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GEOTHERMOMETERS FOR ALKALI ROCKS 
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A b s t r a c t : Series of g e o t h e r m o m e t e r s has been e x p e r i m e n t a l l y de­
veloped by apply ing a p h a s e c o r r e s p o n d e n c e m e t h o d for leucocrat ic m i n e ­
rals from alkal i rocks. A m o n g fe ldspar-bear ing alkal i rocks a n e p h e -
l ine-feldspar t h e r m o m e t e r is most ly w i d e - s p r e a d in vers ions to cons ider 
a fe ldspar s t r u c t u r a l s ta te and t h e inf luence of excess silica in the n e -
phel ine solid solution. T h e m i n e r a l equi l ibr ia t e m p e r a t u r e of n e p h e l i n e 
and feldspar from plutonic and volcanic rocks var ies over t h e r a n g e 
1050—400 °C (by the Ne-Fsp t h e r m o m e t e r ) . In t h e fe ldspar-free assem­
blages of alkal i rocks t h e t e m p e r a t u r e has been t a k e n by w a y of leuci-
te-nephel ine, sodal i te-nephel ine, c a n c r i n i t e - n e p h e l i n e and sodal i te-can-
cr in i te g e o t h e r m o m e t e r s . T h e nephel ine- leuci te equi l ibr ia t e m p e r a t u r e 
from alkal i lavas (790—820 °C) and nephel ine-soda l i te one from a soda-
lite phonol i te (900 °C) h a s been es t imated by leuc i le-nephel ine and ne­
phel ine-sodal i te t h e r m o m e t e r s . T h e nephel ine-soda l i te equi l ibr ia t e m ­
p e r a t u r e from t h e changed alkal i rocks has b e e n d e t e r m i n e d by a n e p h e ­
l ine-sodal i te t h e r m o m e t e r over t h e r a n g e 460—600 °C. T h e lower t e m ­
p e r a t u r e w a s d e t e r m i n e d by n e p h e l i n e - c a n c r i n i t e and soda l i te-cancr in i te 
t h e r m o m e t e r s . T h e u p p e r l imit of p o s t m a g m a t i c cancr in i t izat ion, t h e r e ­
with, w a s es tabl i shed to be a b o u t 400 °C. T h e t e m p e r a t u r e m e a s u r e ­
m e n t s by e x p e r i m e n t a l l y const ructed g e o t h e r m o m e t e r s well agree wi th 
t h e d a t a on homogeniza t ion of inclusions and wi th direct e x p e r i m e n t s 
on mel t ing and crystal l izat ion of alkal i rocks. 

