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VESTRACT, “The equilibrium eondivion- of te searting Jussoniie — ane et 4+ vapor
e been detenmined betwen 370 C and S0 ot presaures in the range 0 4 kilobars,
Rl

I

e boundary slope in this vegion is expie-eed by the relation Tegm = o2 "rf.h‘“’llcrc

1" 05 in bars, These data confirn the poediviions of Newlon and Kennedy,

Lawsonile is one of the eritical winerals of rocks belonging to the glaco-
phane schist facies, The equilibrivm decomposition of lawsonite thus sels some

restrictions on physico-chemical varinliles operaling in this metamorphic facies.
Newton and Kennedy (1963) deteviined the conditions of the hreakdown of
bawsonite to silimanite-zoisite- quartz ool vapor and e conditions of break-
down of the latter assemblage o avoethite anid vapor. From these data and a
knowledge of the enteapics of the phooes e positivn of the houndavy curve
for the Tawsonite 2= anorthite 4 vager reaction was estimated. The data pre-
seited here confirm the aceuraey of tieie prediction.

All experiments were conducted i oeuld seal god bombs., AMixtuses of
vatural materiads were held at conslant pressuve and lemperature in sealed
sitver tubes containing water, Neray sl optical mcthods were used to deteet
sajor changes in the proportions of plases present, Table 1 gives data on these
materials, Tn some cases caleium eldoride solution was added, but it had no
pronounced catalytic action. AL materiuls were ground to pass a 325 mesh
sereen. The experimental data are presented in table 2, and the pliase relations
Jdedueed o i digure 1. In four experiments very minor amounts
of fine pues o wties suggestive of zoisite were found, but the identifi-
cation is uneectain, ciwse foar runs are all in the field of the zoisite assemblage
found by Newton and Kennedy. Thus it appears that in much of the region
studied, we may e dealing with the metastabie lawsonite = anorthite + vapor
cquilibrium,

Newton and Kennedy extrapolated the existing ‘entropy data for lawsonite
and estimated a boundary slope of 45.7 hars degree=, Our experimental slope
ol 41 bars degree=* agrees within the Iimits of hoth methods, Ning and Weller
(1961b) provided data on the heat of this reaction at 25°C. Urom this and the
cntropy data the equilibvium conditions of the reaction can be estimated. The
main vaeertainty in these estimates involves extrapolation of the entropy of
kiwsonite above 25°C, an extrapolation hat may involve very considerable
error. Oue estimates indicate that Tawspnite would be in equilibrium with
anorthite and liquid water near 250° - 23°C at one almosphere, in satis-
[actory agreement with the present duta.

Whereas the data in figure 1 outlines the relative stability of anorthite and
lawsonite, it gives only the most extensive possible field of stability for lawson-
ite. At low temperatures and pressuces zeolites and other mincrals, such as
prehinite, may replace lawsonite. Witl: present data it is possible to make some
reasonable estimaie of the magnitude of these efients,
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Cliemieal analyses aod opoc b propertivs of Liwsonite and anorthite
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@ Lawh L0002 LATI 1.5748 1.57 == 6.005
= Lol 2 0.002 13850 [V 1.59 22 0.005
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Lawsonite. Analyst, 13, Thacm iz aptical propenies, Go Ao Daviss Blake Gardens,
North Berkeley, Calitornian (Davis and Pabsr, 19600,

Anocthite. Analyst, Yo hawanos spiieal propratios, I Kator evystal Lapilli erupted
in 1940, Miyake-jinn vo caco, Colye Prefecture. Japar CCavane and Aoki, 1960).
Anorthite, Aualyst. T S0 Walicion: npiieal = systal Japilii
erupted i 16874, Miyahejima voleanao, Toik oo 7 = Rmwepun and
Aoki, 1900). ?

Anorthite. Miyake Ishaoad. Tod so Prefectuee, Japan, Optical s

versal stage An pereent detoracation, Craw lomd.

sunplest reactions which wold evidenee saggests bear on this problem
iryLn e
laumontite = lawsonyite + 2 quartz + 2 waler (1)
CaALSi, 00 - 4.0 = CaALSLO 00D, - HLO + 2510, + 211L.0;
thomsonite = Jawsanite + 0.4 waker
CaALSLOg-24H.0 = CaAlLSi 000080 - HLO + 04H.0,
Some data bearving on (1) are available, and we can make some reasonable
guesses concerning (2).

