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Distribution coefficients between crystal and magma can be used to 
establish various properties of magmas. A number of natural hyalo-
clastites have been used to evaluate some of the established geother-
mometers and geobarometers. Comparison with experimental data on 
the same rocks shows that the olivine geothermometer gives the most 
reasonable results and in some cases plagioclase geothermometer can 
also be useful. 
However before mineral-liquid combinations can be used to evaluate 
magma properties equilibrium between the various phases must be 
established. This is not always simple and more experimental data 
is needed. 
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Introduction 

T h e purpose of this pape r is to descr ibe the 
mine ra l l iquid re la t ionships in some common 
n a t u r a l Icelandic hyaloclast i tes . The rocks 
used he re a re described by Mäkipää (1978). 

The rocks a re basa l t s quenched in wa te r 
(mainly glacial mel t wa te r ) upon erupt ion . 
Phenocrys t s (olivine, plagioclase and clino-
pyroxene) a re t he re fo re una f fec t ed by reac-
t ions occurr ing upon cooling and crys ta l l i -
zat ion of subaer ia l lavas. All samples a re 
q u a r t z - or olivine no rma t ive tholei i tes not 
f a r f r o m the no rma t ive quar tz sa tu ra t ion 
plane. 

The quickly cooled glasses of fe r the possi-
bi l i ty to s tudy t h e s ta te of equ i l ib r ium be-
tween crys ta ls and melt . The p ressure and 
t e m p e r a t u r e condit ions of the m a g m a dur ing 
the crystal l izat ion of phenocrys t phases 
pr ior to e rup t ion can be in fe r red f r o m 
exist ing geo the rmomete r s and geobarometers . 

The geo the rmomete r s and geobaromete r s 
used are der ived f r o m expe r imen ta l works 
w h e r e the d is t r ibut ion of e lements be tween 
the coexist ing phases h a v e been der ived as a 
func t ion of t empera tu re , to ta l p res su re and 
the fugaci t ies of impor t an t volat i le compo-
nen ts such as w a t e r and oxygen. The exper i -
ments of Roeder and Emsl ie (1970), Kudo and 
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Table 1. Microprobe analyses of some selected representative experimental products. 

Sample No. KRA-731 NAL- 13 1 

Run No. # 7313 # 7312 # 7314 # 7315 # 7311 # 3 # 5 # 6 
Temperature (°C) 1197 1192 1186 1180 1161 2 1258 1202 1182 

Liquid 
SiO> 49.93 49.67 50.19 48.83 49.47 47.60 47.77 48.47 49.12 
TiOa 1.70 1.65 1.68 1.73 1.84 1.09 1.21 1.69 1.82 
Al-.0:i 13.83 13.20 13.37 13.99 13.44 16.66 15.90 13.82 13.59 
FeO1 12.27 12.07 11.93 12.00 12.69 9.56 9.51 10.76 11.20 
MnO 0.22 0.23 0.25 0.24 0.24 0.13 0.17 0.24 0.19 
MgO 7.23 7.07 6.93 6.88 6.58 9.56 10.22 8.75 7.59 
CaO 11.63 11.39 11.71 10.93 11.15 12.76 12.92 13.32 12.22 
NaaO 2.20 2.22 2.25 2.02 2.00 2.14 1.81 2.03 2.00 
K>0 0.26 0.25 0.24 0.27 0.26 0 . 1 1 0.13 0.16 0.14 
P2O5 0 . 1 1 0.16 0.17 0.18 0.20 0.09 0.09 0.19 0.17 
Olivine 
Si02 39.08 38.56 38.55 38.47 39.43 40.29 38.75 
FeO1 19.62 20.33 20.41 22.51 16.13 15.28 17.11 
MnO 0.38 0.35 0.42 0.36 0.30 0.24 0.26 
MgO 39.43 39.26 39.41 38.90 47.60 43.47 45.17 
CaO 0.26 0.29 0.33 0.48 0.47 0.37 0.41 
Plagioclase 
SiOä 50.45 50.50 46.93 48.85 47.81 
AI2O3 30.80 30.27 32.06 31.60 31.37 
FeO' 0.71 0.85 0.63 0.70 0.69 
MgO — — 0.27 0.25 0.25 
CaO 15.14 14.86 18.39 16.91 15.47 
Na«0 2.54 2.66 1.56 2.29 2.47 
KoÖ 0.06 0.12 0.02 0.09 — 

Other phases CPX CPX 
present 

1 Experiments by Dr. S. Steinthorsson (unpubl. data) 
- Analysis by Sigvaldason (1974) 

Weill (1970) and D r a k e (1972) a re of p a r -
t icu lar re levance to the p resen t s tudy. 

Some of the samples have also been used 
for expe r imen t s and the resul ts a re used for 
compar i son wi th o ther expe r imen ta l resul ts . 

The quest ion of equ i l ib r ium is also re le-
van t and before the t e m p e r a t u r e and p ressure 
condi t ions can be der ived the exis tence of 
equ i l ib r ium needs to be establ ished. In t h e 
fo l lowing account no a t t e m p t is made to 
establ ish var ious proper t ies of the hya lo-
clast i tes at the t ime of e rupt ion . The resul ts 
sofar indicate t ha t u se fu l approx imat ions can 
be obta ined. 

Melting experiments 

Melt ing expe r imen t s were pe r fo rmed in 
order to eva lua te the possible composi t ional 
effect on the d is t r ibut ion coefficients. Some 
of the expe r imen ta l resul ts a re given in 
Table 1. 

The exper imen t s w e r e car r ied out in a P t 
wound ver t ica l tube quench fu rnace . The r u n 
t e m p e r a t u r e s w e r e measu red using P t / P t 
10 °/o Rh the rmocouple be fo re and a f t e r each 
run. The t e m p e r a t u r e f luc tua t ion du r ing 
each r u n was wi th in 1°C. The to ta l p ressure 
in the runs was the a tmospher ic p res su re and 
the f u r n a c e a tmosphere was a m i x t u r e of 
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carbon dioxide and hydrogen (close to the 
QMF-buf fe r ) which was passed u p w a r d s 
th rough the f u r n a c e at a cons tant ra te . In 
some runs the oxygen fugac i ty was control led 
fol lowing the Q M F - b u f f e r and in some runs 
the oxygen fugac i ty w a s kept cons tant 
(constant gas m i x t u r e and f low rate) . 