P e 3 K> M e: Ha ocHOBamiH 3KcnepHMeHTa.'ibnoro n3yieHHfl paBHOBeCHŤi TBep-
Abix pacTBopoB .icHKOKpaTOBbix MHHepajioB mejiomibix nopoÄ co3aaHa cepusi 
reoTepMOMCTpoB, 6a3npyiomu>:cíi na iipininune cpa30Boro COOTBCTCTBHH. JXJ\Í\ 
no.aeBomnaTCo/iep>KaLU.Hx me.ioiHbix nopoa naH6o;ibuiec pacnpocTpaHcnne no-
jiyqH.i He(pe.nHH-no.íieBoiunaTOBbiH repMOMCTp, npeÄCTaBjíeHHbiií BapiiaHTaMii, 
yqHTbiBaromiiMH cpyKTypnoe cocTOflHne nojicBoro iiinaTa H B.iHsiHiie ii36brroi-
Horo KpeMHe3eMa B TBepaoM pacTBope netpe.nmia. TeMnepaTypa, HaflaeHHaH c 
IIOMOlllbK) 3T0T0 TepMOMeTpa B paBHOBCCHÍIX MHHCpa.lOB H3 By.lKaHHMeCKHX 
iue.ioiiHbix nopoa, KO.ICÓ.ILTCSI B npe/ie-nax 1050—400 °C. B napareHe3ncax 
ňecnojieBomnaTOBbix mciomiux nopo/i reMncparypa H3Mepn.iacb c noMOiiibio 
.iei"mnT-He(pe.'iHHOBoro, coaajíHT-HecpeJiHhOBoro, KaHi<pHHHT-ne(pej]HHOBoro H co-
iia.nHT-Ka'HKpHHHTOBoro íreoTcpMO.weTjpoB. n o jieMUHT-Hecpc.oHHOBOMy H Hecpe-
jiHH-co/iajíHTOBOMy TcpMOMeipaM ouenHBajiach TeMnepaTypa paBHOBecnii neepc-
.iHHa H .aeňuHTa H3 me/iownhix jiaB (790—820 °C) n Hecpejinna n ccuajwTa 
H3 coaa.íHTOBoro cpoHO.TiiTa (900 °C). TeMnepaTypa paBHOBecnfl nccpejiima n 
coAaJíHTa H3 nsMcneiiHbix UIĽAOMIIUX nopo/i óbi.'ia onpe;ie;iena no iiecpejinii-
-coAa.THTOBOMy TcpMOMCTpy B npene.iax 450—60(0 "C. Bo.iee HH3Kasi Teiunc-
iparypa cpiiKcnpoBa.iacb no necpe.THH-KaHKpnHHTOBOMy n co/iaJíHT-KaHKpHHn-
TOBOMy TepMOMCTpaM, P03B0.1HBUIHM VCTaHOBMTb BepXHHH npe/ie.'I IlOCTMar-
MaTHwecKoň KanKpnHHTH3auHH OKOJIO 400 °C. Pe3y.nbTaTbi H3MepeHHH Teiwne-
paTypu c noMombio, co3/ianHbix SKcnepnMCHTajibno, reoTepMOMCTpoB oónapy-
JKHJIH xopomee coBnaAenne c ÄaHHHMH rcMorenH3au.HH BKJiioMennii n c npsí-
MbiMii 3KcnepHMeiiTaMn no iiJiaBJíeHHio n ivpncTajiJiii3anHH meiioinbix nopo/i. 

A l k a l i r o c k s a r e k n o w n t o b e f o r m e d b y p e t r o g e n e t i c p r o c e s s e s t h a t a r e m o r e 
c o m p l e x t h a n t h o s e for r o c k s of n o r m a l s e r i e s . H e n c e , t h e r e e x i s t s a n a b u n -
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dance oľ various, often conflicting hypotheses on their formation. The persisting 
interest in these rocks is explained by t h e fact that they give rise to many, often 
unique, mineral deposits. The estimation of the tempera ture conditions of the 
rock formation is one of the key-problems and the purpose of the present 
study. A major difficulty in all these investigations is to est imate the tempera­
tures at which alkali melts were generated. Commonly employed methods of 
homogenization of melt and gas-liquid mineral inclusions are ra ther laborious, 
they require special facilities and expertise. In addition, it is ra ther difficult to 
identify pr imary and secondary inclusions, especially in the rocks changed 
by metasomatic processes. Numerous t e m p e r a t u r e measurements on alkali 
massif mapping and detailed study of ore deposits are restricted by some diffi­
culties involving detection and classification, mainly in altered rocks. 

A reliable method for measur ing temperatures in alkaline rocks involves 
geothermometers based on t h e part i t ioning of isomorphous elements between 
coexisting minerals. Such thermometers , or phase correspondence diagrams, 
have been derived from our exper imental and thermodynamic data on the 
potassium and sodium part i t ioning between solid solutions of alkali feldspars, 
nepheline, sodalite, cancrinite and leucite at 400—1100 °C and 1—5000 bar. 
These parameter s cover virtually occurring mineral parageneses of alkali rocks. 
The method for constructing a phase correspondence diagram is exemplified by 
the system nepheline-alkali feldspar. The effect of t e m p e r a t u r e on the exchange 
equi l ibr ium: 

N a A l S i 3 0 8 + KAlSiCv, = KAlSi : i 0 8 + NaAlSiCv, (1) 

was, therewith, studied. Mineral-fluid and mineral-anhydrous chloride melt 
interactions were studied between 400—700 °C at 1 kbar and 800—1100 °C 
at 6 bar, respectively. The K/Na rat io in a fluid or melt was so given that the 
composition of a mineral may be changed at the expense of the following 
exchange react ions: 

KAlSi.;08 + NaCl = NaAlSi : i 0 8 + KC1 (2) 

and 

KAlSiO/, + NaCl = NaAlSiCv, + KC1 (3) 

