posnjak (1938 p. 253). No
distinction was made beiween calcium sulfate hemidy drate (CaSO4
1/2H;0) and soluble anhydrite (Ca80,) because there. is conSIdelable
uncertainty as to the relationship between these two phases (Deer, Howie
and Zussmam, 1962, v. 5, pp. 207-208).

EXPERIMENTAL RESULTS

Resulls of dynamiic runs. The data used to define the position of the
FH- tempel ature equilibrium curve for the reaction
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t.:r."r_].)'-é’uln = anh S‘dl'i te + 2H20 (I iﬁu id , m 'sdluti-mn)

are given in Table 2 and plotted in Figure 2.

Determmatlon of the curve rested on. the ability t6 convert gypsum to.
anhvdnte and wice versa, and on the abfhtv to revérse. the CONVEISIon -
when ei ither orig of the paraméters wag ‘varied,

A run in Whlch no. chdnge occurred in the starting phase, even after a-
reaction time of many months was not considered ev1dence of stability
of that phase, a.lthough i many cases such data prowded confirmation
of reversed runs. Taken by-itself; a run'in 'which no reaction occurs is at -
best nconelusive since metastable persistence of starting phases is com-
monly encountered in experimental studies of mineral equilibria. In the
present study this was pal'tlculd,l‘lv true of the rehydration of anhydrite
in sulfuric acid solutions, and 1nduced, nucleation by séeding proved
necessary. Anhy drite remained unch'mged in most-unseeded runs for up
to eight months; the addition of seeds of g}psum promoted relatively

rapid conversion of the anhydrite (compare runs LS 5 aid LS 14 at.35°C,
Table 2). In: the system C aS0+-H:0, the dehydration’of gvpsum to anhv
drite has beeri shown to be incredibly slow (e.g. run AG 1, 70°C, Table 2)
but, according to Posnjak (1938, p. 262) seeds of anh*vdnte do initiate
the reaction.? C,ons1derable doubt has been thrown on the determination
of stability by expenments in which seeds have been added to the charge
because metastable ﬂrowth of a phase. from solution on.seeds of its own
kind is known to occur (Fyfe et al., 1958, p. 83). However it has never
been demonstrated that seeding: Would promote the dlsappearance of:a
stable phase and growth of aless stable one. In'the present sLudy, charges
containing equal parts by weight of gypsum and anhydrite were used.
The proof of stability in these.seeded runs was ‘growth of one phase and
disappearance of the other. When the extent of reaction exceeded about
7 to 10 percent, metastable precipitation of either phase on seeds could
be ruled out. This follows from a consideration of the solubilities of
gypsum and anhy drite in, NasS0; and IS0, solutions (maximinm about
0.3 percent CaS0, by Wezght) the mass of solution in the reaction vessel
(about 200 250 g) and. the mass of excess Stal’tll’lg sohds (about 10 g)
of a series. of samples taken from the reaction vessel at intervals. From
the Xeray diffraction patterns, the relative intensities of the 020 peak of
anhiydrite (3.499 A) and the 140 peak of gypsum (3.065 A) were mea-
sured. The amount of gypsuam in each sample wes read from a calibration

x This was not'substantiated in the present work, perhaps because the runs were not of

sufficiént, duration. Howéver, it: was found that the presence of lime-water (mgo=1.00,,

PH-"'—“ 12.4), with no seeding, markedly increased the dehydration rate where a seeded run in
distilled Hz0O showed no reaction {compare AG I and AG 3, 70°C, Table 2).
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TaBLE 2 ExPERIMENTAL DATA POR GYPSUM AND ANEYDRITE STABILITY AS A FUNCTION OF
Activiry oF TLO. AND TEMPERATURE AT ATMOSPHERIC PRESSERE. REsuris

oF-Dywamic Runs. Oloy.

gl—glanberite

th—thenardite

fir—mirabilite

n.c,—no detectable change.
#*—qatural gypsum and anhydrite
{  }-trace

Starling materials.
O T e N O il Il A
phases | \oiS0s SO
AG1 95, 50 | 100% 0 70° 359 D3g, 3a ne
AGS | 100g  limiewaler: 0° 193 93g, 72 B
LX% ~ 100g 123 ol & 100g,
13 '4?5_,‘ 58
46 3g, 95"
_ 147 1002, Fa
Lxz22 g el 12,3 0,965 708 24 1002 gn
LX25 100z 3.9 0.942 70° 9 g, 2 g
L8302 | e0g 10 |- 9,43 0.961 60 43 A5, 558 g
EX49-2- 1 100g - 15.0 0.953 60° 45 94g, 6a g—a
L520 50z, 50a 4.03 0,985 | 550 42 94, 6a gy
T.522 30g, 50a 9.43 0.961 i 55° 51. 100g. a—p
1.530-1 S0z, 50a% 9437 0,961 | 55° 51 20, 102 a—g
L38 100 D.56 0.960 53¢ 35 55, 45a g
LX40f ¢ 100g: - 150 0954 §5¢ 50 160z n.r,
LXd46-1 | agl 19.3 0,041 557 59 a8l n.c.
1.552 100z 22.24. | 0,866 55° %9 100a g—a
1841 | S0g, 50a 4.03 0,983 57.5° 42 95g, 5 a—sg
1518 i 80g, S0a | ¢.56 0.960 52.5° 35 95g, 5a a—g
AG3 95g, 5a 1009 H:O 1.000 ! 500 274 95g, Sa ne.
L8t T 9.56 0.960  50° 262 100 e,
LS16 i S0g, 504 . 9.56 9080 | s0e 15 95g, 5a ag
LX17 100g i 15,0 0,053 50° 155 1002, ne.
LX11 100g 5.0 0.953 502 41 100g
; 04 5g, 58
319 25g, 5a g—a(?)
LX48 a, gb § 206 0,930 50° 13 a, el ig): | a—g(?)
L.851 1 100g L 124 0.363 509 211 50g, 502 g2
L§32-2 80g, 20a% - 2224 0,863 509 111 60z, $0a g
LSz P 1bog 9,56 0,959 45° 148 100g e,
LST L 100a ! 9.56 0,959 45%. 127 100a ft..
L513 L 50g, 50a | 9.56 0.950 450 138 100g A—g
LX15 1002 - 15.0° 0952 45° 156 100g a.c.
LX16 100 15,0 0957 ¢ 4%° | 156 70g, 304 . | a—g
LS50 100g 22.24 0862 b o487 D 311 93g, 7a goa
T ES42 100g . 2360 0:846 ;450 L 62 65g, 35 gmra
AGH ¢ 9sg,5a 100% H:O 1ooo o4 § 277 1008 a—g
.89 i 50g 50a | 9 36 0950 & 400 j 58 100z a—g
1x12  t0ta 15.0- 0951 ¢ 40° 258 93g, 7a- ag
- TX18 S 00 21.0 0036 | 40° | 88 100g ..
LX19 - 100g 22.2 g.022 7 oaps 1 &% 100g e ©
Ls23 50g, 502 [ 1224 0,860 | 40° | s0 95g, 50 | aox
1.533-1 50z, 502 22.24 0.860 ¢ 40° [ 49 75z, 252 Az
- b K
E—Eypsuid
a—anhydrite
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’ TABLE‘?#(Edi-zti?z-zted)

ha

=

TEMPERATURE °C

5 taréing materiala |
e &0 Tipdes ;| Solid
R AL " Bolid Solutiou (Wt_r_ soi’n da¥ys products:
thases NazSO; S04
L.S3-1 1008 33.60 | 0:845 16 3 1 1o0g ne.
1532 100g 23.60 0.845 10° 40 | 20g, 80a g—a;
L1y 50z, 302 23.60 0.844 37.5° 35 || 93 Sa g,
L3321 - 30, 50a* 22,24 0.859 35° 5t | 80g 202, Z—s
Lsa-1 ioog 23.60 0.843 35 23 | 1wog n.e,
LS5 4 1002 23.60 0.813 35 32 1002 n.e
L5i4 i 50g, 508 23,60 0,843 35 83 f 94ga a—g
LX40 i g th 24.5, 0.907 36 W5l gl L
L54-3 | 50g,50a 23160 0.842: ¢ 86 7 100g aig
L56 | 1002 23.60 01842 Klen 197 100a. n.i.
L5t 100g 28.61 0.773: 300 67 90z; 102 £,
LYs 100a - 0.952; 25° 189 80, 202 d—g
LYs 100a 0.948 25 189 80, 208 a—g
L1510 50g, 50a 0.840: 25° 53 100g A-sg
1512 100z 771 25° o7 ADg, 60a. g-a
Ls1y 50g, 5Da 0.771 25° 69 20g, %0a gon
LYl 1002. 0.943 age 28 B I0r a—ig
LGa2-1 -100a 0.943 i 1. a, g, mr a—pg
Lsi3 100z, 0,768 00 . 67 45g; 55 d—g
1.000 | TR
i 0 t
0,950 - ' B
‘o, 0.800F =
o . I 3
x I A an — Gy
i 0-850 ."“;: . — i 8 =
o 5 Gy — At C Ha30,
. 5 B An+Gy — Gy | « b
> i :
=~ 0Q.800 0 AneGy — An 4
> i , Q{( A g : i
= - DA B Ar—=8¥ ) L kA :
5 A 5 @ An Gy } No, 504 .
o 9750 o O Gy.— An: 1
& An-Gj— Gy Hy0 1
. 0;_.70Q = & Gy~ an } timewnter. °
FoN: 70 AN S R T IR 0 B R )
0 20 30 40 50 80° 70

Fia. 2. The stablhty of gypsum and anhydrite: determined erpenmentally aga func- :
tion of temperature and acthty of Ho0) at atmospherlc Pressure.. Onl}' tuns: in which
conversion was achieved are plotted.
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curve of I('anhvdrite) /I{gypsum) against- weight percent gypsum with
a reproducibility of better than 2 percent. o

Because of the time limif, most of the runs ‘were stopped before. com-
plete conversion of one phase to thé 6ther had oceuired. Thosé runs
‘which were allowed to. react completely’ plovzded ‘material for optlt,al
and X-ray studies.

Figure 2 shows that the expenmental data, in general, are cmzsxstent
However; some exceptions st benoted. At 50°C in 15 percent sodium
sulfate solutlon (omo= 0.953), anhvdnte §tarted growing at the expense
of gypsum’ after about 90 days reaction time (run LX 11 Table 2).

TABLE 3. ACTIVIFY OF H:0 AxD TEMPERATURE THAT DEJ_E"INE, THE FQUILIERIUM
Gypsum = ANHYDRITES 2 HiOutg, coln, AT ATMOSPHERIC PRESSURE

“Temperature-“C{(£2% | - eH0 (£0.005) ‘ ‘_J Remarks

38° ' 1.000 extxa.pqlatéd :
55°. 0.960 ‘measured

50° : 0.9153 interpolated
45° : ¢.8800 -, § interpolated
39° 0.845 measired
33° 0.825 interpolated
30° 5 0.800 inferpolated
23° 3 0.770 i measured
18° ? 0750 8! extrapolated
12° ; 0.725 i extiapolated

However, the reaction apparently stopped (') as no further growth of
anhydnte occurred in 10 monthg. Under the same conditions, anhydrite
as a starting phase’ remained unaltered after 5 months (run LX 17).
With sulfuric deid of about the same activity of Hz0, anhydrite was con-
verted to gypsum at 50°C in & seeded run within a m{mth {(run LS 16),
while gypsum was unchanged in an unseeded runi of 9 months (run LS 1),
The anomaly remains unéxplained. An inconsistent result was also ob-
tained at 55°C and aHEOMO 96. In an unseeded run, gypsum was con--
verted to anhvdrite in sulfuric acid solution (run LS 8, about 50 percent
reactron) in seeded runs both synthetlc and watural anhivdrite ‘were
transformed into gypsum (runs LS 22 and LS 30-1). These results are
taken to indicate thiat the runs are very close to the equilibriuin curve.

With the exception of run LX 11, then; the results obtained using sul-
furic acid solutions. are pelfectty cons1stent with those obtained using
sodium sulfate solutions. :

The @ino-T values which define the équilibrium curve are given in
Table 3.
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Results of static runs. The resulfs of experiments on the gypsum-anhy-
drite reaction carried out under static conditions are not.included. in
Figure 2 or Table 2 Because the method was soon abandoned is favor of
agitated runs, A discussion of the ddta however is'warranted. All the
static runs were made with sufficient Nags(h to produce glauberite
.(CaSO4 N'LzSOQ as an add1t1011al phase. Syntheflc anhydrite was: the
starting solid, although in 4 few runs natural anhydrite. or synthetic
gypsum were used instead. Seeds were not added to any of the charges.

Reéaction times varied from a few days to over 12 months., The results
were most unexpected: anhydrite was found to rehydrate to gypsum at
temperatures as high as 75°C. The reverse reaction, the dehydration of
gypsum to anhydrite, was never achieved. Several possible explanations
come to mind. First, the properties of the synthetic anhydrous CaSO,
may be different from. those of natma.l anhydrite. However; the resulis
of the dynamlc rung mdlcate that.the dlﬁ’erences if any, are not 51gmf1—
cant, Another possibility is solid solution between gypsum- and sodium
sulfate. Unfortunately, this could not be checked by chemical analysis
due to separation difficulties. However, no significant change in cell
‘dimensions of the gypsum was observed; which suggests litile or no.sub-
stitution of Nat+ for Caft in the gypsum structure. Indeed, a direct
substitution is impossible since it would create a charge imbalance. The
substitution of Nat for Catt perhaps could be achieved if accompanied
by an HSO;~ for S0~ substitution. Chemical analyses of natural gyp-
sum and anhydrite (Stewart, 1963, p. 33; Deer, Howie and Zussman,

1962 p. 206 and p. 221) show no ev1dence of this: sodium only occurs
in trace amounts, if at all.

A third possibility is related to the- experimental method, In the
preparation of the.charges, water was added to a solid mix of anhydrite
+thernardite. Local high concentrations of sodium sulfate solution cer-
tainly existed, and: probably persisted; in: the initial stages of theruns.
Conley-and Bund} (1958} and Haldie (1965, p. 126) have showir that
anhydrite reacts very rapidly with concentrated NazSOy solutions to:
form Ca-Na double sulfates. These double-salts are unstable in dilute
Na;S0; solutions {Hardie, 196.),p 1367 Iill and Wllls 1938, p: 1652) and.
decompose to gypsumi and/or gla.ubente In distilled water they immedi-
-ately decompose to- gypsumLNaaSOgi solution at all temperatures up. to
100°C. It is possible, therefore, that i the static runs early formation of
doubléssalts occurred in the regions of local high Na.SOs concentration.
This reaction removed anhydrite from the system. With time,; diffusion.
led to a uniformly concentrated-solution too.low in Na,S0s content. for
double-salt stability: Decomposition followed, giving gypsum-glau-
berite as products. Then, with prolonged time the gypsum should convert.
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to anhydrite. Thisis a'plausible explanation because in all rans (static of
‘stirred) in which the starting anhydrite was ddded to-pre-mixed, uni~
formly concentrated sodium sulfate selution, no- anemalous formation
of gypsum was observed.

The work of Conley and Bundv (1958) is pertinent. here since they:
proposed essentla,lly thIS mechanism for the conversion of anhydrite to
gypswm in salt selutions, They suggested that the reaction for the con-
version with activator solutions such as sodium or potassium sulfate is:

H:O -
Ca&O;—-—% CaH —|‘ SO.{ _'“‘—> CaSO,; 2H20

WO

and is primarily dependent upon temperatule and concentration: How-
ever, they achleved the conversion only by washinhg the reaction produets
Wlth water. This in fact reallv only demonstrates that anhydrite will
react rapidly at low temperatures and high alkali sulfate concentrations.
(see Conley and Bundy, 1958; Figs. 1 and 2) to form double-salts which
decompose in water to give _gypsﬁin and salt solution. It certainly does
not prove, as they maintained in the abstract of. their paper (p. 57),
that “contrary to recent'h} pothesis of gypsum de’hydration by concen-
trated salt solutions, double salts and/or gypsum are stable phases below
a temperature of 42° C ”

Comments on é?ze-mea}wﬂism_ of dehiydralion of gypsuin lo anhydrile. Three
differe_nt mechanisms by which gypsum in contact with an aqueous me-
dium could dehydrate to anhydrite appear possible:

(1} a solution-precipitation process.
(2) direct dehydratmn to anhydrite (loss of structural water).
(3} step-wise dehydration through the intermediate hydrate, bassanite.

"The present experimental results throw some light, albeit very diffuse,
‘on-the. problem.