The glasses which w e r e mel ted at 1315°C 
were suspended direct ly into the f u r n a c e at 
the desired t empera tu re . A f t e r app rox ima te -
ly 24 hour s the p l a t i n u m wi re was mel ted 
wi th an electr ic cu r r en t so tha t the sample 
fe l l down into the w a t e r w h e r e it quenched 
wi th in seconds. The r u n dura t ion of 24 hours 
appears to be suf f ic ient for the a t t a i n tmen t 
of equ i l ib r ium (e.g. K e n n e d y 1948, Yoder and 
Tilley 1962, Seward 1971, Sun et al. 1974, 
D u k e 1976). However , D r a k e and Weill (1975) 
and Watson (1977) used much longer t ime to 
equi l ib ra te the i r samples. Expe r imen t s con-
ducted a t the same t e m p e r a t u r e using longer 
r u n t imes gave ident ical resul ts and in the 
presen t s tudy some 3 and 5 day runs w e r e 
made wi thou t a not iceable change. Equi l ib-
r i um is also indicated by the homogeni ty of 
the produced phases in the presen t s tudy. 

Olivine — liquid combinat ion 

General 

Bowen and Schai re r (1935) demons t ra t ed 
tha t the re is a complete solid solution be-
tween fo rs te r i t e and faya l i t e in the sys tem 
MgO—FeO—Si0 2 . 

This sys tem provides a s imple model to 
de te rmine the composit ion of the equ i l ib r ium 
olivine crystals . Composit ions (listed in Table 
2) were read direct ly f r o m the phase d i ag ram 
Mg 2 Si0 4 —Fe 2 Si0 4 . 

Equilibrium distribution coefficient 

According to Roeder and Emslie (1970) the 
d is t r ibut ion of magnes ium and f e r rous iron 

be tween olivine and l iquid can be expressed 
by the fol lowing equat ion : 

Mg(olivine) + Fe(liquid) = Mg(liquid) + 
Fe(olivine) 

The rep lacement of the smal ler Mg by t h e 
l a rge r Fe ion resul ts in a lower ing of the 
mel t ing t empera tu re . An equi l ib r ium con-
s t an t (K) for this react ion can be w r i t t e n in 
t e rms of the activit ies (a) of the var ious 
chemical species, i.e. (Mg, MgO, MgSi0 3O2) 
in the l iquid and solid solutions or in t e r m s 
of the mole f rac t ion (X) and act ivi ty coef f i -
cients (y) of the var ious species: 

_ (a°Veo) (al.\iKn) 
(aVeo) ( a ° V o ) 

(X0lFep) (X'M s 0) 
(XlFeo) (X<>IMgo) 

X (;,olFco) ( rWo) 
(/FeO) (;-'0l.MgCl) 

The ra t io of the mole f rac t ions w e r e de-
f ined in Roeder and Emsl ie (1970) as the 
d is t r ibut ion coefficient . This coeff ic ient w a s 
previously s tudied the rmodynamica l ly by 
Bowen and Scha i re r (1935). Brad ley (1962) 
revised the equat ions p resen ted by Bowen 
and Schai re r using d i f f e r en t specific hea t 
t e rms and found tha t the ag reemen t w i t h 
Bowen and Schai re r ' s w o r k still was ve ry 
good. 

Severa l au thors (e.g. Roeder and Emsl ie 
1970, Duke 1976) found tha t this d is t r ibut ion 
coeff icient 

K n = _ (XOlF(;0) (X'M g 0) 
(XlFeo) (XOl.Mgo) 

is equal to 0.30 at equ i l ib r ium conditions. 
Other var iab les such as pressure , oxygen 
fugac i ty and t e m p e r a t u r e have no s ignif i -
cant effect . This va lue is discussed in deta i l 
by Roeder and Emslie (1970). 

However , the l una r basa l t e x p e r i m e n t s 
(Longhi et al. 1975, Walke r et al. 1976) show 
a somewha t h igher average on K D (0.33). 
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Table 2. The Fo-content in olivine (mole-°/o) and 
KD values. Columns: 1. Fo content read directly 
from Mg2SiC>4 — Fe2SiC>4 diagram. 2. Fo content 
read from FeO1 — MgO1 diagram (Fig. 4). 3. Ana-
lyzed olivine composition (Mäkipää 1978). 4. KD = 
(FeOo1) (MgO1) 
(FeO1) (MgOo1) 
ma — macrophenocryst, mi — microphenocryst. 
Sample location is shown on the map and given in 

Appendix 1 (Mäkipää 1978). 

Sample No. 

/ ma 
V mi 

ma 
mi 

7 
10 

11 

16 
17 

19 

20 

22 
24 

30 

32 

35 
38 
96 

99 

101A 
101B 

104 

{ma 
mi 

I ma 
\ mi 
/ ma 
\ mi 

{ma 
mi 

/ ma 
\ mi 

/ ma 
\ mi 

/ ma 
\ mi 

1 2 3 4 

78.5 77.1 78.49 0.282 
74.5 71.7 75.29 0.256 

83.06 0.284 
82.4 82.2 83.14 0.282 

82.11 0.250 
79.8 78.9 77.62 0.328 
75.2 72.9 75.63 0.266 
81.0 80.4 79.04 0.329 

88.77 0.211 
85.1 84.7 84.99 0.294 
81.0 80.6 80.91 0.297 
81.8 81.3 80.49 0.320 

83.77 0.271 
82.7 82.3 84.01 0.267 

84.91 0.260 
83.4 83.0 81.17 0.340 
73.4 72.7 69.40 0.361 
72.8 71.0 64.99 0.405 

85.73 0.271 
84.7 84.5 85.58 0.275 

86.01 0.277 
85.3 85.1 85.91 0.279 
84.7 84.7 85.23 0.286 
77.9 77.7 76.84 0.320 
84.5 83.2 85.23 0.264 

80.36 0.275 
80.7 79.2 80.94 0.286 
84.6 83.3 81.06 0.360 
78.3 76.6 81.75 0.236 

85.44 0.321 
87.4 86.5 85.38 0.319 

In Roeder and Emslie 's (1970) expe r imen t s 
the K I ( va lues a re wi th in 0.06 uni t s (KD = 0.30, 
SD = 0.03) and the K,, values in the presen t 
s t u d y (Table 2) be tween 0.26 and 0.34 a re 
assumed to r ep resen t equi l ibr ia . 

To get be t t e r i l lus t ra t ion of this equi l ibr ia 
the e lementa l d is t r ibut ion (Fe/Mg in olivine 

versus Fe/Mg in liquid) is p lo t ted in Fig. 1. 
The area be tween the lines presen ts equi -
l ibr ia in this s tudy and most of the samples 
fal l be tween those limits. 