Substract ing eq. (3) from eq. (2) gives eq. (1) whose thermodynamic parameters 
are dependent on the s t ructura l s tate of crystalline phases, all other things 
being equal. Consequently, the diagrams of phase correspondence for nepheline 
and alkali feldspar or any other minerals in equil ibrium m a y be derived from 
those of mineral-fluid and mineral-melt types. Consider an X K — X K diag­
r a m in Fig. 1A. The diagram shows equil ibrium curves of nepheline and alkali 
feldspar solid solutions after Z y r y a n o v — P e r c h u k — P o d l e s s k y 
(1978). Using this d iagram we can construct an equilibrium curve for nepheline 
and alkali feldspar. For that, the compositions of nepheline and alkali feldspar 
obtained from equil ibrium curves Fsp + (K, Na) CI and Ne + (K, Na) CI wi th 
t h e same fluid composition are plotted on a similar diagram of X K versus 
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Fig. 1. The distribution of K and Na between "fluid" (K,Na)Clm, nepheline (Ness) 
and alkali feldspar (Fsp), (A). The diagram of nepheline and alkali feldspar solid 
solutions phase correspondence derived from equilibria Ness—(K,Na)Clm and Fsp'1— 

— (K,Na)Clm (B). 

X R (Fig- IB). The use of mineral-fluid equilibria is believed to be thermo-
dynamically valid, for it is insignificant, whether the chemical equilibrium on 
distribution of cations between minerals is realized directly or through an 
intermediate phase. The system nepheline-alkali feldspar of petrological impor­
tance was studied in more detail. Thus quant i ta t ive criteria for distinguishing 
structural series of alkali feldspar solid solutions through the values A b e and 
A 26-204-060 w e r e proposed. The mechanism and causes of anomalous 
alkali feldspar formation were studied and a method for estimating their 
s tructural state and composition was introduced by Z y r y a n o v (1981). There 
was experimentally determined phase transit ion tempera ture between series 
of alkali feldspars ( Z y r y a n o v , 1977; 1978). A miscibility gap for the regions 
of tempera ture stabilities of alkali feldspar was constructed. Conditions of 
formation, ordering and breakdown of solid solution of perthites and their 
s tructural evolution in na ture according to tempera ture were also determined 
by Z y r y a n o v (1983). 

The effect of excess silica in a nepheline solid solution on the na ture of distri­
bution of sodium and potasium between a nepheline and coexisting fluid was 
estimated. Being in equilibrium with the fluid constant composition nepheline 
with excess silica is more sodium-enriched than stoichiometric one. Experi­
mentally determined effect of excess silica in the nepheline solid solution 
on its equilibrium in the alkali feldspar allows to explain a higher sodium 
content of nephelines from the nepheline-alkali feldspar paragenesis of volcanic 
rocks ( Z y r y a n o v — P e r c h u k — P o d l e s s k y , 1977). Thermodynamic 
analysis of experimental results indicates tha t wi th increasing tempera ture 
potassium moves from the alkali feldspar into the nepheline, while sodium 
goes in the oposite direction. Diagrams (mineralogical thermometers) which 
were derived for this system made it possible to estimate the mineral equili-
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brium tempera ture for intrusive, metasomatic, subvolcanic and effusive rocks. 
In the system cancrinite-sodalite-leucite-nepheline, which covers paragenesis 
of feldspar-free alkaline rocks, increase in tempera ture caused potassium to 
move from leucite, nepheline and cancrinite to sodalite, from leucite to nephe-
line and from nepheline to cancrinite, the sodium redistr ibution taking place 
in the opposite direction (Zy r y a n o v, 1980; 1981,3). 

XNe" 

Fig. 2. The diagram of nepheline (Xj^e s s < 0.32) and alkali feldspar (sanidine-high 

albite series) phase correspondence at 800—1100 °C and 6 kg/cm1'. 

Experimental geological thermometers are capable of recording the lowest 
equilibrium tempera ture for paragenesis of coexisting minerals. Equilibrium is 
believed to have been reached once the fluid disappeared from the rock. The 
component exchange among the minerals through the fluid takes place under 
subsolidus conditions, during development of intrusive and subvolcanic massifs 
and also when rocks undergo metamorphic changes (nepheline gneiss). Exchan­
ge processes in effusive rocks are initiated below liquidus among different 
mineral phenocrysts and a melt and will continue in the presence of a high-tem­
pera ture fluid. In spite of considerably higher rates of volcanic rocks as compa­
red with that of intrusive rocks, the equilibria between minerals may be 
attained through higher temperatures and saturat ion of rocks with volatiles. 

