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ABSTRACT

The equilibrivm temperatuze’fér the reaction. CaS042H,0=CaSOWF-2H:0ui: il
Has Been defermined as a function of activity of H:0 (dmyp): of the solution: Synthetic

gypsum arid anhydrite of 131 mixtires were stirred in solutions of knowi gm0 (calculated
fromvapor pressure data for the Na;S0j and H2504 solutions), at conslant temperatute for

as much as 12 months. The reversible equilibrium was approached from both sides and-is .

defined by: Brp="0960 at 55°, 0,845 at 39°, 0.770 at 23°C. Provided the sofids do ot
change in composition, the: equilibriumn at constant Pand 7, is a function of am,» only andis .

independent of the constituents it solution: Extrapolation to the, boun‘ding'r systern CaSOs=
H:0 (51,0 = 1.000) yields 58°4:2°C. Thisis within thermodynamic caleulations (46° 22°C)

but higher than solubility measurements (38° to 42°C).- Themew data indicate that in sea-.
water saturated with halite and gypsum should dehydrate above 18°C. The scarcity of an-:

hydrite in modern evaporite dépc'}:s'i_t's is pre_diqted h'yit}i‘e present Ii.ﬁ'i,l'&é.- The available data
on the temperature-salinity 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.
TNTRODUCIION

"I;he stability: relafions of gypsum (C&SO*'ZT&QO} and anhydrite

_('_C‘aSOq)_, are’of considerable interest because most, natural marine evapo-.

rite déposits consis t'essentially of gypsum and/or anhidrite interbedded
with dolomite, limestone and clastic sediments (e.g:, Stewart 1963, Table
18). In the binary system CaSO-H,0, thereaction CaS04: 2H;0=CaS0s
-2 H,Osqy has been studied experimentally at one atmosphere pressure

by van’t Hof et al (1903), Partridge and White (1929, “Toriumi and

“Hara (1934), Hill (1934), Posnjak (1938) and D’Ans et al (1955). Kelley,
Southard and-Anderson, (1941) measured. the thermochemiical properties

of the solid phases of the system at atmospheric pressure; and from these

data. calculated an’ equilibrium: temperature for the. gypsum-anhydrite’
fransition. Marsal (1952), MacDonald (1953), Zen (1965) and Hardie

(1965, pp. 25-30)

calculated: the effect of pressure on the reaction.

The: effect of salt solutions o_nf-the_.gypsum-anhyﬂﬁte et;_ﬂiﬁbﬂﬁm at’

atmospheric pressure has been consideréd in some. det'a.il' by several work-
ers, all of whom, have verified that the_‘tra.ps_itiq;l'temper_gture.,i's lowered
with increasing: salinity. The system CaSO,-NaCI-HLO has been inves-

figated experimentally by van’t Hoff e ¢l (1903), D’Ans ¢ al (1955),

Madgin and’ Swales: (1956), Bock (1961)-and: Zen (1965). MacDonald

»This paper i$ taken from a-Ph.D. dissertation ,subnﬁftcé‘ i)y LA Hardié to the Dé-
partmént of Geology, The Jolins Hopkins University, Baltimore, Maryland,
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(1953) calculated the-effect of NaCl solutions on the equilibrium tem-
‘perature, THE transition in sea-witer has been studied by Toriumi et al

(1938) and, Posnjak (1940): Other pertinent laboratory studies are those
of Hill and Wills (1938) ‘and Conley-and Bundy(1958) in the system’
250, NaSO HO, D'Ans and ‘Hofer' (1937) in the system CaSOr
HPO:H,0; and Ostroff (1964),: who: converted gypsum to anhydrite
in NaCl-MgCl, solutions. S .
For the most part the resulfs GF -the. different workers are: i poor
agreement.. For this reason, and because the methods used were largely
indirect (e.g solubility #nd dilatometer medstrements, thermodyxaric
caléulation), a re-examination of the problem, using a different labora:
tory approach, seemed desirable. ' ) '
The conversion of gypsum to -anhydrite; and-anhydiite to gypsum,
was ' studied at.atmospheric 'p;fes'surc' ag a function. tf_:f‘»ate‘mpﬁr_ﬂ_t.ul@"@nd
activity of Ha0' (¢m.0)- Fgﬁ_fhé Teaction o '

CHSO4' ZH?.O{H) icasoe(ﬂ + 2H2‘.0(11q_u1d. 1n .-.-olution)

the equilibrium constant may Be défined in terms of activities, as follows:

X e
_gGa_S(_).;'.'_IHQO

(Kn .w‘.T S __
[k dGas0 4 SH,0: _
Tf the standard states of the com];_mheniis éf».’i]':\e,;ea.c tion are-_éqnsiclej:gd to;
be pure HoO liquid. water, puie crystalling CaS04 and pire crystalline
CaS0;-2H,0- at gne atmosphere total pressure and at the’ tenipex_:ature'.
of reaction, the equilibrium constant simplifies to

B 2
(Ka)r =17 CEg0:

It.fol'l-bws. that the ;x_iehyd'_rat{on_éf gypsunt to aﬁiiyéritei-ab atmospheric:
pressure;is a function of temperature and activity of H,0 only. There-:

fore, p_l_'oviaed the solids do not change in composition, the equilibrium .
is independent of the components:in' the co-existing solution.

The. activity of HO 6f the solittions co-exis ting with gypsum: or anhy-

drite was varied by adding N2,80i or H,SO;: these were chosen because:
the: gypsum:-,‘ﬁ,anl;yﬂ:ﬁt‘e ‘,_con}f_q‘rsi'_oq;_;_‘g'fes; were found: to be relatively -
rapni in sodinim sulfate. or sulfuric aft_:id'sohi‘tidns;.fl‘n;the system CaSOi-
Na:SO«H:O neither gypsum nor. anhydrite cax: co-exist with & golution
of Na; S0y concentration greater than that fixed by the one atmosphere-

isothermally invariant assemblage gypsum’ (or anhydrite)glauberite
(_Ga.SO;'-"N’aj*zSOq)rd;solutidn—}_—:.vap'ﬂr. 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.,_considéi“able._di‘sad'ira_nthge,because
‘many natural caleium sulfate deposits must have formeéd in brines with
activities of HyO at leastas low as 0.75, as‘defined by the assemblage
gypsum- (o1 anhydrite) +halite--solution-+vapor in the “haplo-evap-
orite’” (Zen, 1965, p.. 125) system €aS0:-NaCL-H,0:. In the system
CaS0,-H:80,-H;0; however, the stability fields of gypsum and anhydrite
é_re‘ not limited -'hy double-salt formation. Thus, the reaction may be
studied in HySOy solutions which have a range of activity of H,O com- .
-parable to-that found in natural wafers, that is, from tiear1.00:to about
070,

‘EXPERTMENTAL METHODS

Starting Malerials. The. solid starting materials; were artificial ‘CaSOy-
2H,0,.CaS0; (anhydrous) dnd.NahSO; (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 min),
which showed the. characteristic morphology of” gypsum euhedra. The
X-ray diffraction pattern was indistinguishable from that of natural
gypsum, and the rmaterial was used as such with no further treatment.
The CaS0; (Baker Analyzed anhydrous [sic] Lot No. 90128) vielded an

Xe-ray. pattern consistent with bassanite: CaS0O: 2,0 (2<0.5). When
this material was heated at 450°C'to 550°C for 2 to 5 days, a very fine-
grained powder was produced which gave an excellent anhydrite X-ray
pattern: Ix the ,experiinental runs with anfiydrite as a starting material,
the heat-treated CaSOj was used. Zen’ (1965,,'p.,'15_i),found th_at-artiﬁc_ia.,lA .
anhydrite, prepared by dehydrating gypsum overnight'at 300°C, readily
reverted to gypsum when brought into contact with water; he therefore
considered such anhydrite unsuitable as a starting material. In the pres-
ent investigation no.such rehydration of artificial anhydrite occurred—-
even in stirred rums of: 6'. months dﬁratit_)};——unﬂ@r. conditions where an-
hydrite was cofisidered to be stable. Critical experiments however, were
repeated using natural gypsum and/or gﬁhydifitg, The gypsum was large:
clear selenite plates from Montmartre, Paris, and the anhydrite was mas--
sive fine-grained material from Richmond Co., Nova Scotia (Williaxns
Collection; The Johns Hopkins University)-

The N2;80; (Baker Analyzed; anhydrous, Lots No. 25581 and 22088)
gave a sharp thenardite X-ray pattern and was used without further re-
fineinent.. _ '

The sulfuric acid solutions were prepared by ‘diliting Baker Analyzed
95 percent H;§O4 with double-distilled water to the required concentra-

-

tons; ‘The ‘éxact concentration i weight percent HaSOs was' then deter-
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‘mined by titration of carefully Weighéd ‘aliquots of eachisolution against

1N NaOH solution’ (CQ;y free) using: methyl- orange a§ an: indicator
{Welcher,. 1963, p; 540). The results- Were checked a.gamat the H3S0;
¢onéentration determlned by spec1ﬁc grawtv mea.surements using. ’che
cahbntlon curve of Hodgman. (1933 p. 1894).