Olivine geothermometers 

Roeder and Emsl ie (1970) graphica l ly 
presented the dependence of olivine com-
position on the composit ion of the l iquid by 
plot t ing the mole pe r cent FeO in l iquid 
against the mole per cent MgO in l iquid (Fig. 
2). Roeder and Emsl ie discussed in deta i l t h e 
usefu lness and l imi ta t ions of this d iagram. 
Because the composit ion of the basal ts used 
here a re equal to the i r expe r imen ta l m a t e -
rials and the re is more t han enough S i 0 2 

in l iquid to combine wi th MgO and FeO to 
f o r m olivine, this d i ag ram of fe r s the pos-
sibili ty to es t imate the composit ion of the 
equi l ib r ium olivine as well as the equi l ib-

- 0 . 2 • / 
• / 

/ 
/ 

-0.4 < 
/ • / 

/ 

CT> 
5 

- 0 . 6 • 

O) 
O 

-0.8 

- 1 . 0 

a*/ Hi 

'V / v 

/ / Kß= 0.26-0.34 

„ _ FeO°LMgOL 

FeOVMgO01 

0.4 -0.2 + 0.2 

L o g ( F e / M g ) L 

Fig. 1. Log (Fe/Mg) in olivine plotted against 
log (Fe/Mg) in liquid. The area between the lines 
indicates equilibrium conditions (KD = 0.26—0.34) 

assumed in this study. 



Mineral equilibria, geothermometers and geobarometers in some Icelandic . . . 117 

Fo 

Fo 

Fig. 2. FeO (mole-°/o) in liquid 
plotted against MgO (mole-°/o) in 
liquid to estimate the equilibrium 
temperatures and the compositions of 
the equilibrium olivines (Roeder & 
Emslie 1970). Numbers refer to the 

samples (Mäkipää 1978). 
6 7 8 9 10 11 12 

mole % FeO in L i q u i d 

Fo 

Fo 

r i um t empera tu re . These equ i l ib r ium compo-
sit ions a re l isted in Table 2. 

The equ i l ib r ium olivine composit ion shows 
no s igni f icant dependence upon t e m p e r a t u r e 
bu t t he re is a good corre la t ion b e t w e e n the 
e lementa l d is t r ibut ion and t empera tu re . 
Roeder and Emslie (1970) produced the 
fol lowing equat ions fo r calculat ing the equi-
l ib r ium t e m p e r a t u r e using MgO and FeO 
dis t r ibut ions : 

log 

log 

MgO _ 3740 

X1; 
X°i 

MgO 

FeO 

T 

3911 

X1 

— 1.87 

— 2.50 
FeO 

w h e r e X is the mole f r ac t ion of the e lement 
and T t e m p e r a t u r e in K° . 

Roeder (1974) modif ied these equat ions 
using da ta on the solubi l i ty of f e r rous i ron 

in basic l iquids giving the fol lowing equa -
tions: 

log 

log 

log 

"Vol A MgO 3480 
X*MgO T 
vol Ä FeO 3740 
XVeO T 

vol Ä MnO 3850 

X'.UnO T 

— 1.70 

— 2.38 

2.59 

The equi l ib r ium t e m p e r a t u r e s calculated 
using these equat ions a re given in Table 3. 
The t e m p e r a t u r e calculated f r o m the MgO 
dis t r ibut ion should be the most accurate . T h e 
FeO t e m p e r a t u r e is dependen t on the FeO 
conten t of the m a g m a which can not be 
measured di rec t ly and fo r MnO t e m p e r a t u r e 
es t imates more accura te de te rmina t ions a re 
needed. 



118 Heikki Mäkipää 

Table 3. Calculated olivine and plagioclase temperatures. OL — olivine (Roeder 1974, Fe/Mg refer to 
FeO'/MgO1 diagram in Roeder and Emslie 1970, Fig. 7). PL — plagioclase (Kudo and Weill 1970, Mathez 
1973). ma — macrophenocryst, mi — micropheno cryst. Sample location is shown on the map and 

given in Appendix 1 (Mäkipää 1978). 

calculated temperatures (°C) 

Sample No. Roeder 
Mg Fe 

1974 
Mn 

(OL) 
Fe/Mg 

Kudo & Weill 
(PL, PH20) 