Our experiments with nepheline, leucite, sodalite and alkali feldspar under 
dry conditions at 800—1100 °C showed that duration of cooling of volcanic rocks 
was quite sufficient for components to at tain equilibrium distribution (Z y-
r y a n o v — P e r c h u k — P o d 1 e s s k y, 1978). 

Using phase correspondence diagram one should take into account wide 

compositional ranges of nepheline (X * = 0.07—0.37) which coexists with 

high tempera ture feldspars, and more nar row ranges of its composition (X ^ e = 
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0.14—0.23) in paragenesises of plutonic rocks. To choose an appropriate diagram 
of phase correspondence one should take into consideration both: excess SiO-j 
in nepheline solid solution for paragenesises of volcanic rocks and estimation 
of s tructural states of alkali feldspar in paragenesises of plutonic rocks. 

By way of illustration, the proposed geothermometers were used to estimate 
mineral equilibrium temperatures for alkaline rocks from different magmatic 

P * 6 Ktt/C» 
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Fig. 3. The diagram of leucite and nepheline solid solutions phase correspondence 
at 800—1000 °C and 6 kg/cm2. 

Fig. 4. The diagram of leucite and sani-
dine solid solutions phase correspondence 

at 800—1000 °C and 6 kg/cm2. 
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formations. The available data on the homogenization of mineral pr imary 
inclusions were combined with the estimated mineral equilibrium temperatures 
for the same samples and enabled to determine the tempera ture range of the 
massifs. Tempera ture estimates done by mineralogical thermometers and a me­
thod of homogenization of secondary inclusions commonly coincide, thus allow­
ing the data obtained by the two independent methods to be checked. The high-
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Fig. 5. The diagram of nepheline and sodalite solid solution phase correspondence 
at 800—1000 °C and 6 kg/cm2. 

est t empera tu re was recorded for paragenesis from Nyasaland intrusive rocks 
(T i 11 e y, 1961) using the phase correspondence diagram for solid solutions 
of nepheline and alkali feldspar of the series sani dine-high albite (Fig. 2). The 
est imated value (950 °C) is very close to the directly measured tempera ture 
for the nephelinite lava (980 °C) from the Nyiragongo lake region ( L e e — 
C l a r k , 1966). The equil ibrium tempera ture of 780 °C was recorded in a leuci-
te-nepheline dolerite representat ive sample from Vogelsherg (T i 11 e y, 1958). 
The same value (780 °C) was obtained for this sample wi th the leucite-nepheline 
thermometer (Fig. 3). The equilibria in the range 790—820 °C were also recor­
ded by these thermometers in two nepheline-leucite assembages in the lavas 
from Central Africa (S a h a m a, 1952). Close t empera ture values were obtained 
with leucite-feldspar thermometer (Fig. 4) for the anorthoclase-leucite equili­
br ium (800 °C) from the groundmass of Quaternary basanite, Laaher See 
( D u d a — S c h m i n k e, 1978) and for leucite-sandine equilibria (900 °C) 
from the Leucite Hills, U.S.A. ( C a r m i c h a e l , 1967) In experimental study 
on the Leucite-Hills rocks, C a r m i c h a e l located the solidus tempera ture 
at 960-1100° C and 1000 bar. 
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The equilibrium of h igh- temperature paragenesis nepheline-sodalite formed 
at about 900 °C, was recorded by the nepheline-sodalite thermometer (Fig. 5) 
in a sodalite phonolite from the Quaternary volcano Suswa in the Rift valley 
of Kenya ( N a s h — C a r m i c h a e l — J o h n s o n , 1969). Measurements based 
on the ulvospinel content in t i tanomagnet i te using the Lindsley thermometer 
gave a similar value. 

QO 1 , , i , , , _ _ _ , i , , , , 
OJO o i5 o zo 

K-(K*Ha)ln Ness 

Fig. 6. The diagram of sodium-rich of region of the system nepheline-alkali feldspar 
at 800—1000 °C provided nepheline solid solution is saturated with normative silica. 

Equilibrium temperatures in nepheline-feldspar paragenesises from effusive 
rocks were determined wi th the phase-correspondence diagram derived for 
sanidine and nepheline solid solution wi th excess silica (Fig. 6). 