E:\.penmeﬂéal pmcedure

(a). Static Method; At thié stare of the s;tudy a techmque similar to
that used i in hy drothermal work wag ‘employed. Finely ground mixtures
‘of anh} dnte o gypsunm, and thenardite were accutately weighed, with
the required : amount of distilled water, into pyrex glass tubes (7X60 mm)
‘which were, then sealed-using an ow—a,cetylene torch.-Loss of distilled
water was successfully avoldad, dunng the sealing process by wrapping
the tubes in. wet filter paper. The sealed tubes were then totally immersed:
in thermostatlcallv coutrolled water-batlis. At the end of thie run peuod
which varied from several days to many mmionths, the tubes weie brokei.
opén and the solid products separated from the solution on ‘ahsorbent
paper. Samples were. immediately, examined, both undet the microscope
and by X—ray diffraction. Although by this teclinique. many runs can be
carried. out simultanéously; it has the obvious disadvantage: that the
solution volures are too'small f6r analysis. Unfortunately, the incthod
.proved to havean even greater, dlsade,ntacre in' many runs equllxbl inm
‘was not. a.ttamed even, after penods of ‘many months.“When it was ap-
parent that some form of avlta’tlon was-réquir ed to pmmote ‘the reactions,.
the static methed’ was: abandoned. However; it. was possible to skr.lmwe
enough mgmﬁcant information, to warrant chscusﬁxon and. companson
with the results of rins carried out w1th the dynaini¢ method (contmuous-
stirring of the charge), which was used through the rest of the study.

(b) Dynamic Method./Approximately 200g of starting materials were
Wm«rhed (+0 1%) mto -1 250~m1 Ellenmeyel ﬂask fitted thh a mercury— .
to: keep all thf: sohd matenﬂl 111 constant agita.tlon The chalged re"u:tmn
-vessels were immersed in Wate1 baths.of capacity 30 liters, thermostmtl-
caliy ccmtrolled to: +0 1°C
months.

Atmtervals one mﬂhhter of the suspensmr{ charged sohltlon was with:
drawn with a pipette and. rap1dly préssure-filtered. through d Buchnér:
funnel: this removed almost all the solution. The solid material was ifm-
toediately washed. several times with acgtone and air-dried: A portion
of the sample was e‘:ammed under the petlogmphlc 'mcwscope the re-
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mainder was hand-ground under acetone and & smear mount’ prepared

for x-ray diffraction:

Delerminations of activity of HyO:in solutions. The activity of any-con-
stituent of 4 solution is given by the ratio of the fugacities::

L .
ai = fiff:
‘At one atmosphere total’ p‘;essure,__wafelj vapor may be regarded as: an

ideal gas 50 that the fug_'a,éiﬁes tiiay beé safely replaced by the partial
pressures of H0: '

a0 = Prjo/ Pus0

The standard state is taken as pure liguid: water; at- one atmosphere
pressure and at the temperature of reaction, fox which the activity is
unity. _ : )

The solubilities of gypsum and- anhydrite. in sodium silfate and sul- ‘
fuiic dcid golutions aré very low (less than 0.25 percent by weight).
Therefore, the vapor pressures of these solutions saturated with CaSO,
are given, within experimental measurement, by the vapor pressures of
the CaSOs-free solutions:

~ For the sodium sulfate solutions the vapor pressure data given in. In-
ternational Critipal Tables (ITT, p..371) were. used to calculate ari,o. The
tizo of each solution was computed at the. temperature of each experi-

‘ment. At the end of a run the total dissolved Solids' conterit of the equi-
librium solution was determined. ‘This. value was compared with the
starting Na;S0s content to provide a check on. the assigned am,o value.
The activities of H:0_of the __5131fu”rfq-,acid solutions were taken from
Hamed and Owen (1958; pi. 374): These data, reproduced in Table 1,
show: that within the range of-HzSOs concentration used in the study,
a0 values determined by EMF. measurenients’ are in excellent agice-
ment with those calcilated front vapor. pressure measurements: The ini-
tial. gypsum and (_6r)' dph’ydﬁ;tﬁ j@:oﬁét_im_tgd otily about 3 percent of the
fotal charge. Consequently thg_H‘gSO; concenttation of the solution, and
hience the activity of H,0, was not significantly changed by the H.0
relpased of _a'lisorbe'ii*-hy,i:h‘ei.;gypsmﬂ-_anhy_d'ﬁfe': conversion.. The H;SOq
content of the solution was checked. by titration at the completion. of
each rus. . . . ) , _
The air,0-0f the finial solution {a each of two runs (one in H>SOs and
one in Na;SOy) was measured directly using an 1,0-sensing apparatus
(Hardie, 1965a; p. 252); the values did nof differ measurably from the
Va'c'tiirit'iés‘of:H-zO deteriﬁjhéd_; in the CaSOs-free solutions.. '
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Thpre-1: Actrvery o H;0 1v AQuEOUS SULFURIC Actp SOruioNs
- (After: Harned and Owen, 1958, p. 574).

T

T el | owe | &C e | we
mO | ESo. | emt | vpe cmf | émf

ST

-

P T o s wan . B oL

8.93. 0.9620 0.9620 0.9624 | 0.9630
LS 12.82. | 09301 | :0i9389 | 0.9402 | '0.94I5
16.40 | 09136 | 0.9129 0.9155 .0.9180
22.73 | 0.8506. | 0.8514 0.8548 | 0.8602
28.18 | 07175 | 0.7795° 0.7850 | .0.7950
32.90: 0.6080 0.7030 0.7086 0.7229
37.05 | -0.6200 0.6252 0.6288 | -0.6505

0.71 0.3453 | 0.5497 .0.5608 10.5815

IR b

--.rm UL el

DESCRIPTION AND PROPERTIES OF THE SOLID PuasES

‘The gypsum: synthesized by hydration. of: anhydrite (héreinafter re-
ferred to:as “synthetic gypsum”) corimonly consists of thin plates
flattenied parallel to (010); with the characteristic ionoclinic outline
(Fig. 1). Between crossed: nicols the thin plates show first-order white or
grey interference colors and oblique extinction. In runs -wheré gypsum
was converted to anhydrite, the first stage 6f the process was recrystal-
“lization of the fine-grained artificial gypstim used as & starting material to
coarser bladed crystals, This recrystallized gypsum, seemingly of a more

aF Ao tE =

‘Fi6. 1. Photomicrograph of synict;c: gypsum; prepared from anhydrite at 40°Cand”

1 atmospliers in22% B8Oy solution; with seeding; in 50 days (Run LS 23); Average Tength”
of crystals 0.2 to 0.3 mmi., B ' ' ' ‘
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stable habit than the original smaller-crystals, was morphologically and
optically indistinguishable- from the ;synfh,eﬁk gypsum.: -

‘The optical properties of the synthetic gypsum were not significantly”
differenit from thosé of the natural material. . |

Wooster (1936) has determined the crystil stiucture of gypsuin. T the
aé plane: two sheets of 0, tefrahedra are bound by Ca atoris within
them. Between these sheets lie layers of ‘water molecules. The Cz atoms
are: linked to 6 oxygens of SO: tetrahedra and to 2 water molecules.
Water molecules ﬂiué occupy important. structural positions and even’
* partial dehydration mnust _resuitiii- the des_fmtﬁéﬁ of the gypsum struc-
tore,, : : _ o
Unit cell. parametets of the: synthetic gypsum were determined by
X-ray powder diffraction methods.with either silicon or gua.rt‘_z-a.sfihiéfhgli

standard, and found to be in excellent agreement with those given by
Deer et al. (1962) for nafural gypsum.
Anhydrite synthesized from gypsum appeared under the microscope

a8 'a mass of minute birefringent grains; individual erystal outlines were

barely distingunishable under high power, and refractive index measure-.
ments were unreliable. S = :

The presence of synthetic anhydrite could be readily detected in the
reaction flask by inspection: a fine 'white mass stayed in suspension long
aiter thg stirrer was stopped.. Tn coqttasti,—*-t'he-‘ well-crystallized synthetic
and. seed gypsum settled very rapidly, leaving, in the absence of anhy-
drite, a remarkably clear solution. . L '

Tn one run (LS 51, Table 2), anhydiite grains as large as 0.3 mmacross

‘were synthesized from gypsum in 22.-percent sulfuric acid solution at

_S_(_)°C3‘._ They show_ed a _étuﬁﬁy"prié.ma._tiéj to equant shape with very kigh
interference colors an&_parauéi extinction. ' i

The cell pararieters of synthetic anhydrite were in excellent agreement
with those given by Swanson. et al. (1955). '

Bassanite (_CaSO;-nH-;O,jnﬁO,S) as encoumntered only in static runs
in W}Jich 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 madé between. calcium sulfate hemidydrate (CaSO0s-
1/2H,0) and soluble anhydrite’ (CaS0,). because there is considerable
unicertainty as to the relationship hetween these two phases (Deer, Howie
© and Zussman, 1962, v. 5, pp. 207-208).

FEXPERIMENTAL RESULTS

Results: of djmajw‘ﬁa 7S, The data used :'ﬁQ-‘LdEﬁnQ tlie position- of the
‘amo-temperature, equilibrivm turve. for the reactior.
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gypsum= anhydrite-+2HaOquid; in'solution]

are given i Table'? and plotted in Figure 2. 2

‘Determination of the:curye rested on. the ability to convert gypsum fo.
.a!ihﬁ,dﬁt'e,and' ‘1168 DErSG, and on the ab'i'lijtk{ to revérse .tHe conversion -
when either oné of the parametérs was’ yaried.