0 0.5 1.0 5.0 

Mathez (PL, PH.>O) 
0 0.5 1.0 ~ 5.0 USED 

RE-1 mi 
ma 

1178 1206 1202 1177 1212 
1264 

1164 
1213 

1129 
1178 

872 
921 

1177 
1223 

1212 
1274 

1162 
1220 

872 
921 

1190 

TH-3 • mi 
ma 

1150 1203 1182 1158 1197 
1197 

1150 
1150 

1114 
1114 

851 
851 

1164 
1164 

1194 
1194 

1145 
1145 

851 
851 

1158 

TH-4 • mi 
ma 

1200 
1204 

1228 
1229 

1226 
1222 

1203 1289 
1291 

1238 
1240 

1204 
1206 

951 
953 

1245 
1247 

1304 
1306 

1249 
1251 

951 
953 

1218 

RE-5 mi 
ma 

1165 
1179 

1223 
1170 

1172 
1138 

1168 1209 
1262 

1162 
1211 

1127 
1176 

867 
916 

1175 
1221 

1210 
1272 

1160 
1218 

867 
916 

1168 

TH-7 mi 1160 1203 1169 1168 1215 1167 1132 870 1180 1216 1166 870 1166 

TH-10 • mi 
ma 

1194 1182 1149 1184 1210 
1273 

1163 
1222 

1129 
1188 

874 
932 

1176 
1231 

1210 
1285 

1161 
1231 

874 
932 

1188 

RE-11 < mi 
ma 

1182 
1171 

1199 
1276 

1308 
1310 

1180 1246 
1247 

1198 
1199 

1164 
1165 

915 
916 

1208 
1209 

1253 
1254 

1202 
1203 

915 
916 

1190 

RE-16 • mi 
ma 

1181 1196 1211 1177 1221 
1260 

1174 
1210 

1139 
1176 

889 
916 

1186 
1220 

1224 
1270 

1174 
1217 

884 
919 

1196 

RE-17 • mi 
ma 

1176 1173 1191 1173 1208 
1204 

1161 
1156 

1126 
1121 

865 
861 

1174 
1170 

1208 
1203 

1158 
1153 

865 
861 

1180 

RE-19 < mi 
ma 

1204 
1205 

1246 
1242 

1189 
1269 

1206 1239 
1234 

1191 
1187 

1158 
1153 

909 
905 

1202 
1198 

1245 
1239 

1194 
1189 

909 
905 

1210 

RE-20 • mi 
ma 

1215 
1202 

1193 
1250 

1158 
1186 

1209 1244 1196 1163 916 1207 1250 1200 916 1206 

GR-22 • mi 
ma 

1163 1133 1155 1144 1203 
1242 

1155 
1191 

1118 
1155 

849 
886 

1169 
1203 

1202 
1248 

1151 
1194 

849 
886 

1154 

GR-23A mi 1161 1167 1091 1155 1212 1163 1127 858 1177 1213 1161 858 1161 

GR-23C < mi 
ma 

1168 1157 1168 1157 1197 
1189 

1150 
1142 

1115 
1107 

851 
842 

1165 
1158 

1196 
1185 

1145 
1136 

851 
842 

1163 

KE-24 - mi 
ma 

1165 1108 1098 1130 1221 
1206 

1172 
1158 

1136 
1122 

871 
856 

1185 
1172 

1224 
1205 

1171 
1154 

871 
856 

1130 

HE-30 • mi 
, ma 

1221 
1220 

1255 
1257 

1245 
1220 

1220 1249 
1238 

1201 
1190 

1167 
1157 

920 
910 

1211 
1201 

1256 
1243 

1205 
1193 

920 
910 

1235 

HE-32 mi 
ma 

1228 
1226 

1257 
1257 

1240 
1242 

1225 1256 1208 1175 931 1217 1264 1214 931 1238 

HE-35 mi 1223 1246 1250 1222 1256 1208 1175 931 1217 1264 1214 931 1236 
LA-38 mi 1171 1169 1133 1163 1217 1169 1134 873 1182 1218 1169 873 1168 

TJ-96 mi 
, ma 

1158 1203 1166 1144 1213 
1165 

1166 
1121 

1131 
1086 

873 
827 

1179 
1137 

1214 
1157 

1164 
1110 

873 
827 

1156 

TJ-99 mi 
ma 

1201 
1198 

1225 
1154 

1213 
1200 

1195 1253 
1156 

1205 
1114 

1171 
1080 

922 
833 

1214 
1131 

1261 
1147 

1210 
1103 

922 
833 

1207 

TJ-101B mi 1160 1248 1302 1177 1200 1156 1123 884 1168 1198 1152 884 1169 
TJ-101A mi 1242 1203 1282 1228 1256 1207 1172 921 1216 1264 1212 921 1224 

TJ-104 < mi 
, ma 

1238 1228 1230 1230 1301 
1289 

1250 
1239 

1217 
1206 

973 
963 

1257 
1247 

1317 
1303 

1263 
1252 

973 
963 

1231 
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Leeman and Scheidegger (1977) also s tudied 
the use of the ol ivine-l iquid d is t r ibut ion as 
a geo the rmomete r . They concluded t h a t the 
appa ren t olivine d is t r ibut ion coeff ic ients 
found for the i r samples w e r e reasonable 
approx imat ions to the t r ue equi l ib r ium 
values. They also emphasized t h a t fac tors 
such as l iquid t e m p e r a t u r e and composit ion 
might have s ignif icant in f luence on the pa r -
t i t ion coeff ic ients in na tu re . 

However , values der ived using the i r 
geo the rmomete r equat ion for Mg 

In DM g = 
8916 

— 4.29 

can be compared wi th the t e m p e r a t u r e s 
der ived using Roeder and Emslie 's (1970) 
equat ion . 

As seen f r o m the Fig. 3 all t e m p e r a -
tu res calculated using Leeman and Schei-
degger 's geo the rmomete r a re sys temat i -
cally about 5 °C h igher t han those calculated 
f r o m Roeder and Emslie. The d isequi l ibr ium 
samples s tand out ve ry clear. 

O 
O) 

<u o> o u) 
- o 
- !5 O Q) 
8.-5 
E "" O ofl 

J I 
> a> - m o —J 

1140 -

122 0 

1 2 6 0 12 20° 1 1 80 1 1 40° 

o l i v i n e temperature M g O 
Roeder & Ems l i e 

Fig. 3. Calculated olivine MgO-temperatures 
(after Roeder and Emslie 1970) plotted against 
calculated olivine Mg-temperatures (after Leeman 

and Scheidegger 1977). 

Plagioclase-liquid combination 

General 

In his classic invest igat ion of mel t ing in 
the plagioclase sys tem Bowen (1913) de-
mons t ra t ed t h a t a lbi te (NaAlSi308) and 
anor th i t e (CaALSLOg) f o r m a cont inuous 
solid solution series a t h igh t empera tu res . The 
expe r imen ta l re la t ionship found be tween the 
composit ions of l iquid and coexist ing solid 
solution and t e m p e r a t u r e was sa t i s fac tor i ly 
accounted for by Bowen by assuming tha t 
both the l iquid and solid solutions w e r e ideal, 
i.e., t h a t the activit ies of the Ab and An 
components were equal to the i r mole f rac t ion . 

Some a t t empt s have been made (e.g. Larsen 
and I rv ing 1938, Carmichae l 1960) to compare 
Bowen 's resul ts in the sys tem direct ly to 
magmat ic systems. The activit ies of An and 
Ab are replaced wi th the i r n o r m a t i v e con-
cent ra t ions calculated f r o m the l iquid com-
positions. These a t t empt s have not been very 
successful; the reasons for which a re dis-
cussed by Bot t ing et al. (1966). 

Bowen 's (1915) w o r k on the 'haplobasal t ic-
haplodior i t ic ' sys tem provides a s imple model 
to de t e rmine the composit ion of equ i l ib r ium 
plagioclase crystals . Lack of knowledge of 
var iab les such as to ta l p ressure and fuca -
cities of impor t an t volat i le components such 
as w a t e r and oxygen has l imited the use of 
these resul ts . However , severa l au thors (e.g. 
Kudo and Weill 1970) poin ted out the sui t -
abi l i ty of th is haplobasal t ic sys tem to esti-
m a t e a p p r o x i m a t e equi l ibr ia . The re fo re t h e 
composit ions in the presen t s tudy w e r e also 
read direct ly f r o m the phase d iag rams An-
Ab-Di and An-Ab. The purpose of this is 
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Table 4. The An-content in plagioclase (mole-%). 
Columns: 1. An content read directly from Ab-An-
Di and Ab-An diagrams. 2. Analyzed plagioclase 
composition (Mäkipää 1978). ma — macropheno-
cryst, mi — microphenocryst. Sample location is 
shown on the map and given in Appendix 1 (Mä-

kipää 1978). 

The measured va lues (Table 4) compared 
wi th the analyzed ones c lear ly show tha t all 
the microphenocrys t s a re in a p p r o x i m a t e 
equi l ibr ium. Almost all the macrophenocrys t s 
appear to be f a r f r o m the equi l ibr ia . 

only to get some idea h o w f a r f r o m or close 
to the equi l ibr ia the analyzed plagioclase 
crysta ls are. 