'In a few of the runs in which anhydrite was produced fioin gypsum, a
rind, presumed from X rays to-be anhyvdrite, was observed on the surface
of ’I.Ild aloncr cleava.fre cra,cLs in, gypsum crystals (Flg 3) It is concmv»

Hrest: dahx di an 1o Lm}rrd,ﬂ_ br..CFLLDJil ~af ke
cr} stal surfaces Whele H,O may be transferred to the solutlon pha,se
The effect of seeding on the dehydration rate could not be gauged with
any certainty beccmse too few duphcate rans were made. However, i
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those runs which. were strictly comparable {e.g- LS 17 and’' LS 12 at
25°C; LS 51 and LS 32-2 at 50°C, Table 2), no significant rate increase,

Whmh would: hme supgested.a solutmn—pre(lpltatzon mechanism, was
observed. Tr this respect the tesults of Zen’s (1963) premplt%tlon experi-
ments loom large: direct precipitation of anhydrite from super-saturated.
solutions could not be achieved at temperatures up to 70°C, even with.
seeding. Similar attempts by the present atithor also. failed. Gypsum-:

Fie:3. Photcmlcrowra,ph ofa dark rmd of anhydrite (?) ona pnsmatlc grainof gypsum
{colorless). Note incipient developrient of rind material in cleavage crack of large, colorless
{recrystallized) gypsum plate. Data: Run LS 51, gypsum stirred in 229 .50, solution af
50°C and 1 atm for 211 days. About 50% conversion 1o anhydrite at end of rafi. No reac-
tion was observed until 146 days. Magnification abeout 250X,

always. prempltated under conditions where anhvdrite was presumned
.stable. This.inability to precipitaté anhydrite must remain the most
telling evidénce against a solution-precipitation. mechanism for the de-
hydrationof gypsum to anhy drite in aqueous media. On the other hand,
the reverse reaction; the hydla‘rion of anhydrite, may well. be accom-
plished through a. solution- prec1p1tat10n process because the hydration
rafe is measurably increased. (in sulfuric deid solutions, at least) by the
addition of seeds (compare runs LS 7'and LS 15 at 45°C; LS 5 and LS 14
at 35°C; LS 6 and LS 4-3 at 30°C: Table 2).

OStroff (1964) observed the formation of calcium sulfate hemihydrate
ag anl intermediate step dunng the conversion of gypsum to anhy drite in
sodmm—magnesmm chloride 501111210118 at 90.5°C. That this'is not the
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invariable mechanism is‘proved by the present experiiaents: bassanite
was not formed in any of the sodium sulfate or sulfuric acid runs. With
NaCl solutions; however, bassanite rather than anhydrite was the dehv
dration pmduct of gypsum (Hardie, 1965, Table 30, p. 185). Zen (1965)
also found bassanite instead of anhy_drl_te in concentrated NaClsolutions.
Apparently sodium ¢hloride solufions promote a step-wise dehydration
process. The picture remains unclear and an exhaustive study of the
kinetics of the reaction using more sensitive méthdds is obviously needed.

COMPARISON OF THE RESULTS WiTH PrREVIOUS WORK

Extrapolation of the measurements of the present study to solutions
in the system CaSO-H;0 (am0=1.00) gives a transition temperature of
§8°+2°C, slightly lower than that of van’t Hoff ef al. (1903) but signifi-
cantly higher than the oft-quoted temperature of 42°+2°C given by
Posnjak (1938) from solubility measurements. This discrepancy was
puzzling, at first, because the solubility data seemed well suppotted by
the thermodynamic data of Kelley et ol. (1941}, who calculated an equi-
librium temperature of 40°C. Zen (1962), however, pointed out that
these calculations employed internally incensistent data. Recalculation
put- the transition temperature at 46°£21°C, and Zen considered the
agreement with the solubility measurements. as fortuitous, a co,nclusibn
supported by the present calculations {Appendix). Indeed, re-examina-
_ﬁon—rof the solubility data indicates that the value of 42°C is by ne means
securely established. In Figure 4 are compiled all the available solubility
measurements on gypsum and anhydrite in the system CaSO,-Hs0; in
large part the older data were taken from the tables of D’Ans (1933, pp.
203-205). Tf curves are drawn to enclose the maximum density of each
set of points, a transition temperature of anywhere between 38° and 50°
is indicated (see shaded area in Fig. 4). An uncertainty may well be 1eal
since, as Zen {1965, p- 126) pointed ouf, all the available'measurements
were made by approaching the equilibrium selubility curves from. the
side of undersaturation only. This is, of course, a serious drawback in any,
solubility study but is particularly cruc1al in the tase of poorly soluble
substances. For. example, Backstrom (1991} measured the solubility of
calcite and aragonite by approaching the equilibrium curves from both
sides: he found that after a few days the rate of change of the solubility
had. reached zero but that the supersaturation: and undersaturation
values differed by ds‘much as 5 percent. Alexander ef al. {1954) and
Krauskopf. (1956} obtained similar results for amorphous silica: even
greater deviations were the case here. There is no guarantee, then, that
the equilibrium saturation value of either gypsum or anhydrite had been
reached it any except Zen’s {1965) gypsum determinations. The available
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LS 31§ B B T S S CH S R A ks

o | Tgypsnm aihy 4

o k- © Posnjok 1536} @ Posnjak (1938)

DA ) A Huleft B Allen (1202} 8 Hill 1937) :
& [ Int.Crit.- Tobles {1928} - & Bock {1961} -

R @ Hill B Wills 1938 @ Zen (1965),

Q270 = & Raupenstrauch 1885} ¢ coleulated 7
! @ itarignac (873 A

i @ Bock (1961)
0.250 = O Zen {1965), ’ e §

X oihers {taken from SAns 1933}

GRAMS CaS0; PER 100 GRAMS Hz0

TEMPER&TURE?C

Fic. 4, The solubiiity relations of gypsum and anhvdnte in the system CaSOquO as:
a function of temperature at atmospheric pressure: & compﬂatmn of previous work:

S()lllbl].ltV data therefme must be regarded asg v1eld1ng mintmum valites
only. The argiment is ¢rucial, for if the points plotted in Figure 4 for
anhydrite are indeed minimum values then the transition point must lie
al some. temperature above at-least 44°C, Zen’s {1965) data being taken
as the upper limit of gypsum-solubility. HlH (1934, 1937) did recognize
the necessity for appl().i(:hlﬂor a solubility curve from both. sxdes and,

indéed, réported his anhydrite values as obtained from both undersatu-
rated and: supersaturated solutions. The data, however, were extrap-
olated. from sofubilities measured in po’ca,ssmm sulfate selutmns because-
he was unablé to achieve supersataratxon with respect to anhydrite using
pure water at temperatures below 65°C. At this and higher: temperatures
he apparently was successful b, unf01tunatelv he-neither described-

the procedure nor- reported direct precipitation of anhydrite fromi solu-
tion.
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‘A ginilar criticism: applies to the available gypsum and anhydrite
solubility measurements made in salt or acid solutions, and probably
explains why the results of different workers are in such poor agreernent.
Comparison of the results of these workers is most easily made by com- -
puting the activity of MO of the solutions repertéd to be in equilibrium
with gypsmim+ anhydrite. Because the CaSO, content of these solutions

TasLg 4, Tae EFFECT OF SALT SCLUTIONS ON THE GyYPSUM—ANHYDRITE
TrANSITION: A COMPARISON OF FREVIOUS WORK

: o Trans. Co-existing _
Investigator temp. °C solution {E:
van’t Hofl ¢t of. {1903) 30° i -sat'd. NaBrO; 0.900
Hill & Wills (1938) 450 1 20.0 % Na.COx - .932
Bock (1961} ) B 5.889%, NaCi . | .965
Taperova & Shulgina (19457 40°+2 | 31.0 % HaPOs 885
Bock (1961) 35° . 11.85% NaCl 920
Zen {1963) o3y ' 15,25%, NaCl 801
D’ Ans ¢ al. (1955) 34° 6.099% NaCl .963
Bock (1961) S 16.099%, NaCl .883
Posnjak (1940} P30 13.06%, NaCl .89

' 1.82% MzCh

0.829, MgSO,

P 0.43% KaSOy
van't Hoff & al. (1903) 30" sat’d. NaCl 754
IYAns ef al. {1955) 28.5° 11.499, NaCl , 922
Bock (1961) 230 20.08% NaCl 84D
Madgin & Swales (1956) | 25° 18.02% NaCl .864-
D’Ans & Hofer (1937) 25 45.36%, H,PO,4 790
Taperova (1940) o 25eLe 40.0 % H.POs - B3
D’ Ans ef al. (1955) LR 16.33%, NaCl .88t
D’Aps e al. (1955) . 20.5° 20.6 % NaCl 833
I¥ Ans et dl, (1955) 18° 26.31%% NaCl 751

1 E:)ctrapolated by the present author. 7 o _
2 The results of these two studies were taken from Seidell (1938, pp. 0665-667)..

is very low, activity of HaO may be obtained with considerable accuracy
from the water vapor pressures of the CaSO4—IIEe salt or acid solutions.
The vapor pressure data for the NaCl and N2;50; egiilibrivm solutions
were taken from the International Critical Tables (1928, ILT, pp. 370
371) and those of sea water from Arons and Kientzler (1954). Tor the
phosphoric acid solutions the vapor pressure vatues of Kablukov and
Zagwasdk_in (193._5)_&7&14&' used. The results are summarized in Table 4.
and shown graphically in Figure 5. ,

"The values of van’t Hoff ef af (1903) alone are higher than those of the
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present study. The approach of van’t Hoff-and his co-workers to the
problem was brilliantly coheéived. They first partmlly converted gypsum.
to anhydrite in saturated sodium chlorlde solution in a dilatometer. at
70°C. The rate of conversion. of gypsur to: ‘anhydrite and. vice versa-at
different temperatures was then measured by the rate of change of: vol-
ume of the contents of the dilatometer. Af the equlhbrmm temperatute
there should be no volume change. They observed a volume decrease at
25°C and am increase.at 35°C, so the transition temperature was takern
as 30°C. The partl_al pressure of Ha® of the solution co-existing: with
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= o000k Fi @ D'Ans et of (1955] ]
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S B e A Zen (19651 (Calculotedy ]
i 0.850 I~ ‘-;3 A Posniak.{1940) ™
= s i & Hill and wills (1938) 7
= . ) R
5 0.800 |~ ! @. Taperova {1340} ki
3 & O D'Ans.ond Hofer (1937) 4
0.750 |- 8 Toperovo and Schulging (1945) -
. @ von'T Hoff &t al {I9C3) N
0.700. (I L
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T1G. 5, Temperature;actlvny of HgO telations of Eypsiim and .mhydnte at: atmosphenc )
pressure; a.comparisoit of previous work., Solid curve: this study; dashed curves: maximum
and minimum limits predicted by thermodynamic calculations.

gypsui, anhydiite aiid halite at 30°C was then measured, giving a value
of 24 mm. The method was repeated using saturated soditm bromate
solution and a transition temperature of 50°C was obtained; the water
vapor pressute of the equilibrinmm solition was measured as §3.3 mm. U+
ing these two points in the relationsghip | '

log p = log° + 4 — B/T

they WEre abIe to. extrapolate to solutmns m the system (,a804-H20
tra.n51t1011 8 1ndependent of the conshtuents in solutlon and that the
equ1hb1'1um temperature is a function of the ratio p/P. This is, of: course,
the principle on which the present study is based!

Figure 5 also shows that although the results of different workers are
in very poor agreement, they all fall within the limits predicted. by the
thermodynamié calculations (Appéndix)!



CY¥PSUM—ANHYDRITE EQUILIBRIUM 189

GEOLOGICAL TMPLICATIONS

1t has been suggested by some workers that most, if not all, calcium
sulfate of natural evaporites was originally deposited as gypsum (Posn-
jak, 1940; Bundy; 1956; Conley and Bundy, 1958; Murray, 1964; Zen,
1965). The agrument ig based. on. {1} petrographic observations that
much anhydrite is pseudomorphous after twinned gypsumi, (2) thé scar-
city of anhydrite in modern evaporites deposits, and (3) esperimental
evidencé that anhydrite cannot be synthesized under pressure-tempera-
ture _c_':onditionsnconsiétenf with natural evaporite environments.

‘Tt is clear that the present relationship between gypsum and anhy-
drite in the pre-Recent marine evaporites of the world, to a great extent,
is secondary, due to the effects of post—depos_i_ti{_)nal'buriaL; Gypsum at
surface may be tracéd downward into snhydrite so that at depths below
about 2000-3000 feet gypsum is practically absent {MacDonald, 1933;
Stewart, 1963). Evidence of replacement is abundant. Anhydrite psue-
demorphous after ‘twinned gypsﬁm has been reported by Schaller and
Henderson (£932) in the Salado formation of Texas and New Mexico,
by Stewart {1953) in the Pérmian evaporites of Yorkshire, England, and
by Borchert and Baier (1953) in the German Zechstein.- At shallower
depths gypsum has been shown to have replaced anhydrite (Stewart,
1953; Goldman, 1952; Ogniben, 1935; Sund, 1959); such replacement
has been récorded recently at a depth as great as 3500 feet (Mutray,
1964). Therefore, both gypsum and anhydrite in sedimentary deposits
may be metamorphic but this evidence does not prove that the replaced
gypsum, or aphydrite, was primary in origin, a point emphasized by Zen
{1963, p. 147).. ' _

M()re significant eviderice is provided by the distribution of gypsum
and anhydrite in Recent marine and iionmarine evaporites where effects
due to burial are not involved. In these deposits gypsum 15 ubiquitous
and, in all certainty, primary (Bramkamp and Powers, 1955; Morris and
Dickey; 1957; Masson, 1955; Phleger. and Ewing, 1962; Wells, 1962; and
others) whereas anhydrite has been reported from only one locality, in
supratidal flat sediments on the Trucial Coast, Persian Gulf (Curtis et al,
1963; Kinsman, 1964).! This single occurrence of Recent sedimentary

1 (Jther-occurrences of Recent anhydrite have been re'ported recently By Hux;t-_-q;;’ al.
(1966, p- 59) as a surface layer in Death Valley, California, and by Moiola and Glover
{1965} from a sediment dump.on Clayton Playa, Nevada. Iq both cases the _anh'yd'rite has
formed from gypsum, via bassanite, in the absence of a liquid phase. This dehydration
process

Ca80, 2H;0 = CaS0y-FH,0 + 130 ()

CaS0;- $H0 = CaS04 + $H:0 (8)
Tnvolves & set of thermochemical conditions very different from those eficountered in “wet”
evaporite déposits.
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anhydrite is'of great import because, if not evidence of primary precipi-
tation of anlydrite, it is, at léast; proof that metamorphism of gypsum on
‘burial is not essential to anhydrite formation. Even accepting that an-
hydrite ¢an be primary, an inconsistency between the field evidence from
modern evaporites and avaﬂa,ble EX'penmental evidence exists. Teémpera-
ture-salinity conditions necessary for athydrite. stability, as predicted
Arom golubility. expenments and’ thermodynamic calculations, are com-
ionly found in" modern evaporite environments, yvet gvpsum is the
‘cornmen phase ‘of such deposits. This observation, coupled with the in-
ability of experimenters to synthesize anhydrite at 16w temperatures, has
led workers such as Murray (1964). to conclude that gypsuma is alévays the
‘primary precipitate.. Further, under conditions theoretically favering
anhydrite, this gypsum will persist metastdbl} (except where tempera-
tures at surface are very high) until burial causes dehvdration fo anhy-
drite.

~ The present experimental results have a two-fold bearing on the prob-
lem. First, it is demonstrated that anhydrite can be synthesized at one
atmosphere pressure under geologically reasonable conditions of tem-
‘perature and activity of H,0 in a geologically reasonable time, reckoned
in months, Primary precipitation of anhvdrite, however, {:ould not be
achieved, indeed, Has not been achicved by pr evmus Wor kers This would
suggest but, of course, not prove, that gypsum | is always the first formed
CaSOy phase on ev‘iporatlon of natural waters.! Be that as it may, the
experiments do show that gypsum, mamtamed ‘in the stability ﬁeld of
anhydrite, Would be dehydrated to anhydrite soon after deposition. Sec-
ond, It. is _demqpstm.tc;d that h1ghe1 temperatures. tha,n_ previously ‘were
entért_a,_i_ﬂed are required for anhydrite formation. This, qualitaiively, is
morein Keeping with the observation that gypsum is the commen phas;’e_
in Recent evaporites. -

Quantltatwe application of the experimental . results to natural de-
posits is' valid. and p0551ble but is hindered by the: paucity of precise
information on the temperature and ¢m,o of natural solutions co-existing
with gypsum and. anhydrite. I‘ortunately, the Persian Gulf dep051t 18 an
lmportnnt exception. Quantlta,tlve data have been collected by D. J. J.
Kingman (personal cominunication, 1964). Brine temperatures range
from. 24° to39°C and anhydrite is found in carbonate muds 6f the
sabkha, or suprafidal salt*flat, where ground water chlorinities exceed
about 130° /;?;,; (about 24 peércent salinity). Part of thé anhydrite deposit’

1 Tt is possible, of cotrge, that natuzdl waters differ from experiméntally: tested solutmns' .
i that they. contain - additional components which would induce direct’ prcc‘,lpltatlon of

anhydrlte, as, for example, trace elemernits (“mlpuntles”) have been found to mﬁuem:e ‘the
nuc] eation of atdgonite and calcite (Wrdy and Damels, 1957).
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~ TaBLE 5, DaTaA 0N SoLuz1oNs CO-EXISTING WITH (G¥pSUM OR ANHYDRITE'
m Narcrarl EVAroriTe DEPOSITS

Mineral Solution
Locality T e e
| ¢ Assemblage | 7°C | Chlorinity “/cé g0
| gypsum | ZrEE 50-110 | 0.95-0.85

Trucial | gyp_sﬁm,_ . ‘ . | 64 1 093

Coast, carbomate: © ZT 91 . .88

Persian | ' 96 .87

Gulf

...... i e , .
80 commmunication,
anhydrite, 77 1564}
cathopate | 3%° i

Boccéna n'E‘ : _ _

Virrila, Zypsum A st

Peru. -

Saline L N

Valley, gypsitm S S B (S5
"Calif, :' I

R R e e e
Salina fimy; | anhydute, satd. <0:75

Mich. | halite? | 32-48°° | NaCl - Dellwig, {1935)
(Siliirian)

 Aphydrife in the zone of capillary draw. Chiorinities as given are for the inderlying
groundwaters, Actual solutions in. which anhydrite formed presumably were more con-
centrated. _ - - o

* Precise locafion in Boccana where gypsum is precipitating is difficult to read from
Moiris and Dickey’s descriptions, Value given here is taken from their data for location C,
which may be incorrectly interpreted by the present author as the gypsum site.