A'run in which no eh ange:oecurred in the starting phiase; even after a-
téaction time of many months, was not‘considered evidénce of stability
of that phase, although in many cases such data provided confirmiation
of reversed runs. Taken: by itself; a. ru_g.“i,n*whfc‘h__uﬁb_ reaction occurs is:at -
best inconclusivé since metastable persistence of starting phases is goms

monly eitountered in experimental s tudies of mineral equilibiia. In. the

present study this was particularly true of the reliydration of anhydrite

in sulfuric ‘a;'ci'&i solutions, _éi;nc‘i_"ihducea._-. Lijl'ldéa._ﬁi‘oﬁ_ by séeding 'p__rdved
necessary. Anhydrite remained unchanged in most:unseeded runs for up

to. eight months;. the addition’ of _seeds—;c)f_‘fgypsmn promoted. relatively
rapid convérsion of the anhiydrite (compareruns IS 5 and LS 14 at.35° i
Table 2). I the system CaSO4-H0, the dehiydration of gypsum to anhy-
drite has beeri shown to bé incredibly slow (z.g. rin AG 1, 70°C, Table 2)
but, according to Posnjak (1938, p. 262) seeds of anhydrite do initiate
the reaction Considerable doubt has been-thrown on the determination

of stability by experiments in which seeds have been added to the charge

because mefastable growth of a phase: from solution on seeds of its own

cind is known fo occux (Fyfe et al., 1958, p. 83). However, if. has never
been demonstrated that seeding. would promote the disappearance of:a
stable phase and growth of a less stable one. Tk the present study, charges

. containing equal parts by weight of gypsum and anhydrite were used.
The proof of stability in these.seeded runs was growth of ‘orie, phiase and
disappearance of the other. ‘When thé extent of ieaCﬁQp:‘c;;f;épfdecf_;about
7'to 10 percent, ';igiétastable precipitation of either phase:on seeds. could
be ruled out.. This follows from a consideration of the solubilities’ of

gypsum and. anhydrite in Na:S0; and HiSOxsoln tions (maxinium about
"0.3 percent CaS0s by weight), the mass of solution’in the reaction vessel

(abn‘ui;rz"ZOOQZ_SO':' g) and. the mass of excess: st_arti_n§'j’_501i§ié: (about 10 g).
The exteiit 6f reaction. was gauged by microscope and X-ray examination

of . geries.of samples taken from the reaction vessel af intervals. Frofi
the Xeray d_iﬁr'acﬁ&;;riipa.'tterns;',_ the relative iﬁtgﬁsitieg'i?f-'ﬂag 020 peak of
anliydrite (3:499 AY and the 140 péak of gypsum (3,065 A) were ea-

sured. The amount of gypsun in-each sample wzs read from a calibration

‘1 Thiswas notsubstantiated in the présent work; perhaps because-the runs were not-of.
sufficient, duration. However, it was found that, the presence of lime-water. {mi,o=1.00,,
pH=12.4), with no seeding, markedly increased the dehydratioh fate where a seeded run in
distilled H:0 showed noreaction (compare AG 1 and AGS, 70°C, Table 2).
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TABI.E 2 EXPERIMENTAL DA‘IA FOR. GYEaULI AND ANHYDRITE STABILITY AS A FUNCTION OF
AcCrIviTy OF H-O AND TEMPERATURE AT ATMOSPHERIC PRESSURE. RESULT:.
OF. Dsmmm Rtms Osux.

Run now Soli d: :Soltmnﬂ{wt % . gg’,n Tincp . 'gr;: pri?ilits | Result
phass Na.:SOq Hsso. '
AG1 95g,5a | 10% MO 70° | 359 gao sa- |- me
AGS, | toog " limeywalec: 70S 193 | 93g7a S ga
L9 - 100g 123 707 6 doog
‘ . 19 47g; 58a.
16 55,95 |
_ ok . M1 | 1002 g
Lx22- goel i2,3 0,063 | 704 2 100a, | &=
LX25 100g. 189 . | oo | e | 9 gl,a E
15302, 90g10a* [ %43 0.6t | 60> 43 45z, 552 gas
TX49-2" 100g ;150 0.953 60° 46 9dg, 62 ] g
LS20 §0g, 502 | 4.03 0,983 55% 42 94p,6a  § - a—g
1522 50g, 502 943 | 0961 3 55° 51 100g- Laeg
L5301 50, 50a% . 9437 0.961 55 51 90g, 102 a—g
LS8 100g L 9.56 0,960 55¢ 35 55z, 453 gsa.
LX49-1  f 100g: - 15,0, - 0,93t 59 | 30 . 100z e,
LX46-1 a, gl i 19.3 0.941 5% L 99 £ n.c
L.S32 100 220.24. | 0,866 L 99 1002 g—a
L5721 | 50g, 502 4,03 0:983 52,52 . 42 9sg, 52 | a—g
Lst8 L 50g, 502 F T 9.56 0.950 52:5° | 35 05,52 | a—g
AG3 I osg 5 100% F:0 1.000 50° 1 278 95g,5%2 | .nc
LSt ‘ 100+ : 9.56 | 0960 | 50° 262 w0y | mne
LS16 50g, S04 . 9.56 0.960 500 | 15 95g, 5a a-g
LX17. i0dg 15.0 0953t s0° [ 185} 100a, ne.
LX11 100g 5.0 0.953 S0 47 100g
; o4 95z, Sa-
: 319 95g;5a. . g—a(?)
LX48 a, il 206 0,930 s [ 43 a,ghtg): | a=sl)
1.551 100g PR & 1.7 0863 | so° | 211 | 30g80a g-a,
LS32-2 80g, 20a* - 22.24 0.863 L 30° 111 | 60g40a, | goa.
1S2 10 9,56 0:059. 45° 148§ wog .| wme.
LST 1002 : 2.56 0,939 & 45% 127 | 100a iR
L5135 . 50g,30a . 9.36 0.959 459 138 100g 4 a-g
LX15 i 100g " 13.0° 0952 § 45 | 156 100g ne
LX16 1002 150 0,952 1 45° 156 10g,304 . | a—g
LS50 - 100g 22,24 hige2 b 4o [ o211 | 93gda | gwa
" LS42 100g . 2360 | 0:846 452 1 62 | 65g3%a | g
AGs. £ 9sg,52 . |- 100% H:O 1.000 o | 237 wog | a-e
L8 i 50g; 502 - 9.56 0050 & 40 | 53 100z i a-sz
L¥12 1002 5.0 0.951 | 40° | 25§ 03z, 7a- .| d-g
- LX18 100¢ ‘Loa10 0.936 | 40° 88 100g | pe.
LX19. - 100g - 22,2 0922 | a°c ¢ &8 100z el "
Ls23 50g, 502 |, R 0,860 40° 50 §5g, a Casg
L5331 50z, 30a% - [ 22,24 0.860 400 [ 4§ 1sgmase | a—g
g—gypsund
a—anhydrite
gl—glauberite
th—thenardite
mr— muabillte
n c,—no detectable change. -

“—natuml gypsum  and anhydrite
“J~trace
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" Tagre 2—(Conlinied)

....... [RTTTY

Seliation (wt.o):]  FR0-

s pan

Tivier :f  Sobd
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] FIG 2. Thcs’talnhty of gypsum and ?}n:h)’aﬁte_'ﬂétgmir_xed ﬁk’pcﬁb:eg_taﬂj} il fﬁnq- :
tion"of temperature and activity: of Ha0 at atmospheric pressure,. Only tuns: iré which a:
conversion was achievéd dre plotted. R B
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curve of I(’fmhvdrite)/l( gypsuin)- again'st‘Weig'_ht percent _gyp_sum»-ia'it_h‘
a reprodumblhty of better than 3 percents - o

Becausg of the time limit, most of the runs:were stopped before: com-
plete conversion of ‘one ‘phase to- fhé’ Gther had occurted. Thosé runs
‘which were allowed to. react completely’ provxded material for optical
and X-rdy: studies.

Figure 2 shows that the experimental data, in: generdl, are t:onsﬁtent
Tawever; some exceptlons must benoted. At 50°C in:15 percent godium’
sulfate solution (ag,o—O 933), anhydnte §tar ted, grawing at the expense
of; gypsum after about 90 days reaction time (run LX 11 Table 2)

TABLE 3. ACTIVITY OF He0 530 szmmvm THAT Dzmm THE EQUILIBRIUM
GYPSUM—-A&\:HYDRITE-I—Z HﬂOqu ol A‘l‘ AmoerEme PRESSUBE

P

-Temperammﬂc(i-zp)_ s Ko (i_D.UOS}' Remarks ‘

38° i 1.000 extrapolated,
55° 0.960 ‘measured
50° : 0.915 interpolated
45° sl ¢.880° interpolated
39° 0.845 . méasired
357 ‘ 10.825 interpolated
30° : 0.800 inferpolated
237 1 0.770 : mieasured
18~ : 0.750. : extrapolated.
,12? . | 0.725 1 extf_a[:rp]at'e_d'

However, the reaction appalently stopped () as no further growth of
anhydnte occurred in 10 months. Under the same conditions, anhydrite
as a starting phase: temained unaltered after 5 months’ (run LX17).
With sulfiric dcid. of about the same activity of 0, anhydrite was con-
verted to gypsum at 50°Cin & seeded Fun within month (nin LS 16),
while: gypsum was unchanged i in'an unseeded rur of 9 months (run | B 11
The anomaly remains’ ‘unexplained. An inconsistent result was also ob-
tained at'55°C and ai,0=0.96; Tn an unseeded run, gypsum was.con--
verted to :mhvdnte i sulfuric acid solution (run LS 8, about-50 percent
reactxon), in seeded runs both synthetlc and natural. anhvdnte Were
fransformed into gypsum (funs LS 22 and LS 30-1). These results are
taken to mdlcate that fhe fns are very-close to the” equﬂlbnum CUrve.