Formulation of a plagioclase geothermometer 

The f i r s t successful a t t e m p t at f o rmu la t i ng 
a plagioclase geo the rmomete r is t ha t of Kudo 
and Weill (1970), who considered the ex-
change react ion: 

(NaSiO, 5 ) A l S i 2 0 5 5 + (CaAlOg5) A l S i 0 2 0 5 5 

plagioclase l iquid 
= (NaSi02 .5) AlSi 2 0 5 . 5 +(CaA10 2 . B ) A l S i 2 0 5 5 

plagioclase l iquid 

The resu l t an t equ i l ib r ium condition, as-
suming the solid solution to be ideal, is 

o 

j^jT"=In XI6 + In yNaj/Si/ yCay\i 

w h e r e = j u ° A a — + + — Ca 
— At°Ai>/M°= chemical potent ia l of the speci-
f ic e lement , T is t e m p e r a t u r e in Kelvin, d = 
XAt/xAn> ^ = XNaxsi/Xc'aXAi a n d y = act ivi ty 
coefficient , and suscr ipts denote the atomic 
f rac t ion (X) of an e lement in the mel t or 
mole f rac t ions of Ab and An in plagioclase. 

Because the va lues of the act ivi ty coeff i -
cients were unknown , Kudo and Weill (1970) 
assumed tha t the act ivi ty coeff ic ients t ake 
a f o r m similar to t ha t found for r egu la r 
solutions: 

In y = C0IT, 

w h e r e C is a cons tant empir ica l ly eva lua ted 
at 1.29X 104T_1 and 0 is the a tomic f rac t ion 
of the e lements in the melt . 

Kudo and Weill (1970) der ived the fo l lowing 
set of l inear regression curves for d i f f e r en t 
condit ions of crysta l l izat ion: 
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In 2/(5 + 1 .29X1O 40/T = 1 0 . 3 4 X 1 0 - ^ — 1 7 . 2 4 (dry) 
In 2/(5+ 1.29 X I O40/T = 11.05X 10'3T — 17.86 (PH2O = 0.5 kb) ij 
In 2/(5 + 1 . 2 9 X 1O40/T = 11.14 X 10"3T — 17.67 (PN2o = 1.0 kb) ij 
In 2/(5 + 1 . 2 9 X 1O40/T = 12.18 X 10"3T — 16.63 (PH2O = 5.0 kb) If 

Mathez (1973) modif ied t h e Kudo and Weill 
geo the rmomete r by using Ab and An act ivi ty 
rat ios in the calculat ions. Mathez pointed 
out tha t the Kudo and Weill ' d ry ' equat ion 
gives genera l ly h igher t e m p e r a t u r e s t han the 
expe r imen ta l values. This d ivergence m a y 
resul t because the 'd ry ' equat ion is genera ted 
f r o m plagioclase- l iquid equ i l ib r ium da ta for 
g ran i tes in the sys tem An-Ab. The re fo re 
Mathez calculated a n e w 'd ry ' equat ion using 
avai lable basa l t da ta : 
Inl/d + 1 . 2 9 X 1O 4 0 /T= 11.05 X 10"3T — 17.98 

The calculated t e m p e r a t u r e s according to 
the above equa t ion are in closer ag reemen t 
wi th the exper imen ta l da t a t h a n those cal-
cula ted f r o m Kudo and Weill 's ' d ry ' equat ion. 

By subs t i tu t ing (XA byA b)/(XA nyA n) for <3 in 
the equat ion j'Ai/j'An c a n be calculated f r o m 
the expe r imen ta l resul ts . Fig. 4 compares 
values of y\\J"/\„ calculated using this equa -
tion fo r the expe r imen ta l da ta wi th s imilar 
values calculated f r o m the da t a of Orvil le 
(1972). 

This Mathez 's modif ica t ion gives the 
fol lowing 'new' equat ions for d i f f e r en t con-
dit ions of crysta l l izat ion: 

90 -

8 0 -

BASALT DATA 

-OPVII I F nATfl 

% An 

70 

60-

5 0 -

2.0 

Fig. 4. Comparison of values of y,\V7AN as a 
function of plagioclase composition (Mathez 1973, 

Fig. 3). 

In 2/(5 + 1 . 2 9 X 1 O 4 0 / T = 1 1 . 7 6 X 1 0 - ^ — 19.01 (dry) 
In 2/(5 + 1 . 2 9 X1O 4 0/T = 8.97 X 10"3T — 15.21 (PH2O = 0.5 kb) 
In 2A5 + 1.29X 1 O 4 0 / T = 9.60 X 10"3T — 15.76 (PH2O = 1.0 kb) 
In 2/(5 + 1 . 2 9 X l O 4 0 / T = 12.18X10" 3 T—16.63 (PH2O = 5.0 kb) 

The requ i red inpu t da ta a re 2 = X X a X S i / 
x c a x . \ i and 0 = X C a + X A 1 — X s i — X N a , w h e r e 
X = atomic f rac t ion of the e lement in the 
mel t and (5 = X A b y A b / X W A n , w h e r e XA b /XA„ 
is the plagioclase composit ion and 7A b / /A l l t he 
corresponding act ivi ty coefficients. 

Equilibrium distribution coefficient 

The elemental partition coefficient. D rake 
(1975) suggested the use of the m a j o r e lement 
d is t r ibut ion versus t e m p e r a t u r e to es t imate 
equi l ibr ia . E lementa l par t i t ion coeff icients 

9 
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D C a . D N a > DAI and D S I w h e r e D C A = ( w e i g h t of 
Ca in plagioclase)/(weight of Ca in liquid), 
etc. a re given in Table 5 together w i th equ i -

1250 1200 v 1150 1100 

10*/T (°K) 

l ib r ium constants (K) for the react ions dis-
cussed la ter . The d i f f e r en t pa r t i t ion coeff i -
cients a re plot ted in Fig. 5 agains t the cal-
cula ted olivine t e m p e r a t u r e . The d i f f e rence 
be tween the micro- and macrophenocrys t s is 
ve ry appa ren t . All the regression l ines in 
Drake ' s exper imen t s a re ve ry d i f f e r e n t f r o m 
those found here . 

Drake (1975) in his discussion m a d e the 
fo l lowing r emarks : DC a is g rea te r t han un i ty 
and is s t rongly dependen t upon t empera tu re , 
D N a is less t h a n uni ty above 1200 °C and is 
s t rongly dependen t upon t empera tu re , DA1 is 
a lways g rea te r t h a n un i ty and is re la t ive ly 
insensi t ive to t e m p e r a t u r e and D g i is a lways 
less t han un i ty and is i nva r i an t wi th t em-
pera tu re . 