' Delicately preserved “hopper” crystals which have clearly not: suffered alteration
since their formation. The same argument must apply to the intimately: associated ‘an-
hydrite. Temperaturcs of formation of the hopper halite was determined by fluid inclusion

‘studies.

occurs in the zone of capillary draw above the present water table but,
more important, anhydrite is found in direct contact with brine (Table
5). Where ground waters arc less eoncentrated. (up to about 96°/ .
chlorinity) gyvpsum i precipitated within the carbonate muds. These
data, together with the limited information from. a few other deposits,
are summarized i Table 5. To' compare these data, chlorinity values
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have been: 1ec*tlcu1ated to setivities of HaO using the vapor pressure data

for seawater of: differeit’ chlorinities: given 'bV Arpns and. Lientzler-
(1954); The natural brine data. and: the equﬂlbuum turve determined in
the present study are plotted in’ Figure 6. Included in this figure is a

gypéum—anhydrite,'tran-sitibn curve computed from. the sclubility mea-

surements of Bock (1961} in the haplosevaporite system CaSOs-NaCl-

H,0. His results are con51de1ed representative of the stability range for

gypsum and anhy drite predicted by most existing solubility studies (see.
Fig. 5}, If the natural deposits are to be interpreted in terms of this

transition curve, then it is clear from Figure 6 that metastable persis-
tence of gypswii in 1mturai brines is the rule. On-the other hand, the.
ethbnug:;_n curve of the present study is remarkably compatlble quan-

tatively'with the dafa from the natural deposits, particularly that of the

Persian Gulf (Fig: 6). This would strongly suggest that chemical equilib-

rium’ prevails in each of these deposits. Taken one step further, this

could mean. that the scarcity of anhydrite in modern evaporite deposits
is simply a reflection that the conditions for its formation are seldom

reached, or, at least, maintained for any length of time. Metastable per-

sistence of gypsum would not be a necessity. ‘

While this is most plausible it is surely an oversimplification bécause
gypsum is found under nonequilibrium econditions in some modern
evaporitic environments, For example, in Laguna Ojo de Liebre, Baja
California, gypsumi co-exists with halite at:temperatures up fo 27°C
{Phleger and Ewing, 1962) whereas the presesit experimental data. pre-
dict that in a seawater brine saturated with halite: (aﬁzg,g 0.75) gypsum
shoild 'dehydrété to anhydrite at temperatures above about 18°C (see
Fig. 2).

The questions: ‘this dlscussmn raises. are intriguing. Does the Persian
Gulf, where, anhydrite is forming, combine a freakish set of chemical

_ and/or physmal circumstances ngt found in other modern evaporite en-
vironments? Or, are the conditions under which gypsunsis found in-Baja
California (an_d_ perhaps other areas) not maintained for long enough
periods of time each year fo produce anliydrite? Tt is clear that the prob-

‘lem'is one of kineties which must, therefore, beconie a most important
consideration in interpréting gypsum-anhydrite deposits, modern. or
ancient. ' :

SUMMARY

1.. The present results show that anhydrite can be’ sy nthesized experi-

meéntally: from gypsum under 2, 1 and a0 conditions. reasonable for

-natuml evaporlte environments.
2. The gypsum-anhydrite equilibrinm temperatures determirnied in the
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0,85
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O.70 =
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~ Fra. 6. Temperature-activity of H:0 relations of brines co-existing with gypsum and an-
hydrite in natural evaporite deposits. Experimentally determined equilibrium relations are
shown as curves: solid curver this study; dashed curve: solubility data of Bock {1961}, The

open symbols represent solutions in contact with gypsum and the solid symbols are those in
 contact with anlydzite.

Open circle: Morris & Dickey (1957)
Sqtiaves: Bramkamp & Powers (1955)
Triargles: ‘Hardie {1965)

Solid: circlesy Dellwig (1955)
Bors: ‘Kinsman (pers. comm. ; 1964}

present study are considerably higher than those based on solubility
measurements and on. thermodynamic calculations. The new data are
considered more reliable than the existing data because (a) the present
results are bagsed on reversible reactions whereas in available solubility
studjes the saturation curves for gypsum and anhydrite were approached
only from the side of undersaturatibn and, therefore, do tot-necessarily
represent ‘equilibrivm curves; (b) significant uncertainties exist<in the
available thermechemical values for gypsum and anhydrite.
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3. Thénew équilibrium values of this study are more compatible with
the field observations that gypsum is the common phltse‘, ‘and ﬁnhydi‘ite
rare, in unmetamorphosed evaporite deposits: Further, these values are’
quantitatively:consistent with. the dm,0-7 conditions. under which gyp=
sum. and anhydrite are found in the Recent evaporite deposit of the’
Trucial Coast, Persian Gulf.
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ArpEndry. THERMODYNAMIC CONSIDERATIONS
‘Colcwlalion of the gvpsum-onkydrite transition {emperature n the system CaSO-HA0 at one
atmosphere: pressure. Kelley, Southard and Anderson (1941) measured the thermochemical

properties of the:zolid phases of the system CaS0,-HyO (Table 6):
For the reacticn.

CaSO-2H;0 = CaS0; +2H0q
Eelley ef af, {1941, p. 44} obtained

AGT = = 2495 — 65,17 T'log T + 0.0215 7%+ 163.89 T (1)
This equatmn gives 313°K (40°C) as the temperature at which gypsun, anhydnte and
Hquid water are inequilibrium at one atmosphere totalpressure in surprisin gly good agree-
ment with the valae of 42°C derived from solubility data (Hill, 1937; Posnjak, 1938).
Zen (1962 11965) has pointed out that equation (1) was- obtamed from inconsistent data:
The present. calculations confirm Zen's criticism. Differentiation of equahnn (1) with re-
spect to temperature, —dAG®/dT=AS® , yields

ASF = = 135,59+ 6517 log T — 0.043 T @)
and a valie of 12.85 cal/ deg: for 298°K. This is incansistent with the sum of the individual
entropies at 2908°K as given by Kelley et al. (see Table 6}, that is,

A%y =255 + (2 X 16.8) — 464'= 127 cal/deg
The discrepancy arises from the use of an Integration constant of —33.18 which Ts the mean -

of their own consistent value of —33.03 and the value of —33.34 obtained frony the indirect
vapor pressures of Toriumi and Hara (_.19.:4) Thié résulting small error in entropy has a con-
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TaBiE 6. THERMOCFEMICAL PROFERTIES OF THE PHASES OF THE SysTEM CaS0:-H:

ha C;, cal/deg mole S5° (208°K) Red .
Phase (208°-450°K) | cal/deg mole sference
CaSOy 2H,0 21.844-0.076T | 46.4 0.4 1 (p. 36 & p..19).
gypsum
CaSOx 1410400337 | 25.5 £0.4 | T(p.36&p.19)
anhydrite 16.78-+0.02307 | IIE (p,:46)
| HLO (iquid) 18.02 16.8 I(p.36)
water 16.75+£0.03 I (p. 105)
18,04 ©TIE (p. 80)
HoL (zas) 7.4540.0027 | 45.13 1(p. 36
wales - 45.1340.03 | 1L {p. 105)
1 7.304+0.00246T | 11T {p. 80)

1 [=Kelley ef al. (1941)

IT=Xelley (1950)
L= Kelley (1960)

siderable effect on the free energy values since it is incorporated into the oF term of equa-
tion (1). o - _ _ -

Recalculation of the entropy for the reaction using the accepted value of §°e=16,75
cal/deg-mole for liquid water {Giauque and Stout, 1936; Kelley, 1960) yields AS%es=25.5
(2% 16,73) —46.4=12.6 cal/deg;

Hence, equation (2) becomes

ASy = — 135.84 —I— 65.17 log T — 0.043 T (3}
Using (Kelley ef al, 1941, p. 44}y

Al = — 2495 + 2830 T — 0.0215 T* @

the free energy expression becomes -

AGE = = 2495 16014 T — 65.17 T log T+ 0,0215 7 )

This erfuation gives 319°K (46°C) as the evpsum-anhydrite equilibrium temperature; an
iricrease of 6°C over the value obtained from the expression of Kelley ¢f al {1941) (Faqua-
-tion {1)). : . '
“The free energy expression can be further modified by employing the revised heat
capacity of anhydrite given by Keiley (1960, p. 46). The following. relationships for the
Teaction are then obtained:
Cp=231.02~005247

and

A3 = AH+ 3102 T — 00262 T2 4 ®)
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Subétitutiﬁg_the mean vaiue?,ﬂH “hap= 4030 calt (Kl;lley; e al '1;_94i}-, ofithe hea.t of solutifm
measurements i equation (7): -

I:‘Hgﬂ = Bt 28906&15
g6 that
AHp = - 2800+ 31027 - 00262 7% M
Using
| ASHem25.5 + (2 X 16.75) — 46.4 ='12.6 cal/deg. in
ASS = ASS+ 310210 T — 0.0524 T
we obfain

AS = — 148.55 + 31.021n T — 0.0524 T° (8
From equations {7) and (8} it follows that

AGr = — 2800 - 179.57 7' 1- 0:0262 T? — 7144 T log T (9)-

This equation gives Tlequil.) =46°C, démonstrating that the equilibrium temperature is’
insensitive to small vagfations in the heat capacity of anhydrite.

Tf the uncertainties of measurement assigned ta each one of the thermodynamic values
{Table 6) used in the derivation of equation (9) are assercbled, then the confidence to be
placed in this equa.tlon can be assesséd. From the maximum and minimum possible values
of each property, except the heat capacity; we obtain two limiting frée energy équations:

AGE = — 2870 418043 T 0.0262 T% — 7144 T log T (10)

and

AGr = — 2910 +, 178.71 T+ 0.0262 7% T1.44 Tlog T Can

‘Equation (10), designed to gwe a, mammum temperature, was derived usmg Al aps= 4030

4-20=4050 cal and AS50a==25.1-- (22X 16.72) —46.8=11.74 cal /deg. The eqmvalent values

for equation (11), which gives 2 minimum temperature, are All®295=4030— 20=4010 cal

and AS™ 293 ="25. 9 (2 16.78) — 46.0=13.46 cal /deg.

The equilibrium témperatures given by equations (10} and (11) are 68°C and, 25°C

respectively. Tt is-clear that the available thermochemical data can fix the gypsum-anhy-
‘drite transition point at no better than 464 22°C! '

Calenlation of the ejfect”nf dissolved salts on the gypsuwm-anlydrile transition femperdinre ol
aimosp}semc pressure; For' the conversion of gypsum to anhydrite in the presence of any
‘agueous solution contammg dissolved salts, the reaction may bewritten - :

C&SO4 2H20 C3504 + 2H20 [lig; snls:}

A mmphﬁed equﬂlbnum congtant for tbls reactlon can he appheé if the compr}mtmns cf the
‘solid pha.ses temain unchanged.-(pure Hquid HzO and the pure solids at 1 atmosphere bemg
taken as the stindard states):

{Ka) ;o_.l 2“ = GHQU

1 Kelley e et al (1941, p-15) gwe + 20 cals. as the uncertainty in this value
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Noiv, for ahy chemical reaction

AGy = AG% 4 RTIn Ko
Therefore, for the dehydration of gypsum to anhydrite

AGy = AG? + 2RT In dH,0. (12}

Tt follows from this equation that a lowering of the activity of HiO of the soliation (e.g., by
- increasing the salinity) would decrease the iree energy of reaction:. T he'eﬁ”ecﬁ would be to
lower the dehydration temperature. To evaluate this quantitatively it i necessary tp know
AG°p (reaction) and the amp of the solutions in which the reaction occurs.

An expression for AG?T (reaction) as a furiction of temperature has been derived (equa-
tior 9 ahove): ' e

AGD = — 2800 & 179.57 T + 0.0262 T — 71,44 T'log T" (9)

Therefore, the change in equilibrium temperdture with change in amo ot the co-existing
solrtion can be determined from ‘

AGp = — 2890 4 179.57 T+ 0.0262 7° —- 7144 T log T+ 2RT Inago  (13)

An expression similar to (13) but based on the free erergy equation of Kelley et al
(1941} (equation 1}; was derived by MacDonald (1933, p. 889} using a slightly different
thermeodynamic treatment: ’ :

AGr = — 2495 + 163.89 T +0.0215 72 — 6517 7 log T+ 2 RT 2.303 log p/p° (14)

Frora, this; MacDonald determined the transition. temperaiire as a function of concentra-
tion of sodium chloride. '

Kelley et o} (1941, Fig. 8, p. 41) also had considered the effect of activity of H:0 on the
gypsum-anhydrite transition temperature. They presented the results in diagrammatic
form only and did not give the equation used in the calculation. This; however, is most cet-
tain to be the equation given by MacDonald, who nsed their data and produced exactly
ecfuivalent results,

Equation (13) gives 20°C and equation (14) 15°C for the transition temperature in. the
presence of halite in the system CaS0i— NaCl—H:0 (aw,p=0.75), The uncertainties in
these temperatures will remain in the order-of 4 22°C, the uncertainty range for the solu-
tion of equation ().
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ORIGIN AND DIAGENESIS OF GYPSUM AND ANHYDRITE?

R. €. MURRAY?

ABSTRACT

Despite daia on the stability of anhydrite at high earth swface temperatures, the observation of Rereqt
gypsum and the evidence for formation and preservation of metastable gypsum suggest that this form may pe
the common if not universal original calcium sulfate mineral. Gypsum beds can be produced by two mech.
anisms: (1) Precipitation and sedimentation in a standing body of water subjected to evaporation. Such deposits
are original sedimentary facies, contem poraneous with other sedimentary facies. (2) Growth of abundant erys-
tals by displacement of unconsolidated sediment or weathered rocks, which results in beds of gypsum whig
later is replaced by nodular anhydrite. These nodular anhydrite beds represent a diagenetic facies and postdate
the host material, The distinction beiween sedimented and nodular is important in the interpretation of any
given evaporite deposit.

These primary deposits act as a source of calcium sulfate for subsurface growth of replacement and void-
filling anhydrite. The latter two secondary types of anhydrite can be distinguished in reflected light, since 5
dark color is imparted te replacement anhydrite by included material.

Froym observations in. Recent sediments, clder outcrops, and the subsurface, there appears to be a charac.
teristic cycle in the diagenesis of gypsum-anhydrite minerals: surface or near-surface gypsum is replaced by
aﬁahydrgte as a result of burial and is in turn replaced by gypsum if the anhydrite is thereafter hrought close tg
the surtace.

ORIGIN OF PRIMARY DEPOSITS

Sedimentary deposits of the calcium sulfate
minerals {gypsum and anhydrite} are common
throughout much of the geologic record. They
are commonly associated with carbonate rocks,
especially dolomite and ferruginous clastics. The
object of this paper is to examine the evidence
regarding which mineralogic form is the primary
depositional product and to trace the diagenetic
changes that accompany burial and re-exposure
of these deposits. This has been the subject of
much discussion in the literature with many
authors favoring anhydrite as the original form.

Physical Evidence

In general, gypsum is found near the surface
and in Recent sediments, whereas anhydrite is
the common form of the subsurface. Indeed, 1tis

not uncommon in large gypsum gquarries to en-

counter interbedded anhydrite and gypsum

followed by isolated gypsum patches and finally -

pure anhydrite with depth. Many authors, for
example, Sund (1959}, argue convincingly for the
replacement of anhydrite by gypsum under near-
surface conditions, The evidence for this replace-
ment may be observed in all deep quarries and
shallow cores where some anhydrite is still pre-
served. Although the transition commeoenly takes
place within a few hundred feet of the present

! Manuscript received July 22, 1963.

2 Shell Development Company (A Division of
Shell il Company), Exploration and Production Re-
sear)ch Division, Houston, Texas (Publication No.
354).

surface, the replacement of anhydrite by gypsum
has been observed as deep as 3500 feet in the
Permian San Andres Formation, Dune field,
Crane County, Texas (hg. 1).

Bundy (1956) suggested that the gypsum may
be the predominant or only form of calcium
sulfate precipitated from sea water. Such a gen-
eralization is naturally at variance with interpre-
tations of a primary origin of anhydrite. How- -
ever, studies of Recent evaporite deposits—for
examples, Fisk (1959), Morris and Dickey
{1957), Phleger and Ewing (1962), Masson
(1955), Talmage and Wootton (1937), and Wells
(1962)—have emphasized the observations that
gypsum is the common if not universal form
present. It has generally been impossible fo
determine the specific composition and tempera-

. ture of the solution at the time the gypsum was

precipitated. However, gypsum is forming today
in some of the hottest parts of the surface of the
earth.® Recently, Curtis and others (1963) have
reported Recent anhydrite above the free water |
level in the supratidal flats along the Trucial
Coast of the Persian Gulf.