A rich sodium content in the nephelines from effusive rock paragenesises 
was first explained by the effect of excess SiO^ in the nepheline-feldspar equili­
br ium ( Z y r y a n o v — P e r c h u k — P o d l e s s k i i , 1977). This effect was 
allowed for the nepheline-feldspar thermometer (Fig. 6) which was used to 
measure the equilibrium tempera tures in nepheline-feldspar paragenesises from 
volcanic rocks from the East African Rift region ( Z y r y a n o v , 1981). The 
values thus determined for different samples over the 800—1050 °C range were 
compared with the homogenization temperatures for the pr imary inclusions and 
the calculated liquidi for the same samples. The mineral equilibrium tempera tu­
res were 100—200 °C lower than the rock liquidi. Direct melt ing experiments 
on the Leucite Hills alkali rocks at atmospheric presure and P f l = 1000 bar 
revealed the same tempera ture difference between the solidus and liquidus 
for these rocks ( C a r m i c h a e l , 1967). 

If no coexisting minerals can be obtained for the analyses or no data are 
available on the pr imary inclusions homogenization, the rock liquidus can be 
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calculated from their chemical compositions using the method suggested by 
P e r c h u k (1984) for mafic and ultramafic rocks. The tempera ture for a rock 
dry liquidus is calculated by the polynomian: 

m tliq (°C) = 1039.62 = 43.738 X^g + 35.86y 

0.001182 . (100 X Mg ) + 0.125186y (100X M g)-
01 

-0.000031y . ( I O O X M S ):!, where 

y = (Mg + Fe + Mn) : 0.5 Oj 

X Mg o.I O 2\. Mg (1 + 2.15 X ) 

This method was also applied to the liquidi calculations for the leucitites and 
ugandites from the West Rift region of Eastern Africa. The estimated tempera­
tures are in the range 1100—1450 °C. The homogenization temperatures of inclu­
sions in the nephelines and leucites from these rocks range from 1140 to 
1400 °C. A 50 °C fitting the inclusions homogenization temperatures wi th liquidus 
temperatures calculated by polynomian makes this method suitable for studies 
of alkali rocks. Using the calculated liquidi for rocks of the Khibin massif, 
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•Kshi-Ordao_P°ea K h i b l n s k i ^ r j H T ^ K i 

0.1 S 0.18 0.20 
YMess 
A KALSi04 

022 0.24 

Ne Fig. 7. The diagram of nepheline (XK
 ss < 0.3) and alkali feldspar (orthoclase-in-

termediate albite series) phase correspondence at 400—700 °C and 1000 kg/cm-. 
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it was possible to determine that leucocratic khibinites, lavochorrites, foyaites 
and rischorrites had crystallized at 1080—1090 °C, and the crystallization tempe­
ra ture of melanocratic yolites, uvites, urt i tes and malinyites was 1105—1200 °C 
( Z y r y a n o v — K o z y r e v a , 1981). The obtained data indicate that all the 
rock types of the massif were developed under the similar thermodynamic 
conditions. 

to 
ManuNlsKi Los f Mon>h 

ox a?^ Q& ax Q?S ax 
AXAIJ.01 

Fig. 8. The diagram of nepheline ( X ^ e s s < 0.3) and alkali feldspar (microcline-low 

albite series) phase correspondence at 400—800 °C and 1000 kg/cm2. 
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Fig. 9. The diagram of nepheline and socialite solid solutions phase correspondence 
at 500—700 °C and 1000—2000 kg/cm-. 
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The mineral equilibria t empera ture in intrusive massifs being always consi­
derably lower than the homogenization temperatures of pr imary mineral 
inclusions and usually is in good agreement wi th the tempera ture at which 
secondary inclusions are homogenized. The max imum tempera ture determined 
with the phase correspondence diagrams in intrusive massifs of the alkali-gabb-
ro formation are 675—770 °C (Z y r y a n o v, 1981). 

0.2 0 

0 1 s 

* 0 10 

0.0 5 

0.0 
00 0.0S 0.10 0.15 0.20 

K (K->Na)in C a n s s 

Fig. 10. The diagram of cancrinite and nepheline solid solutions phase correspondence 
at 400, 500 °C and 1000 kg/cm3. 