The p resen t expe r imen ta l da ta shows ve ry 
s t rong posit ive corre la t ion b e t w e e n D N a and 
t empera tu re . The d i f fe rence b e t w e e n Drake ' s 
(1975) exper imen t s and the p resen t da ta is 
caused of d i f f e r en t bu lk compositions, which 
in Drake ' s expe r imen t s w e r e un l ike those 
used in the p resen t s tudy. The regression 
lines der ived f r o m the p resen t expe r imen ta l 
da ta corre la te wel l w i th the hyaloclas t i tes 
s tudied. 

The equilibrium constants. The d i s t r ibu-
tion of m a j o r e lements in plagioclase h a v e 
been calculated in t e rms of six react ions 
(defined as K-va lues in D r a k e 1976): 

K 5 = CaO(l) + 2A10 l S ( l ) + 2Si0 2 ( l ) 
^ CaAl2Si208(p) 

K 6 = NaO0 .5(l) + AlO L 5 ( l ) + 3SiO2 

^ NaAlSi3Q8(p) 

Fig. 5. Regression curves for In Dca, In D^a, In 
DAI, In Dsi versus 1/T (°K). Dca = (weight of Ca 
in plagioclase)/(weight of Ca in liquid), etc. 
• A r = plagioclase assumed equilibrium O = plagio-
clase macrophenocryst • = plagioclase micropheno-
cryst. Dashed lines indicate equilibria in Drake's 
(1975) experiments. Equations and solid lines are 
fitted by method of least squares to present ex-

perimental data only. 
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K 7 = CaAl 2 0 4 ( l ) + 2S i0 , ( l ) 
- CaAl2Si208(p) 
K 8 = N a A l 0 2 ( l ) + 3Si0 2 ( l ) 
^ NaAlSi 30 8 (p) 
K9 = CaO(l) + A10 1 5 ( l ) + NaAlSi 30 8 (p) 

- NaO0 .5(l) 
+ S i0 2 ( l ) + CaAl2Si208(p) 

K 1 0 = CaAl 2 0 4 ( l ) + NaAlSi308(p) 
- NaA10 2 ( l ) + SiO s( l) 
+ CaAl2Si208(p), 
w h e r e (1) r e fe r s to l iquid and (p) to plagio-
clase. 

The equ i l ib r ium cons tant for react ion (K8) 
involving the equ i l ib r ium of a lbi te w i th the 
mel t componen t NaA10 2 cor re la tes s t rongly 
wi th rec iprocal t empera tu re . H o w e v e r the 
K-va lues (Table 5) show s imi lar d i f f e rence 
compared wi th Drake ' s expe r imen t s as the 
par t i t ion coeff ic ients do (Figs. 6 and 7). H o w -
ever the equ i l ib r ium plagioclases dis t inguish 
the d isequi l ibr ium ones. 

Clinopyroxene-liquid combination 

Severa l au tho r s (e.g. Mysen and Boet tcher 
1975) pointed out t ha t geochemical p a r a -
me te r s such as Fe/Mg in p y r o x e n e a re not 
su i tab le as indicators of t e m p e r a t u r e and 
p ressure because the va lue increases i so ther-
mal ly w i th decreasing p ressure and is de-
penden t on the l iquid composit ion. Because 
the composit ions of basal ts s tudied can be 
t a k e n to be cons tant the d is t r ibu t ion of i ron 

Fig. 6. Effect of pressure on equilibrium con-
stants Ks, Ko and K9 (see text). Symbols are the 
same as in Fig. 5. Dashed lines: D = equilibrium 
line at 1 atm drawn from Drake (1975), 2kb = 
calculated from experiments of Piwinskii (1968) at 
PH20 = 2 kb, 5kb = calculated from synthetic system 
at Ph20 = 5 kb (Yoder et al. 1957). Solid lines are 
the best fittings by method of least squares to 

hyaloclastite data only. 

and m a g n e s i u m be tween ol ivine and clino-
p y r o x e n e (Duke 1976) migh t p rov ide a sensi-
t ive test fo r c l inopyroxene equ i l ib r ium 
(Fig. 8). 

Since KOI/li<3
D(Fe/MK) is i ndependen t on t e m -

p e r a t u r e and Fe/Mg in c l inopyroxene depends 
on p ressure and l iquid composit ion, t h e 
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Table 5. The elemental partition coefficients and equilibrium constants for the plagioclase-liquid pair. 
Dc», etc. and Ks, etc. see text, ma — macrophenocryst, mi — microphenocryst. Sample location is 

shown on the map and given in Appendix 1 (Mäkipää 1978). 