Wﬁh the exception of run T.X 11, then; the results obtained using sul-
furic acid solutions. are perfeetly consrstent with those obtained: using
sodium sulfate solutions.

The @irjo-T values “which deﬁne the ethbnmn curve are given - in
Table 3. ;
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Results’ of static. ryns. The results of” experiments on- the gypsum—anhy—,
drite. veaction carried out under static conditions are not.included: in.
Figure:2 or Table 2 because the method was sooi. abandoned infavor of
agltated runs, A d1scu551011 of the. data howevm is warrantéd. All the
static runs were_made with: sufficient ‘\Ta2804 to produce glaubente
;(Ca504 -N2,50,) as an addltlonal phase.. Synthetm anhydrite was: the.
stacting: solid; although in & few runs natural ‘anhydrite . or; S}'}‘lthetlc‘
gypsum were nsed instead. Seeds, were tiot added to any of the cha):gcs
Reaction times varied from a few days to over 12 months.. . The résults
~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 CaS04
may be different from. those of na.tmal anhydrite. However; the results
of the: dynarmc runs m_chca.te that the differences; if any, are not 51gn1ﬁ-
cant. Another possibility is solid solution Between gypsum: and sodium
sulfate. Unfortunately, this could not be checked by’ chemical anialysis
due to- separation difficulties.. However; no significant change in cell
‘dimensions of the gypsum was obsexved; which suggests little or no. sub-
stitution of Na¥ for Cat* in the gypsum structure. Indeed, a direct
substitution is impossible since it would create a charge imbalance. The
~ substitution of Na¥ for Cat+ perhaps could be achieved if accompanied
by an HSOs~ for. SO4~ substitution. Chemical analyses: of natural £YP-
sum and anhydrite (Stewart, 1963, p. 33; Deer, Howie and- Zussman,
1962 p..206 and p..221) show 1o evidence of this: sodium only occurs
in trace amounts, ifat all, -

A third possxblhty is telated to the: expérimental iethod, In the.
preparatzon of the.charges, water was. added toa solid mix of anhydnte
~+thernardite. Local ‘high concentrations of sodium sulfate solution cer-
tainly existed, and: probably petmsted imi the initial stages of the runs.,
‘Conley and Bundy‘ (1958) and Hardie (1965, p. 126) have showit that
anhydntc eacts very 1ap1dly with: concentrated NaoSO4 solutions: to-
‘form Ca-Na double sulfates.. These. double-salts are unstable in dilute
Na,80; solutions {Ha.l:dle 1963, p-136; “Hill and Wllls, 1938, p:. 1652) and.
decoripose to gypsuni and/or glaub'éhte In distilled water they- mlmedl-
~atel}' decompose to gypsum—FNa.aSC)g solution at all temperatures up. to
100°C. It is possible, thereforé, that in the static runs early. formation of
doublessalts occurred in the regioiis of local high NasS0: concentration.
This reaction removed anhydrite from the system. With time, diffusion.
led to a-uniformly concentrated solution too.low im Na,SOy content for
déuble-salt stability:. Decomp051t1on followed, giving gypsum—f—glau—
‘berite as products Then with prolonged time the gypsum ¢ should convert-
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‘to.anhydrite. This'is 2'plausible explanatlon because in all runs (stati¢ of

stifred) in which the.starting anhydrite wis: added o pre-:umxed .uni-
‘formly. concentrated sodiuni sulfate _SO,].utlQ]l,_ no- anomalous” formation
of gy‘psum was obseryed.

The \vork of ConIey and Bundv (1958) is-pertinent. here since’ they:
proposed ess’entmlly thm- mecha.msm for the ¢onversion of anhydrite to
gypsurn: in ‘salt: solifions. They suggested that the reaction for the con-
vérsion with activator solutions such as sodium or _potassium sulfate sz

i . . HOU ) ‘
CaS0, —20%- Cat®: SO;_-._—..—rwz C—‘aSOr.; 2H0,
- ;

and is pnmanly dependent upon temperatulo and concentration: How-
ever, they ac]neved the conversion only by washing the reaction’ products
wnh water. This in fact really only demonstrates: that anhydrite will
react: rapldly at low temperatmes and higl alkali sulfate concentiations
(see Conley and Bundy; 1958, Figs: 1 and 2) to form double-salts which
decompose in water to give gypsum and salt solution. It certainly does
not prove, as they. mamtamed in the abstract of. their paper (p. 57),
that “contrary to recent hypothesrs of gypsum dehydratmn by concen-
trated salt solutions, double salts and/ox gypsmn are stable phases below
a temperature of 42°C .

Commients on the iechanisin of dehydration of gypsuin fo anhydrite. Three
different 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-wisé deliydration through theintermediate hydrate, bassanite.

‘The present- ewcperimental results throw some light, albeit very diffuse,
-on- the, problem

+Tn a few of the runs in which anhy drite was produced fiorit gypsum; a
rind, presumed: from X rays.to'be anhydrite, was observ ed on the surface
of and a.lonfr cleavao‘e-cracks m gypsmn'crystals (Flg 3) It is- eonce:rv-

‘cryst’d su.rfa.ces Where H?,O may be transferred" to' the solutlon.'ohaee )
The effect: of seeding on the dehydration rate could not be ga.uged with
any- certainty because too few duplicate runs were made. However; in’
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Fre. 4, ‘Thg solubility relations of gypsum and apliyditte in the system CaSOFH0 25>
a function of temperatuze at atmosplieric pressure: & cornpilation of previous works:

solubility data therefore must be regarded ,asf'fj'."yi'eldiﬁg-minimum-values
qnly. The argument: i erucial, for if: the points. plotted in Rigute 4 for
anhydrite are indeed mix,ﬁmim;.valuesfthen; the frapsition: point must lie
at some; temperature’ above: a_l:‘:'h:as_t_eiii"e, Zen?é_.CLQGSJ data being-_:"taken
as the upper limit of gypsum: solubility. Hill (1934, 1937) did recognize
the_ﬂgceés:ity' fot: approéchingL a-‘solubility curve fro both: sides, and,
indéed, reported. his ‘énh}‘?dri'té values as obtained from. hoth undersatu-
rated and: supersaturated: solutions. The data, however, ‘were ex{rap-
olated from solubilities measured in potassium sulfate solutions because:
he was unable to achieve supersaturation with respect fo anliydrite using
pure water ‘at temperatures below: 65°C: At this and. hi_ghb_j:;_t_g—:mpei‘atutéé':
Ec'appare_gﬂ_y-\ms successful, but, unfortunately, he-neither. déscribed-
the procedure nor: reported: direct. precipitation of anhydrite’ from solus.
tiomn. . . '
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A Similar -criticism: applies €0 the available gypstm and: anhydrite
solubility measurements made: in salt gir acid solutions, and {_;rqbabl'y
qxpléihs why the results of différent workers are in such poor agrecraent.
Comparison of the results of these workers is most casily made by com--
puting the-activity of H:0 of the solutions reported to be i equilibrium
with gypsu1n+anh _'drit'e. Because the CaSOs content of these solutions

TaeLe 4. Tag Ef¥EcT OF SALT SOLUTIONS ON THE _Gypswr_—ﬂ'nmm:
TRANSITION® A COMPARISON OF PREVIOUS WORK,

- . Trans. Co-existing L
vestigator * témp. °C solution s
van't Hoff ¢t of. (1903) 50° ‘sat'd. NaBrOs . 0.900
Hill & Wills (1938) o4 20,0 % N2.LO o 932
Bock (1961) . e 5.88%NaCL | 965
Taperova & Shulgina (1945} C pome <31.0 % H:POL .885
Bock (1961) 35° © 11.85% NaCl 920
Zen (1963) e 15.25% NaCl 891
D’Ans ¢t ak. (1955) 34° 6.09% NaCl ..963
Bock (1961) s 30° 16.099, NaCl .883

Posnjak (1940) 30° _13'.06%_ NaCl .89

| 0. 82% MgS0s
' i 043% K:'SO4

van't Hoff ¢ al. (1903) 30° faf’d. NaCl 154
T!Ans ef . (1955) T 11.49%, NaCl , 922
Bock (1961) . 25° 20.08% NaCl 2 .840
Madgin & Swales (1956). | 35" 18.02% NaCl ' 864
“DAns & Hofer (1937) 1 257 | 45.36% HiPOs -.790
Taperova. (1940) Poasts | o400 % BEOM - 885
D’ Aus et al: (1955) oo 16.33% NaCl .88
D’Ans et al. (1955) . 205 20.6, % NaCl .835
I’ Ans ¢ al. (1955) 18° 76.31% NaCl L1751