Stewart (1953) observed pseudomorphs of |
anhydrite after gypsum in the Permian evapo- |
rites of northeastern England. These pseudo- .
morphs could only be seen when weathered sur-

3 Professor F. H. Stewart has correctly reminded
the author that the argument of near universal Re
cent gypsum may not be applicable to deep watel
evaporites of the past which do not have Recent
analogues. However, MacDenald (1953) suggests that
increasing hydrostatic pressure favors gypsum.
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XTI

¥iG. 1.—Gypsum replacing replacement anhydrite; San Anydres Formation, 3500 feet below the present
surface. Gypsum {white) rims and indents a core of subhedral anhydrite. The anhydrite had originally replaced
fine sucrose dolomite,

B N A T oy o o

faces of the core were studied. Some of the origi- received much study since the early work of
nal crystal outlines were flattened, and in ex- Van't Hoff in the early 1900's. Posnjak (1938)
treme cases the structures were barely detect- produced data on the stability of gypsum and
able. This direct type of observation has seldom  anhydrite as a function of temperature. These
been made in massive evaporite beds. Thereason data were cbtained only by dissolution. The
must, in part, be ascribed to imperfection of intersection of the solubility carves for the two
preservation. However, this example is prima- minerals defines a temperature ahove which
facie evidence of the metagypsum origin of these anhydrite is less soluble than gypsum and thus
anhydrite beds. presurpably more stable. The temperature of

These general observations suggest the gener- intersection for distilled water was 42°C; thus,
alization that a common diagenetic cycle exists anhydrite should be favored above this tempera-
in the calcium sulfate minerals—deposition of ture. From his earlier work Posnjak recognized
gypsum followed, during burial, by replacement that sclubility determinations in different con-
of gypsum by anhydrite followed in turn, during  centrations of sea salt solutions could be helpful
uplift and erosion of overlying strata, by replace- in interpreting the conditions of deposition of the
ment of anhydrite by gypsum (fig. 2). Henderson two minerals {rom concentrated sea water. He
(1954) argued that gypsum in the Stanford made solubility determinations in solutions of
Range has never been buried to sufficient depth  sea salts at 30°C {Posnjak, 1940) and showed
for replacement of gypsum by anhydrite. If his  that an increase in salt concentration would
interpretation based on delicate preservation of lower the temperature of equal solubility. He
textures is correct, these ancient deposits have concluded that sedimentary marine deposits of
never passed through the complete cycle, pure anhydrite either must have been partly
derived from criginally deposited gypsum or
, must have been formed near or above 42°C.

The physical-chemical environment that fav- However, from stability considerations some
Ors primary precipitation of gypsum or anhydrite anhydrite could have been formed below 42°C,
o replacement of one mineral by the other has During his experiments Posnjak observed that

Chemical Evidence
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GROWTH OF GYPSUM BY
DISPLACEMENT WITHIN
PRE-EXISTING SEDIMENT

DEPOSITION OF GYPSUM
IN STANDING BQODY OF -

R. C. MURRAY

GYPSUM //////////
REPLACES
/ ANHYDRITE
GYPSUM
1000 ft ——
ANHYDRITE
ANHYDRITE
REPLACES
GYPSUM
2000 f{——0o
- GROWTH OF ANHYDRITE BY
3000 ft REPLACEMENT AND AS
VOID -FILLING CEMENT
DEEPEST OBSERVED
GYPSUM AFTER
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4000 ft —

N

ANRKYDRITE

Fic. 2.~Schematic diagram illustrating gypsum-anhydrite-gypsum diagenetic cycle.

gypswm was very persistent and erystallized
easily even in its metastable state. Indeed, evap-
oration of sea water in the temperature range
60°—80°C produces gypsum rather than anhy-
drite as a final product. This suggests that fac-
tors other than the solubilities of the two miner-
als may be involved in determining the condi-
tions under which one or the other will be
formed.

MacDonald (1953} approached the problem
thermodynamically in order to study the eifect
of concentrated salt solutions and pressure on the
gypsurn-anhydrite transition temperature. From
previously determined thermodynamic proper-
ties he calculated a transition temperature of
40°C for the reaction CaS0,-2H,0=CaS0,
+2HyO in pure water. This value corresponds
closely with Posnjak’s experimental data.

He also demonstrated the effect of pressure on
the reaction in pure water. Under hydrostatic
conditions the transition curve had a positive
slope, indicating that an increase of total pres-
sure would increase the transition temperature
and would favor the formation or preservation of
gypsum.

From further thermodynamic calculations,
MacDonald {1953) produced a graph showing

the transition temperature as a function of the
concentration of NaCl, which was compared
with sea water by corresponding chlorinities,
This graph shows the transition temperature
decreasing with an increased concentration of
salts; thus, theoretically, one could determine
the transition temperature of gypsum-anhydrite
at any concentration of sea water. With an esti-
mated concentration of 3.35 times that of normal
sea water as the saturation point of CaSQ, in the
evaporation of sea water, a transiiion tempera-
ture of 34°C was determined. Therefore, if depo-
sition is an equilibrium process, gypsum will be
the stable phase and will precipitate out of sea
water first at all temperatures less than 34°C,
and anhydrite will precipitate out first at all
temperatures greater than 34°C.

Henderson (1954) presented additional data
on relative solubility of gypsum and anhydritein
salt solutions and concluded that gypsum should
be stable te a maximum depth of 2000 feet.

Conley and Bundy (1958) studied the mecha-
nisms involved in converting anhydrite to gyp-
sum, By experimental work they further sub-
stantiated Posnjak’s observations concerning the
persistence and ease of crystallization of gypsum
in its metastable state. They also determined
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that the reaction of gypsum going to anhydrite

tus water is very slow or nonexistent below
47°C. Further, in contrast with Posnjak’s and
MacDonald’s work showing that salt solutions
jower the temperature at which anhydrite be-
comes more stable, they showed that some salts
activate rather than inhibit the hydration proc-
ess in the temperature range studied. In other
words, these salts promote the conversion of
anhydrite to gypsum, even under conditions
theoretically favoring the formation of anhy-
drite. The best activators were found to be
sodium and potassium sulphate.

From their data, Conley and Bundy postu-
jated that it is highly improbable that anhydrite
is ever precipitated primarily from sea water
pecause (1) gypsum crystallizes relatively easily
in its metastable state, and (2) as soon as erystal-
lites of anhydrite would begin to form in sea
water, the activating constituents in the sea
water would bring about an almost immediate
copversion to gypsum at temperatures below
42°C. They conclude that the thermodynamic
applications which predict the formation of
anhydrite from gypsum in concentrated salt
solutions are incomplete in that they do not
incorporate the effect of Ca50, activators which
influence the reaction kinetics.

Despite the evidence from solubility and
thermodynamic caleculations that anhydrite is
more stable in concentrated salt solutions below
42°C, the observation of common if not universal
occurrence of Recent gypsum in brine and the
influence of kinetic factors in allowing formation
and preservation of metastable gypsum suggest
that the primary deposit may almost always be
gypsum.,

Thus, there is a body of evidence that suggests
that- under most surface conditions gypsum
shouid be the sedimentary product. Very high
temperatures might locally cause formation of
some anhydrite at the surface in the presence of
gypsum. Indeed, this is happening today on the
supratidal flats of the Trucial Coast. However,
formation and preservation of gypsum may oc-
cur for kineiic reasons when surface tempera-
tures are sufficiently high to make anhydrite the
stable phase. With burial, gypsum should be
replaced by anhydrite, The minimum depth for
the transition should be a temperature of 42°C
corrected for the pressure effect at the depth of
the transition. Because the rate of the change of
gypsum to anhydite with respect to the rate of
subsidence is unknown, this value must remain a
minimum depth. Theoretical values for the
depth of this transition range around 2000 feet.
However, the author is not familiar with any
study of gypsum-to-anhydrite transformation in
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a formation undergoing initial burial. In the
deeper subsurface, anhydrite is the almost uni-
versal form.

Environments of Formation

Studies of anhydrite in carbonate rocks and in
association with carbonate and clastic rocks
suggest that a threefold distinction can be made
on the basis of the mode of formation. This dis-
tinction involves the recognition of (1) bedded
anhydrite, (2) pore-filling anhydrite, and (3)
replacement anhydrite. The anhydrite beds
which represent the sedimentary unit of primary
formation and thus generally metagypsum are
the obvious source of material for formation of
the two secondary types.

From the previous discussion it is apparent
that most of the sedimentary units of anhydrite
observed in the subsurface are metagypsum. This
may be true despite the fact that independent
evidence of this replacement in individual ex-
amples is relatively rare. The original condition
of precipitation involved concentration through
evaporation of water, commonly sea water or
ground water that has moved through pre-
existing evaporite deposits. Such deposits may
be of two general types, each with its own sig-
nificance with respect to palecenvironment.
Although an individeal formation may exhibit
both types, a distinction between (1} sedimented
and (2) nodular fabrics can commonly be recog-
nized.

The sedimented or laminated anhydrite or
gypsum beds of which much of the Castile for-
mation {King, 1947) and the Pleistocene Lisan
formation of the Dead Sea are composed repre-
sents precipitation and sedimentation in a stand-
ing body of water. The concentration of the
evaporating brine may be maintained within the
field of CaS0y precipitation by limited flow of
new sea water into the body of water and reflux
of the heavy brine out through the inlet (King,
1947) or through the underlying sediments and
rocks (Adams and Rhodes, 1960; Deffeyes,
Lucia, and Weyl, 1964). Such evaposite beds
commonly show continuous laminations (fig. 3}
and sedimentary structures and should be essen-
tially devoid of uniformly distributed marine
fossils, They represent a depositional sedimen-
tary facies, time-contemporaneous with other
facies. These other facies may be clastic sedi-
ments or even carbonate. The latter is more
difficult because extensive carbonate deposition
which depends on organic production is not
possible in concentrated brines.

Nodular anhydrites or gypsum, aithough they
occur in thick units refatively free of carbonate
and clastic material, present a different problem -
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of genesis. All gradations exist, from isolated
nodules in fossiliferous limestone or dolomite to
thick beds of clustered nodules with only a thin
matrix or sheath of limestone, dolomite, or sili-
ceous clastic material, The crystal fabric of the
anhydrite in nodules is similar to that of the
sedimented anhydrite. Both exhibit a tightly
interlocking fabric of needlelike to tabular crys-
tals commonly preferentially oriented parallel or
subparailel to bedding (fig. 4). This preferred
fabric may change to an orientation subparallel
to the nodule surface near the boundary.

MNodules of anhydrite commonly exist in fos-
siliferous limestones and fossiliferous limestone
replaced by dolomite. However, because of gen-
eral lack of foreign inclusions or ghosts and the
draping of the host rock around the nodule, they
do not appear to have formed by replacement of
carbonate rock. The similarity of nodule shapes
observed in rocks of different age and lithology
and the absence of nonfilled vugs of similar shape
and size argue against gypsum cementation of
Jarge vugs. The thin sheath or matrix of carbo-~
nate rock commonly observed between closely
spaced nodules excludes the vug origin and sug-
gests a displacement or compactional origin
where one nodule has been squeezed against
another. These anhydrite nodules appear to
exist simply as ovoid masses within carbonate
rocks whose origin is inconsistent with an evapo-
rite enviromment.

R. C. MURRAY

Gypsum crystals similar to those found today
on the shores of Lake Lucero near White Sandg
New Mexico offer an explanation for the anhY:
drite nodule origin (fig. 5). These crystals haye
grown within the Recent alluvial sediments,
During growth the erystals physically push aside
the silt, sand, and gravel and form clear or nearly
clear selenite crystals. When these sediments are
buried, the gypsum will be replaced by anhy.
drite. If compaction of the sediment accompa-
nies this change, draping of sediment both over
and under the nodule will result. If the gypsum
crystals grew in carbonate sediment, and they do
today in most of the arid climate carbonate
supratidal flats, the same relations should hold,
and the product would be anhydrite nodules
within, but not necessarily related by original
depositional environment to the carbonate host
rocks (figs. 6 and 7). Small gypsum crystals
should produce the small pellet-like anhydrite
nodules. The larger crystals should produce the
larger anhydrite nodules.

The formation of selenite crystals and roset-
tes by displacement of soft sediments or weath-
ered rocks appears to take place by at least two
mechanisms: {1) Evaporation of ground water in
the vadose or capillary zone (Talmage and
Wootton, 1937). Crystals of this origin are indi-
cative of subaerial exposure of the top of the host
rock or sediment. (2) Evaporation of water ona
playa or other standing body of water and down-

Fic. 3—Laminated gypsum and calcite; Castile Formation, Permian, West Texas.




Fic. 4—Small anhy
subparall

drite nodul

e: transmitted light. Note t
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he orientation of the individual anhydrite crystals

el to the bedding. The host San Andres dolomite is draped around the nodule.

Fie. 5.—Surface of valley fill sediments west of Lake Lucero, New Mexico. The clear gypsum crystals have
grown within the sand and silt by displacement. The tops of some crystals have been exposed by erosion.
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Fre. 6—Bed of nodular anhydrite grading into fossiliferous sucrose
dolomite; Clear Fark Formation, West Texas.
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. ) F1c. 7—Bed of nodular anhydrite showing thin sheath of original sediment
between pure anhydrite nodules; Madison Formation, Montana.
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Fic. 8 —Replacement and void-filling anhydrite. The large blocky crystals have grown by replacement of
timestone. The fracture in the lower left has been filled with clear anhydrite crystals. These crystals have
developed overgrowths by replacement of the limestone wall rock. The same observation may commonly be
made in a carbonate sand where anhydrite fills the interparticle space and continues growth by replacement

of the particles.

ward movement of the dense hypersaline water
into sediment below, with resulting formation of
" the gypsum crystals. Crystals of this origin are
forming in the Laguna Madre tital flats (Mas-
son, 1955). With either mechanism the presence
of the anhydrite nodules is not necessarily indi-
cative of hypersaline water during deposition of
the host rock. Thus, the apparent inconsistency
of coexisting marine organisms and rocks and
hypersaline conditions is satisfied If the host
rock existed at an unconformity that exposed
sediments or weathered rocks of different age,
the nedular bedded anhydrite would appear to
be time-transgressive.

Recently, Kerr and Thomson (1963) have

observed pseudomorphs of anhydrite nodutes’

after gypsum crystals, indicating that the gyp-
sim crystal form is not always destroyed in pro-
ducing anhydrite nodules and presenting prima-
facie evidence of a metagypsum origin of the
anhydrite. Using the Recent analogy of the
I—:aguua Madre gypsum, they point out the asso-
tation of tidal-flat sediments with nodular
anhydrite and suggest that this environment of
intermittent inundation with sea water offers an

ideal environment for formation of nodular
evaporites.

The nodular anhydrite beds thus represent
growth of gypsum by displacement of soft sedi-
ment after deposition of the host material and
must be considered an early diagenetic facies
rather than a depositional facies. Many of the
bedded evaporites in the geologic record contain
thick sections of the nodular form. Indeed, most
of the examples of Recent evaporites occur on
supratidal flats and shaliow lakes on supratidal
flats rather than in large, deeper-standing bodies
of water,

Thus, the conclusion may be drawn that nodu-
far anhydrite isindicative of subaerial exposure of
soft sediments with evaporation of CaSO.-
bearing water taking place within the sediment.
Such conditions commenly exist today on the
supratidal flats in arid climates or in desert pla-
vas. In the former the source of water is com-
monly the sea and transport inte the supratidal
sediments may take place during a large storm or
by seepage through the sediments. In the latter
the source of the water may be ground water
that has passed through older evaporites and
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SPECTROCHEMICAL ANATLYSIS OF THE THREE TYPES OF ANHVDRITE®
{Weight Percent}
——e,
€ast Poplar Wasson Sturgeon Lake
R Charles Formation San Andres Formation Leduc Formatiap
?:?::1;:!1':: Murphy #43 Murphy #10 Murphy #10 Roberts ¥l Roberts #! Roherts #1 SE-1~-12 S5B~f-|2,
5791 Ft 5634 Ft BG33 Ft 4945 Ft 49405 Ft 4944 Ft B348 Ft B342 Ft
Replacemant | Pore-Fifling Badded Replacement | Pore-Flliing Nodules Pore-Fiillang Bedded
Aluminum 0.01 G.003 0.003 0.42 0.002 0.003 0.00 0. 00z
Antimeny 0.8 0.0 0.0 0.0 a.0 0.0 c.0 G.0
Arsenic G. a. .0- 0. Q. 0. 0. 0.
Basium 0,002 C.801 0. 001 J.002 0.0006 G. 0003 D.00003 0. 0008
Bery[[ium 0.000 0. 000 0.0D00 3.000 0.000 0.000 0.4000 0.000
Bismuth 0.00 0.6G0 0.00 o.00 0.00 0.00 0.00 0.00
Boron c.o 0.6 ¢.0 0.0 0.0 c.0 0.0 0.0
Cadmium 0.0 G0 0.0 0.0 0.0 Q.9 e.0 [ ]
Calctum 25. 30. 3Q. 35, 28. 29. 28. 29.
Chromium 0. oo0 0.000 ¢.000 0. 004G 0.005 ©.000 0.G00 0. 040
Cobalt a.00 0.0 0.00 0.0 0.00 ¢.00 0.0C 0.00
Columbium 0.0 a.0 0.Q 0.0 0.0 a.6 0.0 0.0
Copper ¢.000 0.000 ¢.oo0 0.000 0,004 ¢.008 0. 003 J.000
Galllum 0.00 0.00 0,00 ¢.0D 0.08 0.60 0.00 0.00
Germanium 0.00 0.00 .00 0.9 0.0 Q.0 G.0 0.0
Gotd 0.0 0.¢ 0.0 2.0 0.0 0.0 0.0 0.0
fodiuvm 0.00 0. 00 .00 0.00 0.00 .00 0.00 0.00
|ron .05 .03 0.03 0.0 o1 C.04 &, 02 0.0z
Lead .00 0-00 Q.00 .60 0.00 0.00 &. 00 Q.00
Magnesium 0.3 * 0.007 0.00B a.8 6.0z 0. 004 D.006 0.050
Manganesa C.000 0. 000 0.000 .000 Q. 000 0.000 ¢. 000 0.009
Ko | ybdenum a. 000 0. 000 0.04g 0-000 a.0f 0.000 0. 000 D.00Q
Hickel 4.09 0. 09 0.09 v | 0.08 0.0g9 0.07 Ot
Palladlium ¢.00 0.00 0.00 0.00 £.00 0.00 0.00 ¢-00
Potassium . 0.8 . 0.0 0.0 0.0 0.0 0.0
Silicon .3 0.1 a.1 [ 0.2 0.1 0.06 0.08
S5ilver ¢. 000 9. 000 0. 000 2.000 0.30090 0. 30 0.4300 0.000
Sedium 0.2 0.2 0.2 0.0 0.0 0.0 c.¢ 0.6
Strontium 0.3 0.5 Q.2 8.3 [+ o1 0.1 0.2
Tantaium G- oo ¢. 0. Q. D. 0. Q.
Tin G.00 0.00 a.60 §.00 Q.00 0. 00 0.00 0.00
Titanium 0.01 0. 01 4.0 0.03 0,00 Q.00 0.00 0.00
Tungsten 0. a. 0. 0. a. 0. 0. 0.
vanad f um 0.Q00 0. 000 0.000 4. 000 0.000 0. 000 0. 000 0.900
Z1nc ¢.Q 0.0 a.0 0.0 0.0 0.0 0.0 0.6
Zirconium 0.0 0.0 0.4 0.0 0.0 0.0 0.0 9.0
Phosphoraus Q. Q. 0. a. 0. a. Q. 0.
Marcury C. 0. 0. a. 0. Q. 0. 0.