Sample No. 
natural logarithm 

Dca DNa DAI DSI K 5 K c, K 7 KS Kg Kio 

0.41 
0.20 

— 0.25 
0.25 

0.88 
0.75 

— 0.02 
0.06 

5.82 
5.82 

4.67 
4.67 

2.70 
2.70 

2.17 
2.17 

1.15 
1.15 

0.53 
0.53 

0.21 
0.14 

0.53 
0.52 

0.79 
0.77 

0.05 
0.07 

5.97 
5.78 

4.21 
4.88 

2.79 
2.60 

1.71 
2.38 

1.76 
0.90 

1.08 
0.22 

0.41 
0.39 

— 0.35 
— 0.36 

0.83 
0.82 

— 0.03 
— 0.03 

5.78 
6.03 

4.91 
4.23 

2.56 
2.89 

2.41 
1.73 

0.87 
1.80 

0.15 
1.16 

0.37 
0.18 

— 0.31 
0.24 

0.88 
0.76 

— 0.04 
0.04 

5.86 
5.92 

4.80 
4.13 

2.71 
2.68 

2.29 
1.62 

1.06 
1.79 

0.42 
1.06 

0.25 0.49 0.79 0.04 5.91 4.14 2.68 1.64 1.77 1.04 

0.39 
0.17 

— 0.28 
0.38 

0.85 
0.74 

— 0.04 
0.03 

5.79 
5.76 

4.96 
5.00 

2.51 
2.49 

2.45 
2.50 

0.83 
0.77 

0.06 
— 0.01 

0.25 
0.25 

0.14 
0.15 

0.82 
0.81 

0.03 
0.02 

5.99 
5.84 

4.22 
4.76 

2.80 
2.65 

1.72 
2.26 

1.77 
1.08 

1.08 
0.39 

0.35 
0.25 

— 0.20 
0.22 

0.87 
0.80 

— 0.02 
0.02 

5.97 
5.86 

4.30 
4.71 

2.82 
2.71 

1.80 
2.21 

1.67 
1.15 

1.02 
0.50 

0.16 
0.23 

0.30 
0.24 

0.83 
0.83 

0.02 
— 0.03 

5.88 
5.92 

4.86 
4.75 

2.75 
2.78 

2.33 
2.24 

1.05 
1.17 

0.42 
0.54 

0.27 
0.29 

0.35 
0.22 

0.71 
0.72 

0.01 
0.00 

5.71 
5.75 

4.81 
4.71 

2.50 
2.54 

2.31 
2.20 

0.90 
1.04 

0.20 
0.34 

0.24 0.29 0.69 0.04 5.70 4.80 2.52 2.29 0.90 0.23 

0.53 
0.37 

— 0.27 
0.29 

0.87 
0.82 

— 0.03 
— 0.00 

6.10 
5.91 

4.17 
4.71 

2.86 
2.67 

1.67 
2.21 

1.93 
1.20 

1.19 
0.46 

0.05 
0.16 

0.60 
0.49 

0.73 
0.74 

0.13 
0.09 

5.65 
5.75 

5.08 
4.96 

2.47 
2.56 

2.58 
2.46 

0.57 
0.79 

— 0.11 
0.11 

0.12 
0.24 

0.20 
0.17 

0.78 
0.77 

0.04 
— 0.00 

5.77 
5.80 

4.82 
4.70 

2.65 
2.68 

2.32 
2.20 

0.95 
1.10 

0.33 
0.48 

0.21 0.17 0.75 0.02 5.75 4.73 2.63 2.22 1.02 0.41 

0.21 0.20 0.77 0.00 5.77 4.75 2.67 2.24 1.02 0.43 

0.17 0.39 0.79 0.04 5.81 4.90 2.66 2.40 0.91 0.27 

— 0.19 
0.30 

0.95 
0.21 

0.53 
0.63 

0.07 
— 0.06 

5.32 
5.83 

5.43 
4.67 

2.00 
2.51 

2.93 
2.16 

— 0.12 
1.17 

— 0.93 
0.35 

— 0.44 
0.32 

1.13 
0.11 

0.56 
0.78 

0.23 
0.02 

5.02 
5.79 

5.64 
4.61 

1.87 
2.63 

3.14 
2.10 

— 0.62 
1.81 

— 1.27 
0.53 

0.04 0.93 0.84 0.06 5.68 5.47 2.62 2.97 0.21 — 0.35 

0.31 0.01 0.67 0.02 5.81 4.53 2.63 2.02 1.28 0.61 

0.23 
0.24 

— 0.09 
— 0.21 

0.81 
0.80 

— 0.04 
— 0.06 

5.80 
5.82 

4.55 
4.38 

2.71 
2.73 

2.05 
1.88 

1.24 
1.44 

0.66 
0.86 

I ma 
\ mi 
/ ma 
\ mi 
/ ma 
\ mi 

5 

7 

10 { 
» < 
16 { 
» < 
» < 

20 

22 { 

» 1 
30 

32 
35 
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ma 
mi 
ma 
mi 
ma 
mi 
ma 
mi 
ma 
mi 

ma 
mi 
ma 
mi 
ma 
mi 

ma 
mi 
ma 
mi 

ma 
mi 

regression l ine should be equa l to K p = 1.0 a t 
equ i l ib r ium condit ions 

If these suggest ions are correct , then it 
fol lows t h a t K c p ^ V p e / M g ) (Fig. 9) also is 

i ndependen t of t e m p e r a t u r e b u t var ies as a 
func t ion of composit ion. The p lo t t ing on the 
olivine t e m p e r a t u r e - log (Fe/Mg) in clino-
py roxene d i ag ram (Fig. 10) shows l inear cor-
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Fig. 8. Log (Fe/Mg) in olivine plotted against log 
(Fe/Mg) in clinopyroxene. Dashed line indicates 
equilibrium in Duke's (1976) experiments; solid 
line (Kj) = 1.0) in this study. Numbers refer to the 

samples (Mäkipää 1978). 

6.5 6.7 6.9 7.1 7.3 

104/T (°K) 
Fig. 7. Effect of pressure on equilibrium constants 
K?, KS and Kio (see text). Symbols and lines are 

the same as in Fig. 6. 

relat ion be tween these pa ramete r s . However 
because the Fe/Mg in l iquid corre la tes well 
wi th the der ived t e m p e r a t u r e s (Fig. 11) this 
might cause the corre la t ion be tween the 
Fe/Mg in c l inopyroxene and t e m p e r a t u r e . 

Log (Fe/Mg)L 

Fig. 9. Log (Fe/Mg) in clinopyroxene plotted 
against log (Fe/Mg) in liquid. Solid line indicates 
equilibrium in Duke's (1976) experiments, dashed 

line in this study. 

Powel l and Powel l (1974) f o r m u l a t e d a 
geo the rmomete r based on a calculated t em-
p e r a t u r e dependence on the d is t r ibut ion of 
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Fig. 10. Log (Fe/Mg) in clino-
pyroxene plotted against calculated 
equilibrium temperature (Table 3). 
Numbers refer to the samples (Mäki-
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Fig. 11. The Fe/Mg in liquid plotted 
against calculated equilibrium tem-
perature (Table 3). • = olivine nor-
mative tholeiite O = quartz normative 
tholeiite. Numbers refer to the 

samples (Mäkipää 1978). 
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i ron and magnes ium be tween olivine and 
calcic pyroxene . The i r model requi res t ha t 
the pressure is known which sets a l imit to 
its use in this s tudy. Wood (1976) concluded 
tha t the Powel l and Powel l geo the rmomete r 
is not appl icable in its p resen t form, because 
it is independen t of olivine and c l inopyroxene 
composit ions b u t depends in fact only on the 
a l u m i n i u m content in c l inopyroxene. 

All o ther c l inopyroxene geo the rmomete r s 
a re inappl icable in the presen t s tudy because 
they r equ i r e ga rne t or a spinel phase to be 
presen t and olivine and plagioclase absent . 

Discussion 

Mineral equilibrium 

In the or iginal hyaloclas t i tes the glass 
phase as wel l as the phenocrys t s w e r e found 
to be homogenous both in m a j o r and t race 
e lements (Mäkipää 1978). Using var ious equi -
l ib r ium tests all microphenocrys t s a re in 
equi l ibr ium, b u t some macrophenocrys t s a re 
c lear ly out of equi l ibr ium. 