}.Ifxtfapplated bj_thgp:;esenf. author. o _ o
2 The results of these two studies Were taken from Seidell (1958, pp: _665—6_67).‘

is very low, activity of H;0 may be oﬁtained with considerable accumi:y
from the water vapor pressures of the CaSOsfree salt or acid solutions.
The vapor pressure, data for the NaCl and N2:S01 equili_brium-_sd’utions
were taken from the International Critical Tables (1928, ILE, pp: 370~
371) and those of sed water fromm Arons and Kientzler (1954). Tor the
phosphoric “acid solutions - the vapor pressure vajues of Kablukov and
Za_gwésdkin (193._5_}_'73751;& used. The results are summarized in Table 4.
and shown graphically In Figure 5.. , ‘
The values of van’t Hoff ef al (1903) alone are higher than those of the
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present ‘study. The approach of van’t. Floff: and-his coiworkers to the
problem was brilliantly cor¢éived. They first paitially converted gypsam.
to anhydrite in. §aturated sodium chloride solution in a dilatometer -at_
70°C. The rate of conversion. of gypsum. to- anhydrite and. vice: versa- at
different temperatures was then measured by the rate of change ofvol-
ume of the contents of-the dilatometer: Af the equilibrium ternpératute
there should be no volume change. They observed a volume decrease at’
25°C and axi increase. at 35°C; so. the transitior temperature was taken’
as 30°C.. The partial pressure of HzO of the solution co‘existing: with’

T e
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Fig. 5;T émpcratﬁ;e-‘a;tﬁﬁify of H:Q relations of gypsiim and ﬁhh}f_c:(ﬁi'é at atmosp}ieﬁq-' ’

pressure; a.comparison of previous work, Solid carve: this'study; dashed curves: maximum
and minimurm limits predicted by thermodynamic calénlations. '

0.750

gypsitn, anhydrite anid halite-at 30°C was them: measured, giving a value
of 24 mm. The method was:repeated using saturated ‘soditmi bromate
solition and 4 transition temperature of 50°C was obtained; the water
vapor pressute of the equilib tinim solittion was measured, as $3.3 pam. Us=
ing these two points, in the relationship ‘ -

Tog'p = log ° +4 = BT

they were able, to extrapolate to solutions in the systein CaSO-H,0.
Tplicit in. this apptoach. is the: principle that the gypsiim-anhydrite
transition is independent of the constituents in solution and. that. the
 equilibrium: temperature is a function‘of the ratio p/p%. Thisis, of.course,
the principle on whichi the; present study:is hased! '
Figure 5 also shows that although the results of different workers are
in. very poor dg;eement,_the,}_{-‘all.‘-'féll'W‘ithir;"s'the lirnits predicted. by the
thermodynamié calculations (Appéndix) ! '
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'GEOLOGICAL TMPLICATIONS

‘Tt has been’ suvgested b} sofiie ‘workers that most, if not all, calcium
sulfate of natural evaporites was orwma]l}“ dcposxted as gypsumn (Posn—
jak,:1940; Bundy, 1956 Conley and Bundy, 1958; Murray, 1964; Zen,
1965) The agroment is based on. (1) petrographlc observa’uons that

much anhydrite ] is pseudomorphous after twinned gypsur, (2) thé scar-
city: of anhydnte in -modem evmpontes deposits, and (3) expenment'd
evidence that anhydute cannot be synthes:z.ed under pressure- ‘tempera-
ture cond1t10ns consistent with natural evaporite environments.

Tt i is ‘clear that thé present. relationship between gypsum and- ‘anhy-
dnte in the pre—Recent marine evaporites of the world, toa great extent,
is Se{:ondary, due to the effects of pmt—depomtlonal ‘burial: Gypsu.m at
suiface may be traced downward into’ anhydrite so that'at depths below
about 2000-3000 feet. crypsum is plactlwlly ibsent (MacDonald, 1953;
Stewart, 1963) E\'ldence of- rephcement is abundant. Anhydrite psue-
domorphous after twinned gypsum has been reported by Schaller and
Hénderson (1932) in the Salade formation oi Texas and New Mexico,
by Stewart (1953) in the Permian evapoutes of Yorkshire, England, and
by Borchert and Baier (1953) in the Gierman Zechstein, At shallower
depths gypsum has- been shown to have replaced anhydrite (Stewart,
1953; Goldman, 1952, Ogmben 1935; Sund; 1959); such 1eplacement
hag been récorded recently at o depth as great as 3500 feet (Murray,'
1964). Therefore, both gypsum and anhydrite in sedimentary deposits
may be metamorphm but thIS evidence does not prove: that the replaced
gypsum, or anhydrite, was primary in origin, a point. emphasized by Zen
(1965, p. 147). .. o

More 31gn1ﬁcant eviderice is provided by the distribution of gypsum.
and ‘anhydrite in Recent migrine and fionmaring eviporites ¥ where effects,
due to burial are not involved. ‘In these deposits gypsum 1 18 ublqu;tous.
and, in‘all cerfainty, pnmary (Bramkamp, and Powers, 1955; Morris and
chkey, 1957 ;' Masson, 1955; Phleger. and Ewing, 1962; “Wells, 1962; and
others) whereas. ﬁnhydnte has been reported from. only oneg locahty, in
suprat;dal flat sedlments ont the Trucial Coasty Persian Gulf (Curtis &l al,
1963; Kinsman, 1964) T]:us smgle occurrence of Recent sedimentary -

¥ Qther occurrénces of Recent a.nhydnte have. béen repoxtnd recently by Hunt-et al.
(1966, p- 59)as a. su_rface layer in Death Valley, California, and by B Moiola and Glover
(1965) from a sediment’ dump on Clayton Playa, Nevada. In both cases the anhiydrite has
formed from gypsum; vie bassanite, in the absence of hqmd phase. This dehydra.tmn'
process

CdSO4 2H"0 — Ca-SO«I %HZO + qugO {g)
. CaS04 $H0 = CaSO, 3HL0 @)

‘involves a set of ﬂmrmochemlcal condxtmns very “Jifferent from those eitcountered i in Fwet™
evaponte deéposits.
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anhydrite is of great import because, if niot evidence of primary precipi:
tation of anhydrite, it's; at lgast; pmof that metamcrphism of gypsum ot
‘Purial is: not essential to 'thvdnte formation. Even acceptma that an-
hydrite ¢an be primary, an mconsmtency ‘between the field evidence from
modern evapontes and avaﬂable evpenmental evidence exists, Témpera-
fures salinity conditions necessary for anhydnte stability, as: predu:ted
Arom solublllty’ expenments and’ thelmody namic calculations] are com-
-monly ‘found in’ modern evaporite: envuonments vet' gypsum is the
“coramon phase ‘of such deposits. This observation,- coupled With the in-
-ability of experiinenters to synthesize anhydnte atlow: tempet atures, has
led workers such'as Miray (1964) to conclude that gypsum is alwa.ys the
primary prec:1p1tate Further;" 'llIldEl “conditions theoretically fwoung
anhydnte, this gypsum will persmt metasta.bly (exce;)t where tempera-
fures.at surface are very high) antil burial causées: dehydration to anhy-
drite,
~ The present expenmental results have & two—fold beanng on thie prob-
{em. Flrst it is. demonstrated that anhydrite can be synthesized at one
atmoaphere pressure under geologcally reasonable conditions of ‘tem-
-perature and activity of HyO ina geologlca]ly reasonable time, reckoned.
iri months, Primary precipitation of anhydrite,. hoiwever, could not be
achieved, indeed, liasnot been achieved by prevmus kaers This would
siiggest, but; of ‘course, not prove, that gypsum ] is always the ﬁrst formed
CaSO; phase on evaporatmn of natural waters.t Be that as 1t may, the
‘experiments do show . that gypsum, mamtamed in the: stablhl:y field: of
anhydnte would be dehydlated to anhydrlte soon after deposition. Sec-
ond, it'is demonstrated that higher temperatures: than previously. were
entertamed are:required for anhydrite formation. This, quahtahvely is
more in Keeping with the observation that gypsum s the common phase
in: Recent evaporites.