These values are close to the experimental ly obtained melting tempera ture 
(775 °C) of nepheline syenite at 1000 bar water pressure ( M i l h o l l e n , 1971). 
It should be noted that most mineral equilibria temperatures for intrusive 
massifs are lower than these m a x i m u m values. 

Alkaline rock massifs contain abundant manifestations of postmagmatic 
proceses in the range 400—500 °C. The tempera ture of the nepheline-alkali 
feldspar equilibrium at the postmagmatic stage was determined wi th two 
geothermometers : one for the nepheline-intermediate (Fig. 7) and other for 
nepheline-low alkali feldspar (Fig. 8) equilibrium. The choice of the thermo­
meter was based on the alkali feldspar s t ructural state showing the existence 
of the phase transitions, which were found in our experiments to be at 375 + 
25 °C for microcline-orthoclase series and 680 + 15 °C for orthoclase-sanidine 
series (Z ý r y a n o v, 1977; 1978). 

The nepheline-sodalite thermometer was used to measure the tempera ture 
in weakly altered feldspar-free alkali rocks (Fig. 9). The diagram gives the 
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mineral equilibria tempera ture for the Sludyanka skarns, sodalite syenites from 
the Lovosersky massif and meta-evaporites from Baffin Island. The obtained 
values are in good agreement wi th the data available on gas-liquid inclusions 
and also with the results of other thermometers (Z y r y a n o v, 1981). The 
lowest- temperature postmagmatic processes in alkali massifs took place during 
cancrinitization. The tempera ture of these proceses has been determined with 

0.15 

c 
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u 

03 
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OD 5 

500"C 

snneuogorski 

MariupolsKi 

SYnnyr 

Fig. 11. The diagram of sodalite and 
cancrinite solid solutions phase corres­
pondence at 400, 500 °C and 1000 kg/cm". 

00 005 

K--(K*Na)lnSod„ 

the nepheline-cancrinite (Fig. 10) and sodalite-cancrinite (Fig. 11) thermometers . 
These data well coincide wi th the homogenization results of the secondary 
gas-liquid inclusions and determine the cancrinitization tempera ture at not 
higher than 400 °C. 

Differences in the temperatures determined with geothermometers or by 
inclusion homogenization has been a mat te r for argument between the sup­
porters and opponents of the part icular method. In fact, however it is not so 
much the contradicting results as different stages in the mineral formation 
of alkali rock massifs. Tab. 1 presents the temperatures for the same samples 
as given by these two methods. 
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T a b l e 1 

Comparison of the temperature determined with geothermometers and by the 
inclusion homogenization method 

Rock, locality 

Pla tophonol i te , Kenya 

P y r o x e n e nephe l ine syeni te 
Kuznetsk , Ala tau 
Symnyrite N. P r iba ika lye 
Dit roi te N. P r iba ika lye 

Nephfeline syenite, S-E Tuva 
Nephe l ine -na t ro l i t e syen i te -
-pegmat i te , S-E Tuva 
Mariupol i te , U k r a i n e 
Miaskite , Ura ls 

S t ruc tu ra l 
s ta te of 

Fsp 

Tempera ture 1 °C 

Geo the rmo­
m e t e r s : Ne—Fsp; 

Ne—Can; 
Sod—Can 

San 990 

Or 
Or 
Or 

Mic 

Mic 
Mic 
Mic 

480 
425 
395 

415 

410 
410 
395 

Homogenizat ion 
of inclusions 

I secon-p r i m a r y ! d a r y 

1100 

950 
840 
990 

715 

715 
715 

400 
400 
390 

The mineral equilibrium values are seen to be in excellent agreement with 
the results given by the homogenization of secondary mineral inclusions. 
The higher homogenization temperatures for the pr imary inclusions reflect 
the beginning of the crystallization in the melt, while the mineral equilibrium 
temperatures record the disappearance of the fluid, normally at the postmagma-
tic stage in the development of the massif. The similar values produced by the 
two methods are typical of h igh- tempera ture assemblages in volcanic rocks. 
On the basis of the given data one could determine the tempera ture range of 
the alkali rock formation (1450—400 °C) and recommend to use the phase cor­
respondence diagrams as of the liquidus tempera ture calculations for peno lo ­
gical study of the alkali rock massifs and related deposits. 
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