*Ca may be in error as much as £ @-10 percsnt phaclute.

Mormal epror of the other clemsnts iz 2 50 percept of the walue reported,

Frc. 9.—Spectrochemical analysis of the three types of anhydrite,

thus represents a reconstructed water. Because
nodules may form below standing bodies of
water in earlier sediments and because shallow
bodies of water may temporarily exist as lakes or
supratidal flats or desert playas, both sedimented
and nodular anhydrite may exist together. The
relative abundance and distribution of the two
types often permits the recognition of the envi-
ronment of formation.

In addition, beds of both the sedimented and
nodular calcium sulfate deposits probably act as
the source material for many of the examples of
pore-hlling and replacement anhydrite observed
in the subsurface. That is, they offer a source of
CaS80, available for dissolution and reprecipita-
tion in void space or growth by replacement in
pre-existing rocles.

ANHYDRITE PETROLOGY
Void-filling Anhydrite

Free growth of anhydrite or gypsum takes
place within previously existing voids and thus

occurs in space formerly occupied by water.
Several types of voids can be generated in carbo-
nate rocks (Murray, 1960): interparticle space in
carbonate or terrigenous clastic sand, intercrys-
talline space in delomite, primary cavities in
fossils, dissolution vugs or fractures. Anhydrite
growing within such voids has little opportunity
to inclede pre-existing rock and thus forms clear
erystals, These crystals may occur as relatively
large clear individuals that fill the pre-existing
space or in larger spaces as clusters of clear tabu-
lar crystals. However, void-filling anhydrite in
carbonate rocks commonly continies to grow by
replacement into the rock margin of the pre-
existing void (fig. 8).

Replacement Anhydrite

Replacement anhydrite crystals grow within
the rock and occupy space previously occupied
by other minerals and fine pore space. Bioclastic
particles appear to be the most commonly re-
placed matertal. This process probably takes
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FiG. 10.—Anh

PRI R

drite types in reflected light; Mississippian

anhydrite from a thick anhydrite unit. Center—Replacement anhydrite {rom limestone 3 feet under the anhy-
drite bed. Right—Void-filling anhydrite from limestone 3 feet under anhydrite bed.

place by simultaneous dissolution of the parent *
rock and precipitation of the anhydrite, as dem-
onstrated by the in-situ distribution of inclusion
produced relict patterns. Dissolution is often
incomplete, and the anhydrite continues to grow
around the more resistant relict calcite, dolomite,
and noncarbonate clastic grains, attempting to
maintain its rectangular habit, but often the
final shape is partially controlled by the shape of
the material being replaced. These leftover par-
ticles remain within the replacement anhydrite
crystal and, if they are large encugh, can easily
be seen when the anhydrite crystal is turned to
extinction. Because of this imperfect replace-
ment, resulting in the inclusion of relict particles
within the anhydrite crystal, these crystals are
usually cloudy to brown in reflected light. The
color, of course, depends on the amount, distri-
bution, and nature of the relict material.
Chemical analyses by emission spectrograph
were made of anhydrite samples representing
two sets of the three anhydrite types (fig. 9).
These samples were prepared by removing all the
swrrounding carbonate rock with dilute hydro-
chloric acid. Within the limits of accuracy, the
bedded nodular and the pore-hlling anhydrites
appear quite similar in trace element content.

However, the replacement anhydrite from the
San Andres dolomite and Charles limestone
examples contains excess magnesium, silicon,
and aluminum. This undoubtedly represents
relicts of nonreplaced dolomite, quartz, and clay
minerals within the replacement anhydrite
crystals and confirms the nature of the relicts
and the cause of the cloudy to brown color.
Further confirmation was obtained by X-ray
analysis of the three Charles anhydrites. The
hedded and pore-filling anhydrite showed only
anhydrite, whereas the replacement sample
contained between 5 and 10 percent calcite and
some quartz.

The three anhydrite types can be distinguished
in refected light because of the textural differ-
ences and the presence of inclusions in replace-
ment anhydrite.

Bedded anhydrite is commonly granular to
massive and translucent to opaque and may be
white or light colored, depending on contained
impurities (figs. 10 and 11). Pore- or vug-filling
anhydrite commonly occurs as clear single crys-
tals with well-defined cleavage (figs. 10 and 11).
Rock-replacement anhydrite, because it often
fails to digest completely the rock being replaced,
appears as cloudy to brown single crystals (figs.
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F1c. 11-~-Aphydrite types in reflected light; Permian San Andres Dolomite West Texas. Left—Nodular anhy-
drite. Ceater—Replacement anhydrite from dolomite. Right—Void-filling anhydrite from dolomite,

10 and 11). Brown metasomatic anhydrite has
been reported by Fuller (1936), and the presence
of abundant inclusions has been noted by the
author in all examples of replacement ankydrite
studied. :

Relationships of Anhydrite to Porosity

Bedded anhydrite seldom contains pore space
in the subsurface. It is presnmed that this anhy-
drite acts as a source of material for the two
secondary anhydrite types. Commonly, void-
filling and replacement anhydrite is concentrated
near, and in association with, bedded anhydrite.
In addition, the bedded anhydrite often appears
to act as a barrier for further movement of hy-
drocarbons and thus may act as a seal for a
hydrocarbon accumulation.

Replacement anhydrite in itself neither creates
nor destroys porosity unless, asis quite common,
earlier interparticle, intercrystalline, or vuggy
vold spaces are engulfed by a solid replacement
crystal. However, replacement anhydrite is
commonly dissolved later to produce anhydrite
mold vags (Murray, 1960).

CONCLUSIONS

The available evidence suggests that a com-

mon diagenetic cycle exists in the CaSO; miner-
als. The original material is commeonly if not
universally gypsum deposited either by precipi-
tation in standing bodies of water or by growth
of displacement gypsum crystals in pre-existing
sediment or weathered rock. By either mecha-
nism, beds of calcium sulfate minerals may be
produced. With burial the gypsum is replaced by
anhydrite, and with uplift and removal of over-
burden the anhydrite is replaced by gypsum,
Pre-existing void space in rocks may be filled
with anhydrite or gypsum and pre-existing
carbonate rock is commonly replaced by an-
hydrite. The distinction between bedded, void-
filling, and replacement anhydrite can be made
in reflected light because of differences in tex-
ture between bedded and void-filling anhydrite
and because of the abundance of Included ma-
terial in replacement anhydrite.
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STRATIGRATEIC POSITION OF THE
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AND ITS STGRIFICANCE

The Upper Miocene Sulphur series of
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and clays. [t reaches 100 meters ma\'I5
mum teiz] thickness and contains t‘h‘
sulphur deposits at its base. From ME
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Fic. Tiicl: beds of secondary selenitic
gypsuln divided by inlerbedded mart. Nete
e thin zone of primary gypsum at the hase
of the upper bed. Crottogaida, Enag, Sicily.

preferred orientation according to the
Mottura’s Rule, i with the twinning
piane and fhe ¢ axs perpendicular or
subperpendicular to the hedding plane,
and with a constant polarity of the twins
coprave angie toward the top of the beds,
and of the apex towzrd the bottom.
Syelling structures of the apper surlace
of the beds and deformation of the over-
jying marls make the transformation
from anhydrite evident. “I'his event seeins
o have been paradizgenciic o8 is indi-
cated also by the present study.

The alabastrine secondary gypsum of
the “salifsrous {acies” is a white saccha-
roidal rock with irregular knotlike sweli-
jng structures; and seems to have
originated by recent transformation of
anhydrite cansed by the approach of the
external erosion surface.

In both facies, at the base of the forma-~
Hon some beds ¢an be entirely made up
by primary rhythmic gypsunt, and at the
top some beds can be wholly made of
secondary gypsum; but in most beds
the typical association is a thin basal
zone ol primary gypsum with a much
thicker upper part of secondary gypsum
(fg. 2). The sequence, marl—primary
rhythmic gypsa m—gecondary gypsum—
magh, Is thus polar from bottom to tep,
always repeating itsell in the saime order.

This cyclical sequence bears a precise
sigaificance. The nterbedded marls, 50

common in evaporitic [ormations, were
originated by periods of terrigenans sup-
ply, and therefore of strong water inflow,
which interrupted or gvershadowed the
chemical deposition. When the latter
started again, gypsuw, DOW visible as
rhythmite, always precipitated  frst,
after which deposition of anhydrite, now
visible as secondary gypsumh took place.

The next following phase of terrigencns
supply caused dilution of the basin water,
and the successive chemical deposition
taok place as gypsut again, thence pass-
ing to anhydrite, and s¢ on.

“Transition from gypsum fo anlbydrite
in calcium sulphate deposition by evap
oration is cansed by increase all concen.
(mation 2nd temperatust {Posnjak, 1940:
Depositin of gypsus [rom sea water af
30° takes place when concentration hag
reached 3.35 times the normal salinity,
and deposition af anhydrite takes pl
after having reached 4.8 limes the norm
salinity. These conditions are nof grea
modifed at temperafures even 10°-13
lower. At 42° anhydrite always will
deposited whatever the type of call
sullate solution may be £

In geological environments varia
of concentration must be more o
minant than that of temperature,
average temperatures much ove
abave mentioned 307 could have ha
lasted for such a long time as tha
quired by the formation of the
Iayers. A slow salinity variation i
waderstood if a balance between inflg]
water and loss by evaporation
mitted. In this way the water cong
dan can be maintained for a long
the field ol less solubilicy of gypsil
slowly increasing until b reag
field of less solubility of anhyd
still longer permanence in this fif

The possibility of such a2 eqiiliE
must be accepted sinct it is d
by its products. Only a contin
of sea water can have carried
sus basins the epormous QY
evaporitic minerals we find
corresponding formations. S

ZUBBI N2 BORING
(5. CATALDO, CALTANISSETTA)

Jurfece matarialy

Trubi

Sends

JSelesitic secondary Jrrar
Rhythmilic primery grpsvim
Harly gypsum conglomerole
Bxpadremibe

Harls

“ Sulphur rock

—Typleal sequence of pri

ic gypsum. The Gyps Primary and secondary gypeum beds | A

formation {(diatomite). "}2,{%";" Hion passes apwand Tito the 1-,3.'&,‘;“3,’ cdded with marl

icily. sal imestone formation is lacking. s, 8;¥2§§fdcf”|‘“ tha
i . Lalfans-
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correspondence between inflow :_:.ntdailno:g
i id have main
by evaporation could riained
of the variou
he water concentration T
L;sins in the deposition 'ﬁeld 0{: sx;\jie-
mineral for such a Jong time, wit ou[ o
lowing the successive premp1_tatmn_a the
whole sequence of evaporation minerals
in a short time. . .
® ':Ii'lae chance of such a pice balance is
all the more evident becsuse the ll'éﬂ['):\\i
of water s originated, and' thus m!e ,th)
the loss by evaporation, Since during " ‘f
the gypsum deposition there was no ie
-pnsiti-rm of all other salis can"led by ]tn:‘i
water Rowing into the basin, thir v
increase of salinity took place. . 02
while, this led the voncentration Illt(?i the
field of anhydrite df:posltmn_ whic
lasted unfil the next period l']f temg_en::n.s
supply and of water dliut_lon. This e.\lf
lains the sequence of terrigenons n'l;r'.
];n'mary gypsum (rhythm;te), and anhy-
i econdary EYpEUTH). i
drl_i:%c(s absence of swelling stru‘ciur'le=
H i
shows that the rhyt_l'nm-nteﬂ‘\\'as tv}:hr:ct ags
er na
osited 2 gypsum rather
S:Eydrite. Thus, the 111\-;51,1g_atl]nr:’ OID;;;:
igt f chemical deposi-
originary structure 0- : epust-
ion, net yet fully LnO\wr} as .
:ro;xted. since the evaporites t‘hu:l]’i;r
investigated are wholly recq'stt{)l}zzemd H 1::
i 1 vere sulijec
the saline deposits, or \\e:re :
trapsformations and te very strong tec-

streaks. Parallel

L. OGNIBEN

. thin pell
e m Jaminae peparated by thin |
nverse graded bidding in primary sypsam tamiinas o

tonic distuchances like the Perrniar;Je\;;txé)ri
orites of the saline domes of the (1n974)
States and of Germany. Udden e
describes an anhydrite thythmite c{mbty
fle fonmation of Tea:as, prol
ocl'asptl:']i:mry deposition, 1\'11é|.:hdr§5emiiliz
i ere.
rpsum chythmite studied | t
;l;cd%els ot [ully awalyze its microstruc:

ture.

MICROSTRUCTURE OF THE RRYTHMIC
TRIMNARY GYPSUT

Under the microscope the gypsum

shows bedding laminae one t?-l'ﬁl‘,’e’;l:z;:
J three mi thick. :
but mosthy twe Lo n ke T
( vident by wery
are [requently made ex ) .
thin in:Iercalatimls of marly peilt_e, bm;
especially by the in\rer5? gl’ii:l;ﬁiyal
ins. These form

3 spsuin grains.
:;r‘ailglllliusaic with eu!(:c(;ﬁa?.l tenciin;i

o in s mm

ving a in size of 0. 2 t
Ebl:zrtxfgthegi::uinae, gradually lrlrreasx?g
to average sizes of 0.15-0.2 mm at { 1T
t (fig. 3). Common are rhemmboidal
sggl:inns of prismatic grains and lesg
common Jamellar sections of tabular unl
with the longest diameter lying ;ndﬂg
bedding plane. However, nearly iso
metoe irregularfy polygonal grains:
st alundant.

m?;he grains show @ mere or les-.;] siTo:
sreferred  erjentation, casily lo iser:i
]with the gypsum plote, generally hav

5 Coming from neighbodng formations like
the underlying Tripoli formation. The
latter is essentially composed of apaline

=hing in a former intergranular border

smalf gr,
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¥ perpendicular to the bedding plane,
but in ecome spectmens ! js paraliel to
the bedding plane, Since there are no
traces of recrystaliization, the preferred
orientation niust be aseribed to a me-
chanical efect of clongated or Hat grains
settling down with their longest diameter
parallel to the deposition surface, The
prevailing isodiametric polygonal grains,
also following the preferred orientation
rule, must therefore be derived from
original elangated forms, later blunted
and made isodiametric by solution phe-
nomena due ta rock compaction. This
manner of compaction by solution is
typical for Eypsum rocks, and can be
seen very well in the gypsarenites of the
Sulphur series containing microfossils and
other grains less soluble than gypsirm,

The marly pelite of the thin fater.
calations Detween the graded gypsum
laminae or betweon single gypsum frains

results in carbonate graing generally of 2

size about 0.001 mm, and i argillaceous

matter of still finer size. It is, therefore,
normal marl like that Incerbedded be-
tiveen the big gypsum layers, Very small
foraminifera, Glabigering and Butimina,
with diametess about .03 mm, are sonte-
times associated with it
Another widespread accessory  com-
porent is chaleedonie siljca in either
simple fibro-radiating aggregates or
showing several aggregation centers with
diaretors up to 0.1~0.7 mun (fig. 4). They
evidently are authigenic by replacement
of gypsum cawsed by siliceous sclurion

F16. d~TResedimented
with  aythigenic chalcedonic
Crossed nicols, 327,

primary gypsum,

aggremtes,

ules of pyrite showing diameters fram
6.0i to 0.05 mm,

RESEDINENTED FRIBIARY GYDPSUM

In the strata of rhythmic gypsum non-
rhiythmic zones, sometimes extending
over the entire straty i, gan be observed.,
Under the microscope their chiaf charae-
teristics are absenee of grading and
uhiform groin gfze, varylng in diferent
strata from 0,02 mm to 0.05-01 mm
(fig, 4). There is a greater amount of
marly pelite in the non-rhythmic zones
than in the rhythmic lnyers, but it is
staitered among the groins instead of
being concentrated in thin strenks De-
tween the laminae, The bedding plane js
evident by the paralleiism of the elon-
gated or flat grains.