Quantltfttwe applicition of: the experimental . resulfs to natural de-
posits ig Valid; and p0551b1e but is hindered by the' pa.umty of precise
miormatmn on the temperature ; and am,0 of natu;;al solutions co-existing
‘with gypsum: and mhydnte Fortunutely, ihe Persian Gulf deposit-is an
important eﬁceptmn Qua.ntlta,twe data have: heer: collected: by D I i
Kinsman (personal coimminication, 1964). Brine temperatures range
frofm. 74° t0:39°C and snhydrite is founid in- tarbonate muds of the
.';abkka, or 511pmt1da1 salt:flat, where ground water® chilorinities exceed
about 130"/00 (about 24 peétcent salinity). Partof the anhydrite. “déposit

LTt is possible; of ‘course, that natugdl waters differ from etpermentailv tested solitions
in that they. contain additional ‘components which would induce diréct? pmmpxtahon of
a.uhydnle, as, for. cxample trace elements (“1mpunt_1es”) have been found o mﬁuence"che
nucl éation of aragoniteand calcite (Wrdy and Dame‘ls, 1957). :
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. TapLE 5. DATA Ox SoLuTIoNs CO-EXISTING wrii GYpsuM O ANHYDRITE
pecf NATERAL EVAPORITE DEPOSI‘IS

it S eaten

1' Mineralf ‘ Solifion
Locality | T T Ly Tavestizator
"} Assemblage 5 ¢ ‘Chlorifﬁ'ty'."f.,&'r: G0
Vepsum [ apdes | 50-110 © 1'0.95-0.85 Bmmmm '
; - Fowers (1
. Coast, : tarbonate: { 287 9t
Persian, | ' 96
Guli, : :
SRR, I T BECECE T
: 131—.‘-
anhydrite, | 132
carbonate 397 159
| | S
Boccana, & : o
Virrila, aypstm e bR -
Pene. :
ZS;ﬂinc‘ ' O . :
valley, | gypsum t goapt | g ] 0.99-0.95 | Huwdiy (19657
“Calif. _ . ¥ ' :
Salina fon; anhydxite, ' ,sat-du ] 0TS
Mich; | halite? 32-48% f NaCl, - Dellyig (1935)
(Silﬁ‘:i‘em) - 1 -

X Anhydnte in the zone oE capﬂ}a.ry dxa.w Chlonmncs as gwcu are. for the undcrlymg
groundwaters.’ Actual, solutions m w]nch anhydrite | formed prcsumably Were more: con-
centrated.

2 Precise location in ‘Boccana where gypsuil is prempltating is d]ﬂi;cult to read_ from
5\‘,[oms and Dickey’s descriptions, Value given Tere is taken fromi their data for location C,
which may be incorrectly interpretéd by the present author as the gypsum ‘site, '

3 Pelicately preserved “hoppef’ crystals. which have. clearly not: suffered alieration-
since. their formation: The. same argument musi apply to the mtlmately associated an-

Ihydnte Temperaturcs of formatwu of the hopper. halite was defermined by fluid mclusmn
studies. .

oceurs in the zone of capillary draw above the present water table but _
more important,: -anhydrite is found in direct contact with' brine (Tablc
5).- Where, ground waters arg: less concentiated. (up to about” 96°/ co.
_chlormxty) gypsum i8 prec1p1tated within the carbonate muds: ‘I‘hese‘
data, together with the limited information from. a few other deposits,

are summanzed ini Table 5. To' coinpare these data, ¢hlorinity values
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have been-recaleilated toactivities of HO wsitig the vaporpressure datd
for seawater of: different: chigrinities: given by Arpns and, . Kientzler:

(1954); The natural brine data. and the 'éqyﬂ_ibljijm curve. determined in.
the. present study are plotted in Figure 6- Included i fhis figure is a
gypsum-anhydrite transition curve computed from: the sclubility mea-
surements of Bock (1961) in the haplo:evaporite system (2S04 NaCl-
H,0. His Tesults are consideréd: representative of the stability range for .
gypsum and anhydrite. predicted by most existing solubility studies (see-
Fig.:5). If the natural deposits are to be in'terp_reteci’ in terms of this
transition curve, then it.is clear from Figure 6 that metastable persis- .
fence of gypsum in patural brines is the rule: On-the other hand, the.

equilibriunt curve: of the present study: is rem arkably compatible quan-
tativély with the ddta from the natural deposits, patticularly that of the
Peisian Gulf (Fig: 6): This would strongly suggest that chemical equilib-
rium; prevails in each of  these, déposits:- 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 pei-
sistence of gypsum would not be 2 necessity. . )

While this is most plausible it is surely an oversimplification hecause
gypsum is found under -nonequilib,giuin eon__dit’ibns in sonie modern
evaporitic environments, For exaniple, in Laguna Ojo do Liebre,.Baja
- California, gypsuii co-exists withi halite at:temiperatures up to 27°C
(Phleger and Ewing, 1962) whereas the present experimental data.pre-
dict that in.a seawater brine satirated with halite (ag._,@éﬂl’i’S,}'_@ipéuhn

should dehydrate to anhydrite at emperatures above about 18°C (see
Fig. 2). e L B .
The questions, this: discussion raises; are intriguing.. Does the Peérsian

© Gulf, where, anhydrite is forming, combine a fréakish set of chemical

_and /or physical: circumstfances not found in other modern evaporite en-

vironments? Or; axe the condi fons unnder which gypsuntis found in:Baja
California (and “perhaps’ other areas) not maintained for long enough
periods of time each year to produce anliydrite? It is clear that the prob-
‘lem'i§-one of kineties which must; therefore, beconie a most important
consideration in interpréting gypsum-anhydrite deposits, modern,,ox
ancient. : :

SUMMARY
1... The present results show that anhydrite can be synthesized expert-
ragntally: fromi gypsum under $, £ and amo conditions reasonable for
‘natural evaporite envirornments. '
2. The gypsum-anhydrite equilibriam temperatures.defermiried in the
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present study . are considerably- higher-than those based on solubility-
measurements and o,rr,‘the:modynamic, calculations. The new. data are
considered more reliable than the existing data because (a) the present
results are baged on reversible reactions whereas in available solubility
studies the saturation curves for gypsum and anhydrite were approached
only from the side of undersaturation and, therefore, do Hot'necessarily
represent “equilibrivm’ curves; (b) significant uncertainties exist<in the-
available thermochemical values for gypsum and anhydrite. '
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3. Théanew équilibrium values of this study‘are more 'cgmpatiblewi:t}i
the: field observations that: gypsur is the common phé‘.se,_faﬁd anhydrite.
rare; in unmetaniorphosed evaporite deposits! Further. these valués are’
_quant’f,ta',_tiv'elj_rs-co;fSiStéﬁ'_t' ‘with the dmo-T conditions. under: which gyp-
sum and anhydrite are found:in the Recent evaporite deposit of the
Trucial Coast, Persian Gulf. '

AGKNOWLEDGMENTS

Professor Hans P. Eugster suggested the project, guided the research.
and critically reviewed ﬁhg_rnl'.é.'nu:srgt‘igt{ffo him, I am- deeply indebted.
The manuscript was also reviewed by Owen P: Bricker; James L. Munoz

and. George B. Skippen and theit comments led to a considerable im- )
provement in the manuseript. Mr. Arthur Everliart desi‘gned-a‘nd built.
the relays used to control the w atercbath units. A special tribute must.
be paid to the late. Thomas Banks (The Johns Hopkins University and
Harvard University) for helpful discussions and stimulation”during the
latter part of: the study. , o '

' The research was supported, in part, by Grant 680-A: from’ the Petro-
leum Research Fund to The Johns Hopkins University. -

AvpErDIt. THERMODYNAMIC CONSIDERATIONS

-Calculation. of the: gypsuri-anfiydrite transition temperature in the Systeit-CaSOHA0 at one
. almosphere: pressure. Kelley; Southard and Anderson (1941) measured the-lthcnnoc_:hemi'_cal
properties of the solid phases of the system CaSO.H,0 (Table 6).

TFor the reaction. ’

€ aSU{EHgG = 'Ch'S'Ch. +2H-.:0 (1)

Relley et al. (1941, p. 44) obfained

A = . 2405 — 6517 Tl T + 00215 7%+ 163.80T -

“Fhis equation gives 313°K.(40°C) as the temperature at which gypsum, anhydrite and”

Fiquid wter are in equilibrium at one atmosphere total pressure; in surprisingly good agree-
ment with the value of 42°C derived from solubility data (Hilt, 1937; Posnjak, 1938). -

Zen (19625 1965) has pointed out that equation (1) was obtained from inconsistent data:

Thé'present.talcu]ation;s confirm Ze's trli;t'iciSm..D‘iﬂ'ef:'e'nﬁﬁtipn;of eqpé.ﬁpu (n with re-

~ spect to temperature, —dAG®/dT= a5, yields

ASS = = 13359446547 log T— 0.3 T @

and a valie of 1285. 03[/ dﬁg‘forﬁzggc‘]{ Thisi& iﬂCOﬂSiStEnt With the sum Df the individual .
entropies at. 298°K as given by Kelley et , (see Table 6), that is,

ASSar=-25.5 + (2 X 16.8) —464'= 127 cal/deg
‘Ihe discrepancy arises from; the use of an integration constant of - 33.18 whichis the mean -
of thieir own consistent value of —33.03 and the value of —33.34 obtained fromm the indirect
vapor pressures of Tokiumi and Hara (1934). The résulting small érror in entropy: hasa con-

4
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Tasif 6. THERSOCHEMICAL PROPERTIES OF THE P

rases 0F THE SysTEM CaS0-HR0

195

Phase

o a7

Cy, cal/deg mole
(298°-450°K)

| cal/deg mole

5° (298°K)

Reference!

CaSOy zﬂ_p
‘gypsum

-21.844.0.076T

| 164 10.4

e

I (p. 36 &p-idy.

CaSOx

14:10+0.033T

a.n_.ﬁ}_«'fdritp ]

C25.5 €0 |

HO (liquid)
water

16.78+0.0236T" |

18.02

18.04

ko168

N
R ]

1 3% e
1T p.-46)

" 16.7540.03

e ]

II (p- 105} -
- 11T (p. 80)

svales

7.4540.0027

7,3040,00246T

| 45:i3 .

i 45.13+0: 03

 1(.39)
1T {p. 105)

X {p- 80)

\ T=Kelley e al. (1941)

JI="EKelley' (1950)
TIL=Kelley {1960)

siderable effect on the free energy values since it is incorp

tion (1).