Thermodynamice data Clable 51 are available Tor leonhardite, a close rela-
tive of laumontite, Coombs (1952) deseribed the conditions for the reversible
conversion of laumontite 1o Jeonhardite. Laumontite in dry air loses waler
forming leonhardite, CayALSIO,, - THLO. Leonhardite, when soaked in liquid
water at room temperalure, is converted to laumontite, These observations
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somite=anorthite experiments

Starting material: Starting materiel: Starting matecial: )
Anorthite-! . wsonite Anorthite-lawsonite-quarts Anorthite lav sonite-CaCl.
11 molen ' watio 1:1:4 molecular ratio 1:1 niolecutar ratio, 0.2 M solution
Tem- Ten- Teqhe FER "
peratire Pressuvie Thuo Praduet peratinre Pressure Tiwe Product peralire Pressive Time Product
(5 (haesy (day- ({108 ] (bars)  (days) (a3 thars)  (days)

51 2900 11 An (Taw) 315 H000 11 A0l 1 Taw) 4060 (030 [ Noehape
150 7500 T An (Law, Zoicite) 450 RO T0 UGt Flawd 150 6900 o An (Taw, Zoisite
150 TR0 oD Taw (An) £30 TR0 S Tawe B 0Cite 450 062110 (] An (Taw. Zoisu -
100 GO ] T (Any . AN (i bary YA Ao olin tl {50 (X

400 OGua 66 b tAnd Ao [ Sl Lavw g Susidinn 425 fifnin fitl An IO
A0 65 30 Law (An) 450 610 31 Law (AR AR 6210 6 Law AN

350 6100 31 Law (An) A0 a5 Al Mu-Que 1 Taneh A0 S0 20 An I IETR
450 €00 6 An (Law, Zuisite) 358 3l ! No chugige

4350 6210 60 An Jafy EARIE) 4 AnQiz

350 6210 60 Law (And 300 JH0 6t No chanzee

375 5530 a8 Law (Ar) 300 41 381 Na b

400 5150 31 An (o) 114 000 33 AwQiz (Law)

355 5170 31 Nochanze

450 4140 82

300 4140 o}

300 4110 3l

411 2000 33

i A

© & ey ‘.'u:.;'» aie S
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NOTE: The miveral names appear . o0 parentheses in the Products colinns wore detected i omiter amomd in the prodinet.
An = anorthitey Law == Juwsonite: Qtz = quartz.
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Fig. 1. Sume expevimentally determined .
with lawsonite,
A-B - Lawsonite = auathite - waer (Crawford and Vyle).
G-I Tomeemdne = gmanihiite 1w ater Cestimated, Newtown and Kennedy, 1963).
hn soisite = kvacitc foquarta o water (Newton and Kennedy,

Cewnidary relations concerned

v oo s waniie S guarta s - anosihile = water (Newtod g ¢
G20,

G-IL Lawsonite 4 quarte + wals = luosmontite (estimated by Pyfe .

T-T Arvagonite == calcite (Clark. 1957; Crawford and Tyfe, 1964; ¢
and MacDonald, 1950 ). .

K-T and K'-I' Jadeite 4 quartz = albite (Fyfe and Valpy, 1959).
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stiggest that the free energy chanpe of the reaction:
leonturdite + water = 2 famnontite (3)
is extremely small, a few Tundred ealories at the most. As the uneerlainty in
the free energy of leouhardite is 1100 cals. we may equate the Iree energies of
laumontite reactions to those known for feonhardite,
From table 3 we ohtain tiv following data Tor the reaction:
leonhardite = 2 lawsonite = 0 quartz + 3 waler
AGY = b Keal 5 ASY == =16.05 c.u. 3 SV =5 =68.85 em®,
I we assumie Uial AGY for reavtion (35 is small, then for reaction (1) we
abtain:
AGY = 422 keal : AR" = -5 car. 5 AV = =22.55 umi”,
The entiopy of kanaontite has been estimated by conxidering average water
contributions o leonhardite. Thus the high entropy assemblage lawmontite is
stable at Jow wemperature, Thevelore, as temperature increases lanmontite he-

Tawri. 3

Thermodynamic propertics v inesalss woters and carbon dioxide at 2570

(| . v
ana - atiosphere
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Mineral cal/deg wnde keal/mole V
Feom From ce/nole

viements onirles

Anovtivite PadE sNHY T

CadlSiOy + 0.5 S U ih

Calvite AL ~200.75% e

CaltOy Ll 34 =0.02

Carhon Diozide Sl -04.26*

(s

Waalinite Mmase - 99.31"

ALSEO (O IRV +0.7 0,30

Latnmontite 116.8" 205.4™

( :il{\]zsiu()m il [;() (st )

Lawsonine Ho.4! H e Tl LT 10hast

CaALSLO (Of 2 10 415, 0.8 L0 A0S

Leanharvdine RN ~07.4" F16.48"

e A LSOz - THEO t LG BLE I

Qs 1.0 AN AT

Sil)e L0005

Thompsomiie

CaALSO- 2410 135.0™

Witer (liguid) 16,710} 18.069°

1.0 “=0.003

" RKing and Weller (19670).
' King and Weller (1o0iioy,
¥ Larsen angd Berpas -

* PBarany (1962),

Y Barany aud Kelley (1961).
* Coombs (1952).

Y Davis and Pabst (1960).

* Gray (1957).

FoGeal (1961).

® Kelley and King (1901).