Detrital minerals, which are rare in the
rhythmic gypsum, are {requent. Among
them are angular [ragments of calcaceous
2fEregates, detrital quartz, detrita)
rounded glayconite in sizes up ta 0.05 mm,
and lamellze of brown clay minerais of
medium  birefcingence or of greenish
chloritic minerals of very low birefrin-
gence, Common  are Globigerivg  and
Bulfming of stmall size (0.03-0.1 mm) and
aunthigenic fbro-radiating aggregates of
chalcedony {fg, 4 often originating from
central fragments of detrital silica, anal-
ogous fo those of the rhythmites.

The reworking significance of this

iliea which is supposed to be the priginal
orm ol most chaicedonic sifiea (Petti-
jchn, 1040),

The chalcedonic

spherulites  often
learly

show iheir aggregation centers
Ctween gypsum grains, sometimes with
3ins of quartz or of another silica
o in the center,

Rare adcoessory components of these
Psumn rhythmites are very small gran-
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first small size gypsum of eac

g lamina in such a manner th
27 the gyvpsum was
th

h overlying
2t a part of
deformed, a part flled
e resulting depressiops, while the re-

ward aphedral
of the primary
toward the

forms and a size jncrease
E¥DPSuUM grains, f.e. a trend
""Sammelkristaflisation®

of
the Cerman aythers.
maluing portion of the lamina did ngt The significance of the mixed primary-
undergo any deformartion, secondary gypsum rhythmic deposition
Many big Eypsum crystals are vari- ig that of a cyefical oscillation about the
cutsly oriented {100 rwing and many of anhydrite
them follow the previoushy mentioped

EVpsuTt transition point. The

phenomenon could have been
Mottura's Rule, i.e.

4 tempera-
they are subper-  tpre oscillation, but move Jikefy consisted
pendicular o the bedding and present  of a coneentration oscillation. The nar-
the concave angle upward and the apex  mal rhythmi
downward. Their

length sometimees £x-
55 of the contajning
out into the averlying

tes, therefore, represent oscil-
lations {graded bedding!) within the feld

of Jess solubility of gypsum wich slow
gradual

ceeds the thickne
lamina, stretching
and  sometimes

increase of salinity wnntil i

into  the undeclying  reaches the field of anhydrite deposition

i lamina, deflorming the small size gypsunt  (upw represented by the thick layers of

2 ) ites, Geopetal stouetures of swelling sediment. . . secondary gypsum); ie, _wif]l_ slow djs—

= dary gypsit fh}'tl‘m“esil ;r’gypﬂ"n in the depressio The position of these erystals, per- placement of cancentration in g nice

Fie. §—Mi E'gi Pé\mu,ri-igcn?i?lac.y;u? of filling by smail size - pendicular to the bedding, is sufficient
al the upper SWrate & 10 o,
Parallel and crossed meols,

wm or more in size
H psum crystals one o jc lami
s the disap-  gypSU se rhythmic lamin
strugture is made dl‘:nftlftrnsit:hérading. In bet.“veel.! ﬁi]: \\%fi:spread in the .G vP
pencance of the r—ﬁe frequency of fora-  This tt}_li': and it can be found in To
addition, there 7 trreru:c of noticeable  forma ’D‘,;rai meters thick, all or p
minifera, ihe ul:m]'ti(: detrital materials, up tct’i:leting jor the normal rhy
amaunts ol psamm;wﬁte n larger amount subsurnl o
i terrigenols b udy  gypsum- . e isolated ery
:l?:noi“ the f‘“'t}'m’c'%'ps:i} .]l:::nfzﬁo}r! Under d"; E:}.C;f;c:pa\-eragihg 172
y ] ]
of other rocks of the e-;FainS asenciated  or g.roup:: be abserved at the top
shows that organic @ bear a desital  in size, o aded laminae, while al
with gypsun 1;::3 5:113 rounded glau- m‘::-:,ﬁ gf‘ eceasOry ccmponcmsl
significance, ash 1o Suiphur series. no: like those ol the normal;
e d ! P! ¢ rock arg like these of the 7ot
conite in the whole in size is due to C - 7 size CTYsta
raln 8148 he ma)o
The homngenuur;éﬁﬂ a. Thore are re-  mmites. n[;_i nuously [oliow the toplbo
sorting by transport cpsim fayers with 1ess1coiaminae in form of upwa
sedimented primasy Ef-idsntl}‘ originated  cof ehe es. The corresponding
g 002 mm gram El?:e‘ of the swall hasal s‘}-ructl!:l]rt“-.etn them are marke
Ly the a:c‘;ammimgl:lmic laminae. More Elqnsinferbcdded pelitic streak 3
ins of the rhy " rpsum  thin mallest size:
e e gy rcimensd BT L o e e S
rocks show & 0.05-0. mutation of the of Ead:i olvet::c]l surface of eacl}
diearly caused by |ami‘gmic laminae. the up uﬂa showing that X
top mypsum of th(e1 r!}:jary gypsurn there le}:ml:i\af r:\‘:;jon Small gze
. i U : elor -
In resedimented pr ferred ovientation  the jons of h
Sl vl 2rre L depressto.
is no readily Vlilm;;w'l'hereforc. it has ﬁl}sh t: ?‘Trypde“ geopetal 3
as i the rhyt "lla t-h-: reworking and  wit - (ha, 5), trus aliowing
been dcs‘ID)‘tF}i rzd a characteristic of plctu:n 2l size gypsum to
must be cansdered € € 198 & ce and to contin
the very first sediment: P a flat smr:; Diverse graded Jo
RIMARY  the noripal inv i
- Eg WITH ASSOCIATED T urface sw
Rmm}ﬁnnss‘ﬁcoxnmx et The upper st

: ina seesm,
. i- underlying lamina h
N spe is megascopi N red during the
A th.liilsii;c&j;a;cgfrence of rows of  have form
cally visible

oscillating  equilibrium
proof of their epigenetic origin, In addj- evaparation and fnflow Irem utside of
tion, at their borders a crysialloblastic  the basin. Tn a like manner the mixed
cribrose structure is te be ohserved whicl primar_\‘«secondary gypsum  demon.
is indicative of their growih within the giates a fong salinity ostillation about
sediment. Often serizted ruptures per.
pendicular to the crystal clongation are
250 observed, with small displacement
of the single picces and resulting lorma-
tion of 2 superindividual (fy, 6).

This crystalioclastesis, iogether with
the deformation of the embedding sedi-
ment, the elongation of the ervstal
perperdicniar to the bedding, and the
rystalioblastic structures, clearly shows
that a crystal neoformation togk place
with mechanical straing due to vohume
"NCrease, Le. to the transformation from
nhydrite,

A gypsum depasition tike that of the
Enormal riythmie layers must, therefore,
ave taken place ending with depositien
=0l some anhydrite grains of bigger size
-ulmn the gypsum ones on each lamina
fop. During the stceessive deposition
the small size gypsum Lelonging to

e overlyving Jamina, the anhydrite
ns underwent a trauslormatian inte
size  gvpsun:, swelling and  thus
by dtformiug the embedding sedi-
T, i

between water

Fig. 6 —Cataclastic twiined shperindi-
vidual, showing elongtion perpendicntar i3
the bedding {Mottura's Rule), and crystallo-
-secondary gyp- Blastic structure ot its berders, Crossed
show a trend to- nieols, %10,

hese mixed primary

I rhythmites often
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the gypsum-anhydrite transition point.
“This is a particelar case, wherein the
oscillating concentration remained pre-
dominantly either in the gypsum stahil-
ity feld, or in the anliydrite one.

SIGNIFICANCE OF GRADED BEDDING

Graded bedding bas been known for a
long time, but it has found ample treat-
ment only in two classical papers, ane by
Bailey {1530} who stressed ils connection
with the geosynclinal detrital deposits
and the other by Kuenen and Migliorini
(1930) who relaled it to redeposition of
detrital sediments by turbidity currents.

Np descriptions have been found of
graded bedding of sediments other than
detrital. Tnverse graded bedding has been
refecred to by Kuenen and ATigliorini
{1950}, always in relation to detrital
praterials caused by variations in trans-
port competency.

In the Gypsum [ormation of Sleily
there are also detrital gypewm sediments,
originated by reworking of the chemical
deposits, but they are typicat littoral
formations, lenticular in form and with
bedding of the current type True psam-
mitic (“gypsarenites’) and psephitic
gypsum rocks of this kind are wide-
spread, What can be inferred on the
geological envircnment of the Sicilian
evaporites does not agree with the vari-
ous possibilities of detrital graded bed-
ding according to Kuenen and Migliorint
{1950). The evaporitic hastas were small
and irregular, receiving very fittle ter-
rigenous supply, and showing a tendency
to become dry and miss many members
of the deposition sequence.

The mixed primary-secondary gypsttm
rhythmites seem to demonstrate that the
grain size increase of the sediments wes
connected with a concentration increase
of the basin water since the depositicn
of the big size gypsum crystals ended
in the deposition of anhydrite crystals.
Afrerwards, basin water dilution zgain
caused deposition of very small gypsum
crystals and af the same time it caused
teansformation of anhydrite into gyp-

L. OGNIBEN

|
1

sum, Thus straining the newly [ormed
sedimeant.

The parallel change of the crystalline
siza of gypsum and of the saline concen-
tration is very interesting, Dbecause it
would be possible to control it experi-
mentaliy, A velationship bebween grain
size and femperature eould not have been
expressed so simply since it ought to have
recorded strong daily variations, not only
seasonal anes, However, itis possible that
an average temperature effect has con-
teihuted to the grain size increase.

The wariation o concentration  ex.
pressed in the graded bedding, and thus
aise the laminae deposition  rhythm,
seems to have been nothing else than
seasonal. The chemical deposition would!
correspond to an and and eventally’
warm scasan; the tnterruption of depos
tion, the small terrigenous deposit of the
thin pelitie streaks and the dilution
the hasin water would correspond to
rainy and eventually a cold season. N
independent inflow of sea water is po!
sible as a cause of the depost
rhythm since it was rontrolled by watd
evaporation, and this in turn by the
3eR50nS.

The passages between the evapori
basin and the geeans may hate been
or less wide. The only necessary <o
Hion was a restricted circulasion W
permitted inflow of normal sea wat
the surface to balance the Joss by
poration apd preveated ootflow of ;0
centrated water in i
slow concentration in
\vas inevitabie, and was only inte
by major geclogical events.

The present study thus explal
depositional environment of the
formation of Sicily asa region of b
tittle depth. The rhythmic sedimel
structure was generaily presery
sometimes subject to rework
average emrvironmental  temp
were about the same 3% Posnjalk’
1940. i.e. about 30% with ampke
tions possible. A

Accerding to all the consid

S.\z\'mzﬁ, B

7,
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mentioned above, the single laminaze
seem ta correspond to annual deposits
L2 varves, like all the mmvr]l)-'thmil:es'
{Sander, 1936, with the previous litera-
ture). An average thickness of two to
(—J:rc.e mm can be calculated for eael
lainina, from about two rum (2.2-2.3 mum)
f::r n[ormal rhythmites, to about three
mm for mixed poi - -
s 1‘]1}.‘t.hrm'tmi.rmmarJ secondasy exp-
For the thin basal primary gy,
zaones, 20-50 cm, of thpe mai|)| g;;z:i‘:
beds, a depositional time frem 100 to

200 years may be theref

Fer the bulky beds of ing;ﬂt{:‘n‘;giltate@.
mary gypsutn, which often can be 51:1-
at the base of the Gypsum formatio %
maximum thickdess up fo 143 m r;.’ai
Z?:n[measured. Its depositional time,
A a;:ore, may have Jasted zbout 7000

The arrangement of primary and sec-
ondary gypsum in thick layers inter-
hedded with marl layers was probably
controlled by lectonic phenomena relat d
to the rhythm of subsidence, :
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DAMAGE TO THE HISTORIC TOWN OF STAUFEN (GERMANY)
CAUSED BY GEOTHERMAL DRILLINGS THROUGH
ANHYDRITE-BEARING FORMATIONS

SKODA V ZGODOVINSKEM MESTU STAUFEN (NEMCIJA)
POVZRO CENA Z GEOTERMALNIM VRTANJEM SKOZI
ANHIDRITNE FORMACI]E

Ingo SASS! & Ulrich BURBAUM?

Abstract UDC 504.6:550.822{430)
Ingo Sass & Ulrich Burbaum: Damage to the historic tewn
of Staufen (Germany) caused by geothermal drillings through
anhydrite-bearing formations
Shallow geothermal systemns for the heating and cooling of
buildings will play an important role in the future renewable
energy supply. Especially in dense settlements the geother-
- mal energy wiilization for facility heating and cooling is very
promising. Therefore, it is important to analyse the damage to
Staufen im Breisgau (Germany). In Septermber of 2007, seven
geothermal borehole heat exchanger (BHE) drillings were per-
formed in a small square directly adjacent to the 16% century
town hall in the centre of the town. These led to enormous
structural damage to. buildings as a function of four different
geological parameters: artesian groundwater, two interacting
Karst formations, strong tectonization, and a swellable anhy-
drite formation. Some weeks after termination of the well con-
struciion, uplift started, and recently (March 2010) reached a
magnitnde of approximately 26 cm. Actually, some 250 build-
ings (March 2010) are involved; showing cracks, tilting, and
other effects of the differential swelling movements beneath
the foundations. Surface uplifts with rate up to 10 mm/month
have been determined using high-resolution spaceborne radar
data and radarinterferometric techniques. These amplitudes
correlate with data from benchmarks of terrestrial geodetic
surveyng. Besides the uplift due to the swelling processes, fu-
ture problems could arise from the fact that the gypsum formed
from the swelled anhydrite is soluble in water. Thus, sinkholes
and other karst related phenomena may occur.
Keywords: Anhydrite swelling, borehole heat exchangers,
borehole heat exchanger. drillings, damage to buildings, gyp-
sum karst. . .

Povzetek UDK 504.6:550.822(430)
Ingo Sass & Ulrich Burbaum: Skoda v zgodovinskem mestu
Staufen (Neméija) povzrofena z geotermalnim vrianjem skozi
anhidritne formacije ‘

Plitvi geotermalni sistemi za ogrevanje in ohlajanje zgradb
bodo v prihednie igrali pomembno vlege pri oskrbi z obnovlji-
vo energijo. Zlasti v gosio poseljenik naseljth je korif¢enje geo-
termalne energije mnogo obetajode za ogrevanje in hlajenje.
Zato je pomembno analizirati $kodo povzredeno v Staufnu,
Breisgan (Nemdéija). Septembra 2007 je bilo v centru mesta, na
manjiem trgu v neposredni blizini mestne hise iz 16. stoletja,
izvedeno vrtanje sedmih geotermalnih vrtin za toplotno izme-
njavo {(VTI). Vrtanje je povzroéilo ogromno $kode na stavbah,
saj je vplivalo na &tiri razliéne geolodke parametre: na artetko
podtainico, medsebojno vplivanje kraskih formacij, moéne
tektonizacijo in na nabrekanje anhidritnih formacij, Nekaj
tednov po zakljutlu izdelave vrtin se je prifelo dvigovanje in
je marca 2010 doseglo premike do pribliZno 26 cm, Dejansko
je bilo do marca 2010 poskodovanih okoli 250 stavb, Kjer so
opazne razpoke, nagibi in druge posledice razlitnih premikov
pri nabrekanju pod temelji. Povrsinski premiki s stopnjo do
10 mm/mesec so bili doloeni z interferometriénimi tehnikami
in obdelavo podatkev visokolodljivega satelitskega radarja. Te

- razsenosti so v korelaciji z oznakami relativnih vi§in fzmer-

jenimi s terestiénimi geodetskimi meritvami. Poleg dvigovanja,
ki ga je povzroilo nabrekanje, lahko v prihodnosti nastanejo
dodatni problemi z raztapljanjem iz anhidrita nastale sadre.
Tako lahko pride do nastanka udora in drugth pejavoy, ki so
povezani s korozijo.

Kljuéne besede: nabrekan)e anhidrita, vrtin za toplotno iz-
menjavo, $koda na poslopiih, sadreni kras.

! Technische Universitit Darmstadt, Institut fiir Angewandte Geomssenschaften Schnittspahnstrafle 9, 64287 Darmstadt,

e-mail: sass@geo.tu-darmstadt.de
2 CDM Consult GmbH, Motorstrafle 5, 70499 Stuttgart
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DAMAGE SYMPTOMS

Staufen im Breisgau (Staufen) is located in the southwest-
ern Germany on the western flank of the Uppér Rhine
Valley graben (Fig. 1). The drilling of seven shallow
barehole heat exchangers (BHE) at the City of Staufen
triggered a series of evenls in completely different do-
mains that have caused a very problematic situation. The
complicated process is not completely investigated today.
Since the installation of the BHE in September 2007, the
subsoil in the inner city shows an uplift of up to approxi-
mately 10 mm/month (LGRB 2009). The current cumu-
lative value (as of March 2010) is approximately 26 cm.
The geothermal wells were drilled up to 140 m depth, and
were intended to supply the town hall with geothermal
energy for heating and cooling purposes.

Fig. I: Staufen im Breisgau.