Recalculation of the entropy: for
cal/deg-mole for liquid water (Giauque an

(X 16.75) —46.4=12.6.cal /deg:

Hence, equation (2) hecomes’

ASE = — 135.84 - 65.17log T — 0043 T
Using (Relley ¢f ab, 1941, P--44);

AHS = —2495 4 2830 T~ 00213 1*

the free énergy expression becomes,

AGY = —= 2495} 16414 T — 65.17 Tlog T+ 00215 7
This equation gives 319°K (46°
increase of 6°C aver the value ob

tion, (1))- 5

“The free energy expression can be further

-and

| AHS = SHYF 3102 T— 00262 T

C) as the gypsum-
tained from the expressl

¢ modified by emp
capacity of anhydrite given by Kelley (1960, p:
reaction até then obtained:.

€, 31.02 - 0.0524 T

46). The followi

orated into the aT term of equa-

the feaction using the accepted value of S°s=16.75
d Stout, 1936; Kelley, 1960) yields AS%s=25.5

®

@.

(s)

anhydrite e:iuilib"r;mm fémpgﬁt‘urg; an
on of Kélley ef al (1941) (Equa-
loying the revised heat:
ng relationships for ‘the.

@)
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Subatituting the mean value, AH %= 4030 ca11 (Ke,lley " a£ 19—11), of ‘the hea.t of solutnon
measurements it equation @) :

AHS =" 2890 cals

g0 th:it‘-
AHp = — 28004 31.02 T ~ 00262 7% . {7)
Using
| AST =255 4 (2 X 16:75) = 4647126 cal/deg. in
ASY = ASPA- 310210 T — 00524 7
we obtain

ASE = — 148,55 43102 1n T — 0.0524 T | @
Froim equations (7) and (8) it follows that

AGE = — 2890—}- 179:57.7 -1, 0.0262 T* — 7144 TI6 T (9)

Thig equation gives, T(eqml) =46°C, démonstrating: that the equilibrium tempefature, is’
insensitive to small variations in the heat capacity of anhydrite.

If the uncertainties of measurement assigned to each one of the thermodynamic values
(Table 6)-used in the derivation of equation (9) are assembled, then the eonfidence to be
placed i this equation can be hsseésséd, From the maximum and minimum posmble valies

of each propetty, except the heat capacity; we obtain tywo limiting frée energy equatiops:

AGE = — 2870 4 180.43 T + 0.0262 T2 = 7144 Tlog T (10)

and

GT——2910+17871T—'—002622‘=_7144T10gr IR €5

‘ Equation (10}, del.algm:d fo given maumum temperatu:e, was, denved usinig AHap;=4030
4-20=4050 cal dhd AS®0s=23. 14 (2% 16.72)—46. g=11.74 cal/deo‘ Tf!.e eqmvalent vajues
for equation (11), wlnch gives 2 minimum temperature, are ,sz 393—4030 —2'3-—4010 cal
- and AS%gs=25. 9-{216.78) —46. 0=13.46 cal/deg
The' equl.hbnum temperatures given by equations. (10) and (11) are 68"C and, 25°C
respectively: It is clear- that the available thermochemical data can ﬂJL the gy'psum-anhy-
*drite transition point at 0o better than 464 22°C!

Calenlaiion of the: effect of dissolved salis on’ the gyp.mm—anfzydﬂ ie rrcmmfwn temperdmre at.
afmospkenc pressurel For'the, conversion of gypsum to anhydritein the presence of;any.
‘aqueous solution containing d1=solved salts, the reaction may hewritten- »

C&SO; 2H20 C3504 + QHSO(hq aoln:)

A mmphﬁed ethbrmm constant for this reactmn can he a.ppLer] it thc compomﬂons oi ‘thc
‘solid pha.ses témain unchanged- (pure liquid HaO and the pure Solids at 1 atmosphere bemg
takenas the gta.pdard states):

(Ka)p—ﬂ T, =‘ (1310

. Kelley ¢ er al (1941,p 15} g’n’e + 20 caTs as the uncert:u.uty in this value
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“ Nowy for ar_i;,{'chcﬁii:al' reaction

‘AGi = AGr. 4 RTIn Ka:
Therefore, for the dehydration of gypéum to anhydrite,

AGr= AGr.+ 2RT In anyp: 12y
Tt follows from this equation thatd lowering of the activity of o0 of the zoliztion ('e.g'.__,-'by

- increasing the salinity) would decrease. the free energy of reaction. The effect would be to

Jower the dehydration temperature. To evaluate this quantitatively it i§riccessary ko know

AG®; (reaction) and theam,0 of the solutions in which the reaction occurs.

An expression fox AG’z (reaction) as a furiction of temperature has been derived (equa-
tion. 9 above): - ' ' o

AGR = — 2890 + 179.57T + 0.0262 72— 7144 Tlog T ©)

’]Jl_eref_ore, the change in equilibrium temperature with cﬁange_,jh @m0 of th_e_qo:exi_sﬁug
solution can be ‘determined from ‘

AGr = — 2890 + LT9.5T T+ 00262 T* = TL44 T log T 2RT I o (13)
An expression simila. to (13) but based on ihe frée energy equation of Kelley ch.al

(1941) (equation 1)y was derived by MacDonald (1953, p- 880). using # slightly different
thermodynamic treatment: . g

AGr = — 2495 4 163.89 T 10,0215 72 — 6547 T log T -+ 2 RT 2.303 log plp? (19

- From, this; MacDonald determined the transition. temperature as a'function of concenfra-
tion of sodium chioride. : 2 ‘
Kelley &al (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 diagfammatic
form only and did not give the equation used in the calculation. This; however, is most cer~
* tain- to be the equation given by MacDonald, who used their data and producesd exactly

equivalent results.. ’

Equation (13) gives 20°C and equation (14) 15°C for fhis transition temperdture in the
presence of halite in"the. system CaSOi—NaCl—H:0. (a0=0.75). The uncertainties in-
these temperatures will Temain in the order:of +22°C, the uncertainty range for the solu-
tion of egquation-{9). ' ]

REFEREHCES

AuExANDER,. G. Biy W2 M: Hestow axp H. Kt Torer (1954) The solubility of amorphous
silica in water. J, Phys. Clent. 58, 453-455. '
Aws, 7D (1933) Dic Lisungsgleichgewichte. der Systeme der Salze ozeanischer Salzablagerun
“gen. Katiforschungsanstalt, Berlin. a
———D: BREDTSCHEIDER; H. Erck axo H, E, Freuxw (1955) Usitersuchungen iiber. dié
Calciumsulfate. Kali Steinsals, no. 9, 17-38; R L . o
- anp P: Horer (1937) Uber das System CaSO;:-H:POu-H:O. Angew, Chem. 50,101~
104 '

Azoxs; A. B. axp C. F, KIENTZLER (1954) Vapor pressure of sea-salt solntions: Trans.
Amer. Geapliys. Union 35, 722-128. o B
Backsraéy, H. L. J. (192 Uber die Afnitit de;':'t_\ragqnit—%C@idtu'—-Umv.'q.nt_ilhng_.
Z. Phys. Chem. 97, 179-218. :
Bocg, E. {1961) On the golubility of anhydrous éalciwinsulphateand of gypsum inf concen-.




8- - --'EAIKRENEE:_JZ:HARDIE::

tidted solitions. of sodium_ chlonde at 25°C 30°C 40°C and 50°C. Cair. .T our. Clien..
39, 1746—1751

BO‘RCHERT, H. a3 E, Bagr (1953) Zur Metamorphose ozeanct Glpsah lagerungen. Vees.

"\ Jahrb. .«Lf-mcral - Abk: 86, 103-154. .

Brauxawe, R, A. Avp R, W Pom-:ns '(1955) Tivo: Peisian Gulf lagoous (abstract): J.
Sedimenit. Petrol. 25,139~ 140

Bimoy, W. M. (1956) Petrolo zy. of gypsum-anhydrife deposits in: southwestern Tridiana.
Ji Sediment. Pelrol. 26,. 240—252

- Comrey; R, T AN‘D’W' M. Buno¥: (1938) Mechanism! of gypsification. Geom’mn Cosmo-'
ckﬂu Acts 15; 57-72.

-Coatis, R G. Evans; D‘]' T Kinsuan axn B F.. SHEARMAN (1963) Assoméhon of dolo-

~ mite a.nd :mh\dnte in Recent sediments of tIJe Persian Gulf. Natire, 107; 679-680..

Dzer, W. A, R, A HowIE AND J- ZGSSMAN {1962) Rock Fonumg Mmerals V. 5. _[olm
Wﬂey and Sons, New York: 371 p.

'DELLWIG L. T, (1955] Origin of the Salina salt of Michigan. J. Sedintent. Petrol:25, 83-110..

: EYPE, W S., F. J: TURNER ARD J. VERI:{GDGEN (1958) Meta.morphlc reactions and meta-
morphlc factes (_reol Sec. Amer Mem. 73,-259 p. -

Giavque, W. F. axp J. W. Stout (1936). The entropy of water, and the Thud Law of

’ Thermodynamcs Thé heat capa.cztyﬂf ice from.15° to 273°K. J. .4mer szsm Soe. 58,

1144 1150. :

‘GOLDMAN, M. T, {1952). De{ormation, metamorplnsm, and nunerahzatlon in gypsum-an-
‘hy dntecap—mck Sulphur Salt Dome, Louisiana. Ceols Soc, Amer. Mem,50,169p.