*ohatimenr £
' Rossind atid b 00

" Caleulated by W.o o Fyte,
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comes mmore stable, but A8 will 1 ; velmes, Typieal tonds in dehy-
dration entropies per water nwhe e o8 dieatind In figure 2 and ave
reasonahly constant, From these dale w2 ay conchude that AS of reaction (1)
will not change-sign undil temperoiures aeer Y500 are reached, Further, when
Lawsonite breaks down al 250°C, lsuneatie will sl be relatively stable in
waler al s saturated vapor pressure,

Scanty evidence (Coombs aud others. 1939) indicates that lawmonlite
would heeome unstable relative o aueribite, quacia. and water iu the region
of 3009C. For the reactivn:

laumontite = anorthite + 2 quartz == 4 water
(1)

CaAl;Si,04s « 4H0 =2 CaAlSiu0, -+ 2510, -+ AT
We estimate:

AGY = +10.1 kel LA eu. 3 AS at 300°C

anvel B emast <= e,

These finures also suggest lavmoutin ceakadown to anerihite a littde above
300°C which appears perfectly veason S 1t shontd be noted tiat at Tow pres-
sures a field of stability of wairak i pears to be tnterposed Letween laumonts
ite and anorthite (Coambs and athers. 19591,

Returning to reaciion (1) it is ofnious that lawsonite is stable relative 1o
laumontite at higher pressures and that the initial boundary slope will be
positive, 1T we allow only for the compreasibility of waler, the transition pres-
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i of the following dehydration reactions as a function of temperature (esti-

e Hiine == corundum + water (lig).
psinfase o water Uig).

i o
=it Bortpite == corundim 4 waler ().
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sure al 2570 is near 8700 atmosphess and the initial boundary slope 9.1
atmospheres/C As the tempery soewhile AV and AS will retain
nesalive siens Over 4 consideag: oot data of Sharp (1962)
indicates that AS will hecoae cone o andd the slope mueh faiter,
We have made an estimate of the Lsnsdion pressare at S00°C, and .

near 5000 atmospheres s indicated. The Torm of the curve is suggested i
ficure 1. i

Little is known about the stability of thomsonite (a caleinm zealite) which
may  replace fawsonite in sifieaspoor covironmets. Synthesis experiments
(Covmbs and others, 1959) fndicare sieidlity wp o lemperatures of the order
ol 500%C at moderate pressures, The cescmblase thomsanite-analeime, is known
o replace plagioclase in zeolite Gietos alivration (Coombs and others, 1959,
pe 63). Tor the reaction:

lawsonife | G0 thaansonite
Crid LSO, (OF Y« Bl o b 210 == G ALy - 2ditald
AV" = BT e,
and 1L wonld be remarkable i A5" §s it also positive. Henee as with tasient
ite. it appears that the tawsonite stabifiny Geld witl be replaced by thomsonite
al low pressares and temperatures, wud e hovadary relations will Le of the
sanie form as with laumoutite.

Zen (1961) has stressed the iinportainee of consideation of reladve parial
pressures of waler and carbon dioxnde o low-grade meiunorphism. Lawsonite
may be replaced as indieated Dy the =i

Caleite =+ Kaolinia Lowsomite -1 COy
(5)
CaCOy 4 ALSILO: (0D, == CaALSEOAOH ).« 2H.0 4 GO
For reaetivan 150 =0 5 - Se water fadvpendont :

S CAT eane 2 AV nid piases = =049 em®,
These 15 wves oo st aieiie-kacin is stable at low pemperatures, but Jaw-
souile hecomes relaively more stable with Incveasing temperatuce. Tnoan eo-

vironment where Pepa = Puo b P, fowsonite witl he favered by i

ratios of Piea/Peqg, ot account of the Luge AV sotids term. Tor example, o
Piar is 3000 bars, at 25°C, tun e seaction (5) will be in equilibriiom
when Do, is approximately 100 buss (deality assumed ). Obviously, in any
low=temperature envivonment win re (b fuid phase is rich in CO., Tawsonite
will not be favored.
CONCLLSTONS

As Jowsonite Trequently ovenns novein liliings with quartz or carbonate or
is formed by the simple hreakdown of plagioclase (MeKee, 1962), the data
presented have some bearing on the ainevalogical processes, ft should be
stressed, however, that the stability Lield indicated is maximal for quartz-
bearing systems, and other phiases such as prehnite, heulandite (more stable
than laumontite at low temperature) will lead to some additional restriction on

the field.
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The plots an fizure 1 show eneonaeing corveliation with field ahiservations.

Theer eritival assemblages are comuwnly whizerved s
Lawsonite—caleite wlblii,
Tawsonite-avaeonile -ailintes
Lowsonite-araemiile jadeile quarlz.

This sequence indicates inereasing prostares of netamurphisa.
that temperatures of glancopharne seliist melargorphidsne are ©
200-300°C (Brown, Fyle, and Tarner. 10620 the relative -
ficure 1 are in the correct arder. Coombs L 19G0) has i T
caleite; Ghent (g, the association frwsonite-aragonile: alu el did Blvire
(1962) . the transition from lawsonite—albile 1o Jawsonite—jadcite—quartz. 1L
chonld be noted that much of the common jadeite of glavcophane solisls con-
lains sionificant amounts of diopside and gemite in solid solution which may
significantly lower the pressure of formation. There is thus an excellesd
lation hetween calorimetric data, divecl experiment. and field ohseevats
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