Fig. 2: Uplift cracks in building Kirchstrafle, inner courtyard, distance to
the well field approx. 20 m ta the east. Destruction of the supporting ma-
sonry, March 2009 {Photo: U. Burbawin).
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The differential uplift affects buildings as well as in-
frastructure by inducing stresses which exceed the ten-
sion and shear strengths of the structural components,
producing tension and shear cracks (Figs. 2 and 3). In
addition, the deformations also cause tilting, which in
turn puts compressive stress on bearing elements. The
uniaxial compressive strength of construction compo-
nents is locally exceeded, and they fail. Damages to the
local infrastructure (Fig. 4} are severe. For example, gas
and water utilities require expansion bends (Fig. 5} to
prevent future desasters. The damage patterns are depen-
dent upon the tectonic setting, the lithologic conditions,

-hydrogeological heterogeneity, and the BHE drilling ge-

ometry as well as varying BHE construction quality.

Fig. 3: Tension crack in a baseplate, building Jagergasse, distance fo the
well field approx. 70 m to the northeast, March 2003 {Photo: U. Bur-
baum).

Apertures of cracks typically range up to some cen-
timeters, with some more than 10 cm. To date (March
2010) approximately 250 houses are seriously affected,
and the number s still increasing (although this num-
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Fig. 4: Crack in the street “Jigergasse”, distance to the wellfield approx. '
80 1 to the NE, March 2009 (Photo: U, Burbaum).

ber may include cracks formed in objects that could not
verifiably be linked to the uplifting process). Therefore, it
appears that the area of damage is growing, and that the
uplift in vertical as well as in radial extension around the
well field persists and damages rises.

The financial damage, and the best point of time for
reconstruction of buildings and infrastructure, are not

Fig. 5: Installation of an expansion bend in a PE-HD gas pipe, Meier-
gasse, distance to the well field approx. 80 m in northuortheast direction,
Marck 2009 {Photo: U, Burbaum).

determinable since the swelling persists and is quanti-
tatively not predictable to date. Thus, an economic ba-
sis for the claim settlement does not exist. A method to
quantify the restoration and compensation costs must be
developed in the near future.

GEOLOGY AND ANHYDRITE SWELLING

‘The location of Staufen on the western flank of the Up-
per Rhine Valley graben (Fig. 6) is affected by complex
and partially unexplored tectonic conditions (Landes-
vermessungsamt Baden-Wirttemberg 1996). Fig. 7
shows a NW-SE geologic cross-section in the area of the
inner city (after Schreiner 1991, as cited in a report by
the Landesanstalt fiir Umweltschutz Baden-Wiirttem-
berg 2005). Small scale features of shearing, compres-
sive and extensive tectonic movements are typical, and

produce multi-phase fracture systems (Geyer & Gwin-
ner 1991),

Thus, the quantitative determination of the ground-
water movement and its flow paths is difficult. However,
it is most likely that the fracture system can provide vari-
ous hydraulic connections. Drilling risks should there-
fore be categorized as high since drill holes could col-
lapse, or other problems may occur,
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Ruins of _
Staufen castle | -
e

: £

Wiirttemberg 1996).

Upper rhine valley i
; boundary fault ’

Fig. 6: Modified detail image of the geological map of Preiburg, M 1:50.000. {Lasidesvermessungsant Baden-

Complicated groundwa-
ter conditions, and local oc-
currence of artesian ground-
waters, are typical at the
Rhine Valley flanks. For this
reason, the guidelines for the
utilization of shallow geother-
mal energy (LGRB 2005) of
Baden-Wuerttemberg assigns
geothermal well  drillings
into the highest case; group
D. This group permits geo-
thermal drillings only after
individual examinations, and
only under certain technical
and regulatery conditions.

The general stratifica-
tion in the vicinity of the
town hall (Figs. 6 and 7) can

Alevel [n above sea level]

be taken from the geological
map (Landesvermessungsamt

420 + Ruins of Staufen castle SE Baden-Wiirttemberg1996; La-
390 - - _ _Roler Berg* ndesvermessungsamt Baden-
g0 4. Schlossoend Town hall Wiirttemberg  1999), which
530 {projection) proved to be quite appro-
5 priate. Basically, thin-bedded
300 strata of Jurassic age cover
270 some meters of Schilfsand-
240 stein (Stuttgart Formation)
= 7 Barings fo and Gipskeuper (Grabfeld
210 4~ , ."'_.....- ' boreholg he;t Formation). The Gipskeuper
180 - exchangers. . reaches a thickness of about
~T s depth up to 140 m ‘ 100 to 150 m {Geyer & Gwin-

150 4+ 7 7 7 7 2 ?
- | \ . | L ‘ Length [km] ner 1991) throughout the
120 I ] ] I i ] I ] > southwest of Baden-Wuxt-

0.2 0.4 ’ 0.6 G.8 ‘

temberg.

Fig. 7: Geological cross section NW-SE (modified after Schreiner, A. 1991, cited in: Londesanstalf

fiir Umweltschutz Baden-Wilrttemberg 2005).

tc = Tertiary conglomerate, Hr = Haupirogenstein, bj2 = Bajocian 2, bj1 = Bajocian 1, al2 = Anlenian 2, all =
Adlenian 1: Opalinus clay, km = Middle Keuper, ku = Lower Keuper, mo = Upper Muschelkalk, mm = Middle

Muschelkalk, s = Buntsandstein, G = Granife.

Anhydrite: CaS0, + Water: 2H,0 CaS0, * 2H,© -> Gypsum

: Gypsum
B o R
Swalling
AV=61%

161m

im

161m?

Eig. 8: Swelling process of anhiydrite into gypsuam.
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In Staufen, wells proved
a thickness of about 100 m.
The geothermal probes pre-
sumably reached their final
depths in the Lettenkeuper
{Erfurt Formation). The un-
derlying Muschelkalk has not been drilled yet (according
to known well logs, Gemeinde Staufen 2007). One research
drilling later reached the Muschelkalk in Summer 2009.-
However, the Lettenkeuper has only some meters thick-
ness and due to the structural fracturing, the hydraulic
head of the Muschelkalk is probably connected to the drill
site. Due to the petrographic patterns and the strong tec-
tonics, the Lettenkeuper has to be regarded as an aquifer-
aquitard intercalation. The hydrogeological map (LGRB
1977) shows limestone, and dolomite, respectively, in the
vicinity of Staufen. This could be Muschelkalk (Landes-



DAMAGE TO THE HISTORIC TOWN OF STAUTEN (GERMANY) CAUSED BY GEQTHERMAL DRILLINGS THROUGH ...

3.0

Depth z [m]

Stress o [MNlm’_] {[MPa])

ing in the formation, with
an increase of volume up
to- 60% (Fig. 8). Swelling
processes in anhydrite have
been described often (Chiesi
et al. 2010; Steiner 1989,
1993; 2007). If swelling is
prevented due to confining
conditions, immense swell-
ing pressures may occur. In
soine tunnel projects in an-
hydrite rock, swelling pres-
sures from 1.7 up to 4.7 MPa
were monitored (Steiner
1989, 1993, 2007). Swell-
ing could be avoided only if

4.0

Fig. & Swe!ling.pressure {modifted from Steiner 1989, 1993, 2007).

vermessungsamt Baden-Wiirttemberg 1996; LGRB 1977;
Wagenplast 2005). The aquifers in the Muschelkalk have,
due to their location and their catchment areas on the
higher ground in the outlying hills, the potential to be ar-
tesian in the inner city districts of Staufen (Tig. 7).

When anhydrite and water interact, anhydrite
recrystallizes as gypsum. This process involves swell-

sufficient overburden rock
mass s present. The rela-
tionship between necessary
overburden rock mass and possible swelling pressure is
shown in Fig. 9. The dead weight of rock rmass related
to its depth is compared to the swelling pressure moni-
tored by Steiner (Steiner 1989, 1993, 2007). The anhy-
drite rock in Staufen islocated at about 60 m depth (see
below). Thus, the overburden rock mass is insufficient
to prevent swelling.

- BOREHOLE HEAT EXCHANGER SYSTEMS

Worldwide, several systems for borehole heat exchangers
(BHE) are established. The capacity of a borehole heat ex-
changer is essentially determined by the thermal proper-
ties of the surrounding ground and the backfilling in the

annular space between exchanger pipes and borehole lin-
ing. The heat transport from the surrounding ground to
the pipes is dominated by groundwater. For a good heat
transport, the borehole backiill should be as permeable
as possible (unsealed BHE

—
* .

Unconfined aquifer

Aquitarde

Confined aquifer

systems, Fig. 10, left side).
If groundwater is present, it
is thermally most efficient
to use no backfill, However,
regulations in Germany re-
quire a complete grouting of
the annular space.

A great advantage of
sealed systems (Fig. 9 right
side) is the protection of

4
—p

Fig. 10: Filling of borings for
borehole heat exchangers.

Left: Unsealed BHE, Right: Sealed
BHE
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groundwater resources. Using ungrouted BHE systems,
heat exchanger fluids (if they contain antifreeze agents
like monoehtyleneglycol) may contaminate groundwa-
ter in case of a leakage from the pipes. Furthermore, lay-
ered aquifers are kept from communicating with each
other. Additionally, surface contaminants may infilirate
downward into groundwater resources in unsealed BHE
systems. , : '

Therefore, in some countries authorities require a
sealing by use of an impermeable backfill. National rules
in this particular matter vary widely. However, from a
hydrogeological perspective, the sealing of BHE is indis-

pensible and the thermal capacity of borehole heat ex-
changers is then somewhat decreased. But the reduced
performance of such a BHE is an acceptable trade-off.

For this reason, in Germany, the joining of two
aquifers is forbidden. Each borehole of a heat exchanger
has to be sealed by a cementbased backfill, which can be
thermally enhanced to reduce the negative impact on the
BHE performance. The backfill grout must be durable
for long-term use according to groundwater quality, and
it must be grouted from the borehole bottom to the top
to provide a proper seal. ‘

BOREHOLE HEAT EXCHANGER INSTALLATION IN STAUFEN

The drilling, cementing and casing operations on all sev-
en double-U-tube geothermal probes (S1 to S7 in chron-
ological order) were performed between 03.09.2007 and
21.09.2007 (Figs. 10, 11 and 12, Tab. 1) (Report 2007b).

Distances between wells are at least 4.5 to 10 m. It is no-

ticeable that the drill logs of S2 report a final depth of
105 m, while the planned and the authorized depth was
140 m (Gemeinde Staufen 2007; Landratsamt Breisgau-

Hochschwarzwald 2007, Report 2007a). Presumably, the -

borehole collapsed below a depth of 105 m. S1 also col-
lapsed from 135 to 140 m before installation of the heat
exchanger pipes. Collapsed borehole sections cannot be
grouted successfully.

Tab. 1: Data of borings (Report 20076).

Length Length
Boring (drilled) {completed} Diameter
{m] fm]
0-14 m: 161 mm
31 140 135 14435 m: 135 mm
' 0-14m: 161 mm
2 140 105 44105 m: 135 mm
$3-57 140 150 O14m:167 mm

14-140 m: 135 mm

Wells were drilled with a roller bit, and pressurized
air was used as the drilling fluid. The surface casings ex-
tended to a depth of up to
14 m (Report 2007b).

Market

square

e\

Well S1 reportedly
penetrated artesian ground-
water at a depth of 32 m.
The piezometric level at the
wellhead was at about 0.5 m
above ground surface (Re-
port 2007b). All other wells
did not. encounter artesian
conditions (according to
residents and the adminis-
tration of Staufen). Tt can be
concluded that the hydraulic:
potential of the Muschelkalk
karst aquifer was connected

Fig. 11: Site sketch of well loca-
tions with interspaces at the city
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to the borehole S1 via fractures penetrating the Letten-
keuper layers. However, drilling contractor well logs
show artesidn conditions in all wells. Information on ar-
tesian control during drilling operations are missing in
ihe well logs.

" A water-suspended mixture of powdered clay and
cement was used as backfilling grout. The amount of

i ge:
Fig. 12: Borehole heat exchanger field at Rathausgassé with drill #ig for
the first exploration boring for determining the cause of damage (March
2009). Photo taken from the tower of the fown hall by U Burbawm.

injected grout materials are shown in Tab. 2 (Report
2007b). Noticeable is well 52 which had a grout take
much larger than predicted.

Tab. 2: Volume of sealing material in boreholes SI-S7 (Report
2007D).

Gross volume  Injected amount e
. ; Difference
Boring (target) accaording to fogs [
[m? {actual) [m’] ;
S1 2.01 2.23 022
52 159 2.00 ~041
53-57 2.09 2.00 - 0,09

Well S1 was drilled to its planned depth, but the
borehole could not be cemented and backfilled for the
last 5 m due to cave-ins. It is uncertain whether the filled

excavations are all sealed-off. Due to the fact that the

drilling operations were performed with ouly a short
surficial casing, groundwater could ascend through the
fracture system into the anhydrite- and possibly correns-
ite-bearing zones of the Gipskeuper, which is located be-

aFdEany gy,

$

Rathaus

" Fig. 13: Deviation of drillings.

low the gypsum level. Based on later surveys, it is likely
that a fault was penetrated. Later observations (see be-
low) suggest the swelling process was possibly triggered
with the first well drilling operation.

The second well (52) presumably penetrated the
same fault or another related fault at about 105 m depth,
as suggested by cave-ins prior to the installation of the
geothermal probe at 140 to 105 m. These flow paths weie
probably not sealed off completely during the drilling
operation.

An investigation of the inclination of the drillings
shows a great horizontal deviation of all drillings up to
some 20 m {LGRB 2010). This is shown in Fig. 13. The
main deviation occurs in a depth of approx. 60 to 70 n.
The depth correlates with the lower end of the temporary
drilling casings.

UPLIFT IN THE URBAN AREA OF STAUEEN

In November 2007, only 6 to 8 weeks after finishing the
installation of the BHE, the first cracks were noticed
in buildings. Cracks were quite small at first, and were

not linked to the drilling operations. From 12/2007
to 01/2008 cracks were marked with gypsum markers
(Fig. 14).
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Soon so many buildings were affected that geodetic

" leveling measurements were performed (Schad 2008),

and revealed an extensive uplift of the town centre of

Staufen. -

" 'The distribution of the uplift has been monitored
since the 22.07.2008 by high-resolution, satellite-aided

. radar data {Petrat & Al-Enezi 2006). The procedure is
based on radar interferometry, which has the advantage
of an extensive monitoring of ground movement under

Fig. 14: Gypsum markers on a crack, building Rﬁthausgasse 3,
with logs of the fracture spacing since December 2007 {Photo
Jrom March 2009 by L Sass & U. Burbaum).

ideal conditions. Radar interferometry is used in min-
ing and oil and gas production {Petrat & Al-Enezi 2006).

Small scale and complex ground and building move-

ments can be monitored and measured quite well using
the high (better than 1 m) resolution satellite data. High-
resolution satellite images are provided through the ra-
dar satellite TerraSAR-X, which has been commercially
active since 2008. TerraSAR-X has a comparatively short
circulation time of 11 days (by comparison to conven-
tional radar satellite systems), which allows a reliable
temporally-variable monitoring of the ground move-
ments. Data shown in Fig. 15 are withdrawn from Petrat
(Petrat & Al-Enezi 2006; Sass ef al. 2009). TerraSAR-X
operates at a wavelength of 3.1 cm. The movement of the
buildings was monitored in the so called StripMap maode,
totaling nine data sets. Phase differences can be deter-
mined by comparing individual data sets, and are shown
in interferograms. Differences are generally determined
by analyzing the topography and ground movement
that occurred between two succeeding data sets (satel-
. lite passes). After a revision of the topographic phase,

each interferogram shows movement-related phase frac-

tions, which can be converted into ground movement

by assuming a movement direction. The data commonly

contains atmospheric phases, which can be reduced by

adequate stacking or by integrating multiple succeeding
data sets. Data analysis suggests a considerable ground

240 | ACTA CARSOLOGICA 39/2 - 2010
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Fig. 15: Analysis of satellite-based ground level uplift monitoring by radar
interferometry, a) July 2008 to 28, October 2008, b) July 2008 fo 3. Janu-
ary 2009, ¢) July 2608 to 25. January 2005.

movement in the town centre of Staufen. An example of
the chronological development of the ground movement,
which was calculated by integrating individual interfero-

.grams is given in Fig. 15a-c. Missing areas in individual

images are caused by a loss in coherence due to changes
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in vegetation on the surface.
Longer time ranges cause
higher losses. The movement
information was iaterpolated
to achieve a better interpre-
tation. Interpolations were
used to calculate contour
lines, which have been plot-
ted over the available uplift
results (Fig. 16). ‘The time-
uplift relationship for a se-
lected location is ploited in
Fig. 17. The calculated uplift
rate is approx. 12 mm per
month. This value correlates
well with the geodetic level-
ing measurements (Schad
2008). ‘
In general, results of
the geodetic surveillance
and satellite-based radar im-
ages (Fig. 15a-c) of the up-
lifted zone show an elliptical
dome with a NNE-SSW axis
{(Fig. 16). This position coin-
cides well with the bedding
of the Jurassic, Keuper and
Muschelkalk series. ‘

2405000 3405500 3485000 3406500
L L -

5306000
5308008

§305500
5305560

E305006
5305000

3 ERRhih n =
3465000 405500 J406000 3406500

Fig. 16: Uplift rates in the city centre (LGRB 2009) plotted over the geological
. map Blatt 8112, Stanfen im Breisgau, M 1:25.000.