_HARDIE L. A, (1965) Phase egilibmi involving niinerals of the.system C&SOrNﬂqSOr

) ‘H:0. Ph. D. TheSIS, The _l'ohnsHopkms University, Baltimore, Maryland.

HARN’ED H.S. Anpr B. B: Owew (1958) The physical chemistry; of electrolytxc solutions, -
“3rd ed Remhnld Pubhshmg Co., New York. 803 .

Hirx, A. E. (1934). Ternary ‘systems; XI1K. Galcium sulfate, potassium “sulfate and wafer.
I. Awier. Chéne, Sok. 56, 1071,

(1937) The tra.nsmom':emperature ofgypsum to anhydrite. J. Amer: Chem: .S'oc 59,z .

2242—2244 '

“ AND WILLS T.7H: (1938). Ternary‘ Syatems XX1V. Calaum Su]fate, Sodiim Sul--
fa.te and “«’ate,r . Aner. Chcm Soé. 60, 1647-1655.

HODGHAN C. D. (1953) Handbook of Chentistry and Pl:ym.r 35th" Bdmon Chen.ucal
Rubber Publishing. €oiy Cleveland. 3163 p.

HOFF, J. H. vax't, E. F. ArusTroNG, W HINRICHSEN; ¥, WEIGERT aND G: Just (1903)
Glpsund Anhydrit. Z; Phys. Chem. 45, 257-306.

HuLerT, G: A-ann L. E. ALLEN (190’?) The solubility of gypsum. J. Awier. Clem, Soc. 24,
667—6’19

Townt, C. B., T: W. Rosmson, W, A. Bowtes anp A, B WASHBURN (1966). Hydrologicf
‘basin Dc:a.thVa.l!ey Califorpia. U.S. Geol. Suré. Prof.Pap. 494.B, 138,

I‘ n!ema.‘wnal Crmcal T ables (1928) Ve ]I[andIV McGi w-Hill Book Co., New York.

KasLukov, I A. avp K. I Zacwosprin (1935) Dampfspaunungen der Phosphorsa.u:c-
losungen Z Anarg wam 224, 815~820

Kreiiey, KoK, (1950} Contnbutmns to the data. on theoretlcal metallurgy. ‘{I Entroplcs.
of inorganic suhstn.nces Revision {1948) of datr.: and methods of ca!culallon U-S, Bur.
Mines Bull: 477.

(19&0} ‘Contributiors to the data on- thedretical’ metz.]luro'y, XTIT. High- tf:mpe:a-

ture heat—content, heat. capamty, and entropy. data. for- the elements and inorganic

compmmds U:S. Bur M ‘ines Budl: 584:- :




GYPSUM—ANHYDRITE EQUILIBRIUM 199

J. C: SoutEARD AND C. T, ANDERSON (_1941)_Th¢rmpdynamie properties of gypsum

and itsdehydration products. U.S. Bur. Mines Tech. Pap:625. :

Kmsuax, D, J. T. (1965) Dolomitization and evapoiite development; including-aplydrite
in Jigoonal sediments, Persian Gulf, (abstract)s Géol. Soe, Amer: Spec. Pap. 82y 108—
109. g

Kravsxopy, K ‘B.. (1956). I?fssdluti'ﬂnv and pre‘cip,itaﬁbn of silica at’ low temperatures]

 Geochim. Cosmockim. Acta, 10; 126,

MacDoxacp, G. J. F. (1953) Anhydrite-gypsum equilibrium relations. Awmer. J- Sei. 251,
884-898. : )

Mapery, W, M. axp D. A. SwALEs (1956) Solubilities in the system' CaSOFNaClHLO at
25° and 35°, J. Appl. Chem. .6, 432487, a B

MarioNAc, C. (1874) Sur la solubilite du sulfate de chaux. Ang. Chim;: phys:; 1, 274282,

Mazsat, Diereica (1952) Der Einfliiss des Druckesauf das Systest CaS0s-HLO. Heidelber-
ger Beit. Mineral Petrol. 3; 289-296. _ "

Massox, P. H. (1955) An occurrence of gypsum:in Southwest Texas.-J: Sedintent. Peéircl.
25, 72-19: "y ) -

Mozora, R. J. axp E. D. Grovez (1965) Recent anhydrite from Clayton Playa; Nevada.
Ainer. Mineral. 50, 2063-2069. _ ' R ,

Morzis, R. C. axp P."A. Drcrey (1951) Modern evapotite deposition in Per, Amér, Ass.
Petrol. Geol.- Bull: 41; 2467-2474. ) o

Muwrzay, R. C: (1964) Origin and- diagenesis of gypsum and anhydrite. J. Sediment.

* Petrol, 34, 512-523. .

OcxiseN, L. (1955) Inverse graded hedding in primary gypsum of chemical deposition.
7. Sediment. Petrol. 25, 213-281..

Ostro¥r, A. G. (1964) Conversion of gypsum ‘to anhydrite in aguedus salt ‘solutions.
Geochim. Cosmochin. Acta. 28, 1363-1372. . o

Partemes, E: P. axp A, H, Warre (1929) The solubility of calcium sulfate from 0° to
200°C. J. Adner. Chein. Soc. 51, 360-370. - o

ParEcEr, ¥. B. axd G. C. Ewixe (1962) Sedimentilogy and dceanography: of coastal
lagoons in Baja Cafifornia, Mexico. Geol. Soc. Amer. Bull. 73, 145'—_1 3}.’::

Poswyax; Evcen (1938) The system CaSOH:0. Amer. J. Sci. 354, 247-272.

PoswTax, EuceN. (1940). Deposition of calcium sulfate from sea- water. Amer; J. Sci.. 238,
559-568. _ _ : P A
RavpEnstraven, G. €. (1886) Uber die Bestimmung der Lslichkeit einiger Salze in

Wasser bei verschiedenen Temperaturen. Sitzungsber, Akdd. Wiss. Wien 9211, 463491
Scuarter, W. T. anp E. P. HEnpERSON (1932) Mineralogy of drill cores from the potash
field of New Mexico and Texas. U.S. Geol Surv. Bull. 833, p. 124 -
SemerL, A. (1958) Solubilities. Inorgonis and Metal-organic Compounds. v. ¥, 4th ‘ed. by:
{:F. Linke, van Nostrand Co., Princeton, 1487 p. " '
SrEward, F.H. (1953) Early gypsum in the Permian evaporites of Nirth-eastern England..
. Proc. Engl. Geol. Ass. 64; 33-39. ' ‘ o
. Stewart, F. H. (1963) Marine evaporites. Chap. ¥ iz M. Fleischer, (ed:): Data of Geo-
chentistry. 6th ed. U.S. Geol. Surv. Prof, Pap.440°Y, p. 52. o o
Sux; T. 0. (1959) Origin of the New Brunswick gypsum deposits. Con. Mining Mel. Bidl.
52, 707-712. ‘ o e
‘Swansor, H. E,; R. K. Foyar asp G. M. Ucrinic (1955) Standard K-ray diffiraction
powder patterns. Nat. Bur::Stand. (U.S.) Circ. 539, 4, 67.

;-frgxmmj.T{ axD R. Hara (1934) On the transition of calciiim sulfate in water and in con-.
centrated sea water. J. Chem. Soc. Japan 55,_ _1051—1059 {in Japanese). '



200 LAWRENCE A. HARDIE

T Kowamars anp R Hawa (1938) On the caleinm sulfaté in sé water IT. Solu-
bilities of calcium. ‘t:;u,lp}i'q;te-‘hémﬁﬁ_fdréte in sea; water of vadous: concentrations at
65°-150%, Technol. Rep, Tolioksi Tnnp: Unid. 12, S60-5T1. '

Wrcaes; T, J. (1962) Standard wielliods of chemical
Nostrand Co:, Princeton, 1282 p- L

Wrrrs; A J. (1962) Recent doloinite ir: the Persian Gulf. Vatire; 104, 274-215.. _

WincszLL, A. N: (1933) Elenients of Optical Mimeralogy: Part: 11 Déscriptions of Minerals,
3rd ed. John Wiley and Sons, New York: ) T

Wooster; W, A (1936) On the crystal structure of gypsum, CaSOe 2H0. Z: Kristallagr. .

04,375, L
Wrav, J. L. axn F. DaneLs (1957), Precipitation of caléite and aragonite: F:Amer. Chem.
 Soc.9; 2031-2034.. i

7ER, E-AN (1962). Phase equilibrium ‘studies'of the system CaSOw NaCl-HO; af low tem-

peratures and 1 atmosphere pressure {abstr.). Geol, Soc. Ame. Spec. Pug: 68, 306:
. (1965) Solubility measurementsin the system CaS0,NaClL-H:0 at 35°, 50° and 707
and one atmbsphere'fpressmer‘l{Pgit—rbl, 6, 124-164. '

analystt, vol. 2; part A, ikt ed. Van

Moanisscript reseived, March 19, 1 066+ accapled for publication; Augml 19, 1966.