T Uplift [em}

Reference r g .
p 2 sh ﬂ,,f:'?t oy, F E | Medium rate of uplift:
I i // ca, 12 mm/ month
2 =11 monitored uplift |\ L
_'i P
oie Date
0 - ; P

1
01.06.2008  21.07.2008 09.09.2008 29.10.2008 13.12.2008 06.02.2009

Fig. 17: Chronological development of the uplift of the fown centre.,
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MAPPING OF DAMAGES AND GEOLOGY

Concepts for the technical restoration of the City of
Staufen require detailed data on the complex geological
sitnation. There are no outcrops in the damage area. Since
the Grabfeld-Formation (Gipskeuper} is a subject to easy
weathering, outcrops within this stratum are also not
available. Structural geology data can only be achieved by
analogue studies of the surrounding outcrops of younger
or older beds with respect to the Middle and Upper Keu-

per. Three very small outcrops of the Muschelkalk and
the Tertiary could be investigated. Fig. 18 shows related
jointing rose diagrams for the outcrop locations. The ma-
jor directions can be mapped in the historic city centre of
Staufen by categorizing the cracks on the outside walls of
the buildings (Fig. 18).

Investigations into the intensity of damages to
buildings were carried out. Four categories of damage

340?000 3405250

530?&00‘

530??50

Supposed tectonic
main fracture zones

Young Alluvial Deposits
{Quartemary)

5.’][]?500

Loess (Cluarternary)
Slope Detritus
{Quartemary)

Coast-Conglomerate
Formation {Tertiary)

Middle Jurassic
{undifferentiated)

Keuper (Undifferentiatad)

Lower to Middle Muschel
kalk {undifferentiated)

Bunter {undifferentiated)

{Granite {phorphyritic}

Paragneiss

Damage-class

were chosen:
"~ -open fissures (width:
centimeter),

-open fissures (width:
millimeters),

- fissures smaller than
one millimeter,

- o fissures.

Some buildings or parts
of the buildings could not be
evaluated. Most of the fis-
sures were smaller than one
millimeter. Some buildings
have fissures of some mil-
limeters width. More than
four buildings have fissures
of some centimeters width.

The zone of the most
dainaged buildings is consis-
tent with the main orienta-
tion of geological fault struc-
tures, which is NNW-SSE
and WSW-ENE (Fig, 18).

The orientation of build-
ing damages corresponds to
the orientation of the dis-
continuities (Figs. 18 and 19)
that were obtained by a field
study in October 2009. It can
be concluded that ground-
water not only flows through
drillings but now through
discontinuities, too. The
swelling process therefore
cannot be stopped by sealing
the BHE-Drillings. A larger
area remediation approach
must be found.

34’D§5na

5308000

Borehola Heat Exchangars

5305750

5305500

5305250

T
3405¢00

Fig. 18: Mapping of damages and geology.
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Fig. 19: Rose diagrams of oulcrops,

Left: Upper Muschelkalk, Right:
Haupirogenstein.

CONCLUSIONS

In total, four geological circumstances probably came
into interaction due to an unsuitable drilling process,
which resulted in the uplift caused by swelling: I) artesian
groundwater in the karst section of the Gipskeuper, 1I)
high anhydrite concentrations in that formation below,
I11) strong tectonization due to the position on the graben
shoulder and TV) good connectivity to the Muschelkalk
aquifer with a high hydraulic potential with respect to the
Black Forest. '

The uplift of the ground surface is obviously linked
to large-scale swelling processes in the Gipskeuper. Fur-
thermore, additional swelling of clay minerals {e.g., Cor-
rensite) possibly occurs due to the confact with water.
The contact with water has been rendered possible by
hydraulic connections between the affected rocks and
confined groundwater. These hydraulic connections were
initiated by the gecthermal drillings:
" 1.The chronological coherence between the drill-
ings and the appearance of the cracks is a strong evi-
dence for the causal coherence. ‘

2.The contour lines of the uplift are eliptical
around the well field (Figs. 15 and 16), which is an indi-
cation that the contact between water and Gipskeuper is
located in the centre of the ellipse.

The natural causes discussed in Schad (2008),
which explain the hydraulic pathways within and into
the Gipskeuper strata by geological zones of weakness
that opened up due to earthqualkes, can be excluded, as
damage symptoms and the damage history are not con-
sistent with this hypothesis. Furthermore, there were no
seismic events in the time period in question.

In 2007, only earthquakes with a magnitude up
to 2.6 on the Richter scale were registered in the area

(LGBR 2007a, b). This magnitude is in no case able to
produce such displacements.

The first step towards a complete tectonic and hy-
draulic investigation in and around the BIE field is done
(LGRB 2010) but this is insufficient to supply a temporal
and geometrical prognosis of the uplift. It is quite certain
that the uplift will continue until the inflow of water into
the swelling strata ceases, or until the entire hydraulical-
ly-accessible anhydrite has reacted to gypsum.

At this point, the rehabilitation concept of the geo-
thermal well field has to fit in. Under supervision of the
state geological survey (LGRB) the grouting of the BHE

* was begun in late 2009. A new method to perforate the

BHE pipes from inside was applied to inject sealing grout
into backfill failures (LGRB 2010). At the end of March
2010 about 14 m?® of grout were injected into the BHE
field. The rate of uplift seemed to slow down in the cen-
tre of the swelling area. However, the number of dam-
aged buildings still increases, This remedial measure was
assisted by an ongoing groundwater withdrawal of about
2 I/s from the investigation well EKB 2, which leads to a
drawdown of more than 100 m. |
Furthermore, gypsum is dissolving due to the con-
tinuous groundwater contact. This gives rise to recent
karstification. Fine cavities will arise and will be distrib-
uted according to the distribution of the anhydrite and
gypsum in the rock, These cavities will be closed due to
the vertical stress of the overlying rocks, with subsidence
of the ground surface as the consequence. If these fine
distributed cavities get linked with each other, subsid-
ence of the buildings into sinkholes may occur. A sink-
hole event some tens of meters west of the town hall was
reported 17 years ago. Therefore, this scenario is very
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likely. The recent decrease of the uplift rate could also be
related to the beginning of karst formation or to the hy-
draulic drawdown. Further observations and investiga-
tions will be necessary to clarify this uncertainty.

The reconstruction of the City of Staufen is not ex-
pedient until the uplift ceases. In the short-term, only
actions that serve the security and preserve the building
substance and infrastructure should take place.

Sealing the geothermal wells currently seems to be
the only option the stop the water inflow. This approach
has to be carried out by the state geological survey. It is
doubtful that this will affect the uplift in the entire 250 to
200 m elliptical dome.

In March 2009, a first boring to investigate the dam-
age has been aborted, with the Lettenkeuper (Lower Ke-

“uper, Erfurt Formation) penetrated at only 16 m depth.

In fact, it was expected at about 120 to 130 m. A sur-
vey proved a tectonic fault in the geothermal well field.
A second investigation boring was finished in February
2010. The current level of information suggests that BHE
well S1 penetrated an artesian aquifer.

A first step to a geological model has been devel-
oped, but more information is now required.
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Abstract

The hydration of an ashydrite of gypsum (CaSO,.IT) in a ball mill was stndied as a finction of time and temperature. The armount of
gypsum formed at different intervals of time was determined by weight loss method and powder X-ray diffraction tecknique. Specific surface
area at different time intervals was determined by LASER grannlometric method. The results showed that the maximum rate of formation of
gypsum was at a longer time than the time for the development of maximum specific surface area. In the presence of activators, the time for
maximum rate of gypstm formation and maximum specific surface area shifled towards lower hydration time. Morphological changes during
the course of hydration have been studied by the scanning electron microscopic (SEM) technique. A mechanism of hydration has been

proposed.
© 2004 Elsevier Lid. All rights reserved.

Keywords: Anhydrite; Hydration; Kinefics; Sulfate, Modeling

1. Intreduction

Various forms of calcium sulphate hydrate have been
reviewed by Hand [1]. Depending on the temperature,
calcium sulphate exists as anhydrite (CaSQy), subhydrate
([2); CaSO4xH,0, 0<x=<0.8) and dihydrate {CaSO..
2H;0). The CaS80,.TI phase of anhydrite is the one that is
thermodynamically stable up to 1180 °C and cccurs natu-
rally as the mineral anhydrite. It may also be produced by
high-ternperature ( = 600 °C) calcinations of natural or by-
product gypsum. Under ambient conditions, CaS04.11 reacts
very slowly with water, and, hence, the name dead burnt
gypsumn I8 also given to this mineral.

The ability of anhydrite to react with water, converting
itself into gypsum, is the basis of its use as a construction
material. However, this process, known as setting, is very
slow. The reactivity can be enhanced considerably by
grinding the anhydrite to fine powders and also adding
certain activators.

Murat et al. [3] found that the hydration kinetics of pure
synthetic orthorhombic anhydrite depends on the tempera-
ture of preparation, mechanical activation by grinding and

* Comesponding author. Tel: +49-5323-72-2029; fax: +49-5323-72-
3669. ) ‘
E-mail address: a.wolter@tu-clausthal.de (A. Wolter).

G008-8846/% — see front matter © 2004 Elsevier Lid. All rights reserved.
doi:10.1016/.cemconres.2004.02.010

the nature of foreign cations in the solution used as chemical
activators. They considered the hydration as dissolution—
nucleation—growth process, in which nucleation was the
more concerned step.

According to Ottemann [4], the strength development
in the anhydrite binder depends on the degree of drying
and hydration. Riedel et al. [5] are also of the opinion
that strength depends on the degree of hydration. On the
other hand, El Hajjouji and Murat [6] disagree with the
findings of Ottemann [4] and consider that the pore size,
which is influenced by the size of the resulting gypsum
crystals, is responsible for the strength of the hardened
material. According to them, the size of the resulting
gypsum crystals is dependent on the type of activator
cation used. ‘ .

Israel [7] found that there is a direct relationship
between the amount of gypsum and flexural tensile
strength of the hydrating anhydrite. Depending on the
activators, the morphologies are changed. This changes
the strength in a different way.

Singh [8] found that in the presence of an activator
K5S0y, the hydration of anhydrite to gypsum is en-
hanced considerably, and the morphology of the crystal-
lizing gypsum is changed. This was explained in terms

“of the formation of a double salt at the surface of

anhydrite.
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It appears that controversies exist regarding the mecha-
nism of hydration and requires further investigations. In
addition, most of the studies have been made in pastes only.
In the present investigation, the hydration of anhydrite of
gypsum has been studied in a ball mill, and a mechanism of
hydration has been proposed.

2, Experimental
2.1. Materials

Natural anhydrite was obtained from the scuth Hercynian
region of Germany. It comsists of 93.7% anhydrite, 4.4%

gypsum and 1.9% CaCO,. The particle size was less than 90
pm. The density of the material was 2.31 glem®.

a)

H.80, (pH 1), 5% MgS0,.7H,0 and a diute solu-
Hdon of calcium hydroxide were used as-activators. To
prepare the calcium hydroxide solution, a saturated
solution was made at 20 °C and then diluted to 50%.

2.2. Methods

The hydration of anhydrite was studied at room
temperature in a laboratory ball mill with a water—solid
ratio of 1.32. Hydrations were stopped at different
intervals of time, with isopropyl alcohol. The amount
of gypsum formed was determined by the powder X-
ray diffraction technique, as well as by weight loss
method, at 40 and then 350 °C [9]. It is found that the
results obtained by the two methods are in good
agreement [10].
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Fig. 1. Variation of percent cumulative and differential volume with particle size.
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Fig. 1 (continued).

Particle size distribution and specific surface areas at
different intervals of time were determined by LASER
granulometric method [10] by using the Coulter L8-230
instrament.

The experiments were also performed at different
temperatures (10, 20 and 40 °C) and in presence of
activators.

Scanning electron microscopic (SEM) pictures of some
hydrated anhydrites were also recorded.

3. Results and discussion
The particle size distributions in the hydrating anhy-

drite, at different intervals of time, are shown in Fig. 1.
The percent cumulative volume and differential volume

are plotted as a function of particle size (log scale). As
the time progressed, the particle size decreased due to
constant hit by the balls, and the curves for the differ-
ential volume became sharp, with a peak at lower
particle sizes. At 72 h of hydration, a second small
peak also appears, which may be due to the agglomer-
ation of smaller particles or the recrystallization of
gypsum. From the particle size distribution, the specific
surface areas were calculated and.are given in Figs. 2—5.

The variation of the amount of gypsum formed and
the specific surface area developed during the hydration
of anhydrite with hydration time are given in Fig. 2. The
amount of gypsum first increases slowly and then
appears at a faster rate (Fig. 2a). The rate of formation
of gypsum with hydration time is shown in Fig. 2b. The -
curve shows that the rate first increases slowly and then
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rapidly, with a maximum at about 18 h of hydration.
After the maximum, the rate of formation of gypsum
decreases and ultimately becomes constant. The variation
of specific surface area with hydration time is given in
Fig. 2c. The surface area increases continuously with
time, reaches a maximum value at about 7.5 h of
fhydration and then decreases. The figures indicate that
the time for the meximum rate of gypsum formation
does mnot coincide with the time for maximum specific
surface area. The maximum specific surface area is
obtained at a shorter time, whereas the rate of formation
of maximum gypsum is obtzined at a longer time of
hydration with anhydrite,

The hydration studies were also carried out in the
presence of different activators such as H,S04 (pH 1},
5% MgS0,4.7H,0 and calcium hydroxide solution (50%

dilution of the saturated solufion of calcium hydroxide),

and the results are presented in Figs. 3—5. Similar results
are obtzined without activator. The maximum rate of
‘gypsumn formation and the maximum value of specific
surface area shifted to lower hydration times as com.-
pared with that without activator (Fig. 2).

The effect of temperature (10, 20 and 40 °C) on the
formation of gypsum and the development of specific
surface area in the hydrating anhydrite were also studied.

The gypsum formed increased with time at all the temper-
atures, but the values are always lower at 40 °C (Fig. 0).
The amounts of gypsum formed at 10 and 20 °C are almost
similar. The solubilities of gypsum and anhydrite in water,
at 40 °C, are the same and, hence, at this temperature, they
exist in equilibrium. This may be one of the reasons for the
jower values of gypsum in hydrating anhydrite at 40 °C.
On the other hand, the variation of specific surface area at
different temperatures follow the reverse sequence (Fig. 7);
that is, the values are highest at 40 °C. The results show
that the lower the amount of gypsum formed, the higher the
specific surface area.

SEM pictures of aphydrite hydrated for 5 and 18 hin
the absence and presence of H,S04 (pH 1) are given in
Fig. 8. The figures show that there is very little
morphological change with hydration time and in the
presence of H,S0,. This suggests that the hydration
properties of anhydrite are not controlled by the mor-
phology of hydration products.

Yrom the results, the following mechanism can be
proposed for the conversion of anhydrite into gypsum
during hydration in a ball mill. As soon as anhydrite comes
into contact with water, a part of it is dlssolved makmg the
solution saturated with respect to Ca’~ and SO,

Ca(OH),Selution
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These ions, which are hydrated in the solution, rapidly get
adsorbed at the surface of anhydrite, giving a higher surface
area. The thickness of the adsorbed layer increases with
time. The Ca’~ and SO,° ions of anhydrite have a
tendency to go into solution, whereas water molecules
have a tendency to interact with a fresh surface of anhy-
drite. The two processes are hindered because of the
adsorbed layer. When the thickness of the adsorbed layer
increases beyond a certain limdt, cracks are formed. How-
ever, this is a very slow process; however, in the ball mill,
the crack formation in the adsorbed layer is accelerated
considerably. Water molecules enter through the cracks and
come in contact with a fresh surface of anhydrite. When
thers are sufficient numbers of Ca®” and $0,* ™ ions and
water molecules at the surface, nuclei of gypsum are
formed. A small amount of gypsum is already present in
the anhydrite but, because it is an aged one, may not act as
an effective nucleus. If the radius of the nucleus is higher
than the critical size, crystallization of gypsum starts and
will occur at a faster rate. Once a large amount of gypsum
is formed, the remaining anhydrite, if any, is covered with
that, and further hydration becomes very difficult. But in
the ball mill, the possibility of completion of the hydration
is much more than in the paste. The overall mechanism is
shown in Fig. 9.

From the above discussions it is clear that there is a
#ime lag between the adsorption and the formation of
gypsum crystals. As a result, the time for maximum
surface area does not coincide with the maximum rate of
gypsum formation.

In the presence of activators, the solution cormpositions
are changed, and activators may also retard the evaporation
of water due to reduction in vapour pressure, and, therefore,
gange water is available for a longer period to facilitate the
hydration for a prolonged timne. As a result, the process of
adsorption, breaking of adsorbed layer, nucleation and
crystal growth are changed. This simply causes change in
the time for the appearance of maximurm surface area and
maximum rate of gypsum formation in the hydrating
anhydrite.

4, Conclusions

From the results, following conclusions can.be drawn:

1. During the hydration of natural emhydrite in a ball mill,
the time for the rate of formation of the maximum
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Anhydrite Anbydiite, FLSO, (pH=1)

Fig. 8. SEM pictures of anhydrite hydrated for 5 and 18 b in the absence and presence of H,50, (pH 1).
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amount of gypsum (longer time) does not coincide with
the time for the development of maximum specific
surface area (shorter time). There is a time lag befween
the adsorption of ions on the surface of anhydrite

increasing the specific surface area and the formation of

gypsuin.

2. At 40 °C, the amount of gypsum formed was always .
lower as compared with that formed at 10 and 20 °C,
whereas the variation of specific surface area followed
the reverse sequence. This simply indicates that the
lower the amount of gypsum, the higher the surface
area.
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3. Activators simply lower the time for the appearance

of ,maxnnum specific surface area and the rate of .

el “Formation of maximum gypstim.

4. SEM pictures showed that very little morphological
changes occur during the hydration of anhydrite.

5. A plausible mechanism of hydration has been proposed.
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