The most successful test for olivine equi-
l ib r ium is the d is t r ibut ion of Mg and Fe be-
tween crysta l and l iquid. The role of f e r r i c 
i ron in l iquid mus t be eva lua ted before 
a t t empt ing the d is t r ibut ion coeff ic ient K D to 
n a t u r a l rocks. The ave rage K D (0.299) agrees 
well wi th the Roeder and Emsl ie va lue of 
K d = 0.30. 

Drake (1972, 1975) suggested the use of 
m a j o r e lement d is t r ibut ion be tween plagio-
clase and l iquid versus t e m p e r a t u r e f o r an 
equ i l ib r ium test. Using the p resen t exper i -
men ta l resul ts for Icelandic tholei i tes the 
sodium dis t r ibut ion is the most successful tes t 
for equi l ibr ium. 

The c l inopyroxene equ i l ib r ium test also is 
complicated because it depends on m a j o r 
e lement composition, p ressure and t e m p e r a -
ture . However , the most successful test fo r 

c l inopyroxene equi l ib r ium is the d is t r ibut ion 
of Fe and Mg be tween equi l ib r ium olivines 
and c l inopyroxene. 

Geothermometers 

The crystal l izat ion t e m p e r a t u r e or the t em-
p e r a t u r e of the m a g m a on e rup t ion can be 
calculated f r o m t h e minera l - l iqu id analyses 
of the hyaloclast i tes . The calculated t e m p e r a -
tures he re using the var ious methods r ange 
f r o m 1130 to 1238°C which are wi th in the 
crystal l izat ion r ange of basa l t measu red in 
expe r imen t s of severa l authors . 

The most successful of these geo the rmo-
me te r s is the ol ivine-l iquid combinat ion 
(Roeder and Emsl ie 1970). Roeder (1974) 
modif ied his ear l ie r resu l t s and t h e t e m p e r a -
tu re can be calculated f r o m MgO, FeO and 
MnO dis t r ibut ions . 

The MgO dis t r ibut ion is, however , most 
useful , because the t e m p e r a t u r e der ived 
f r o m the FeO dis t r ibut ion is dependen t on the 
oxidat ion s ta te of the m a g m a which is u n -
cer ta in and to der ive t e m p e r a t u r e f r o m the 
MnO dis t r ibut ion special de te rmina t ions a re 
needed. 

The plagioclase t e m p e r a t u r e es t imates a re 
more complicated because the e lementa l 
d is t r ibut ion is a f fec ted by w a t e r pressure . 
Kudo and Weill (1970) f o r m u l a t e d a geo-
the rmomete r which Mathez (1973) modif ied . 
The use of the Mathez modif ica t ion gives 
resul ts which are in close ag reemen t w i th ex-
pe r imen ta l da ta and calculated olivine t em-
pera tu res . I t is not iceable t ha t using Mathez 
modif ica t ion the calculated t e m p e r a t u r e s 
have a m a x i m u m at PH2O = 0.5 kb and then 
decrease again. Fig. 12 shows schemat ical ly 
the r ising w a t e r p ressure in f luence on the 
calculated t empera tu res . 

The odd p a r t about th is d i ag ram is the 
m a x i m u m t empera tu re . This migh t be due to 
the incorrect assumpt ion by Mathez (1973) 



128 Heikki Mäkipää 

JL> 

0> 1 3 0 0 

s 1200 Q. 
E 
o 

0 1100 
_D 

1 1000 
o 
a 
"g 9 0 0 

3 
a 800 H 

—i 1 
y - 11.76.10 3T-19.01 
y - 8.97» 10"3T-15.21 
y . 9 .60>I0 3T-15.76 
y -12.18»10 3 M 6 . 6 3 

• 
(dry ) 
( P„ o - 0 . S k b ) 
<PH,o-1-0kb 
( P„* 0 - M k b ) 

y - In A/it-» 1.29 - t o V ' T 

where X - X ^ X j V >U a X A | 

* - *Ab>:Ab/XAn*An 

» Na tu ra l h y a l o c l a s t i t e 

~r i 
3 4 

" T " 

5 

Fig. 12. Effect of water pressure on 
the calculated plagioclase tempera-
tures. Equations: (dry) — Mathez 
1973 (Eq. 7a), (0.5kb) — Mathez 1973 
(Eq. 7b), (l.Okb) — Mathez 1973 (Eq. 
7c), (5.0kb) — Kudo and Weill 1970. 

( kb ) 

H2O 

t ha t ne i the r the t e m p e r a t u r e nor w a t e r pres -
sure s igni f icant ly a f fec t 7 A b / / A n or else tha t 
the effects of these var iab les oppose each 
other . 

The role of the first crystallization phase 

The geo the rmomete r s avai lable give equi -
l ibr ium t e m p e r a t u r e s which can be subs tan-
t ial ly lower t han the l iquidus t empera tu re s . 
However , in view of the very sl ight crysta l l i -
zat ion (usually about 5 %>) of the samples the 
calculated t e m p e r a t u r e s mus t be ve ry nea r 
the l iquidus t empera tu res . Accept ing this 
t he re is a complicat ion in these calculat ions 
because they depend on the f i r s t crysta l l i -
zation phase. 

The amoun t of the crysta ls p resen t needs 
not indicate the f i r s t phase and the best 
indicator is the re la t ion of the var ious crys ta l 
phases to each other . Ca re fu l observat ions of 
the in te rc rys ta l re la t ionships showed tha t 
e i ther plagioclase or olivine could be the f i r s t 

phase to crystall ize. In some cases one phase 
was closely fol lowed by the o the r or they 
m a y have coprecipi ta ted. 

If olivine is the f i rs t phase to crystal l ize 
f r o m a l iquid then the calculated olivine t em-
pe ra tu re s a re l iquidus t empera tu re s . This, 
however , leads to Ca, Na and AI increase in 
the l iquid and the plagioclase t e m p e r a t u r e s 
der ived a re too high. If plagioclase crysta l l i -
zes f i rs t then both Mg and Fe in the l iquid 
will increase. This increase depends on the 
l iquid composit ion and how much plagioclase 
crystal l izes i.e. how f a r the composit ion is 
f r o m the contect icum. The re fo re the ear ly 
crystal l izat ion of plagioclase will increase the 
appa ren t t e m p e r a t u r e of the crysta l l izat ion 
and it wil l not a f fec t the composit ion of the 
crystal l izing phases. 

However this increase is not ve ry m a r k e d 
in the p resen t s tudy, because of t h e sl ight 
crystal l izat ion. With solidification of 20 °/o 
the t e m p e r a t u r e d i f fe rence using the FeO1 — 
MgO1 t e m p e r a t u r e s (Fig. 2) is about 60°C and 
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Fig. 13. The change of the measured 
FeO1—MgO1 temperature (Table 3) if 
plagioclase is the first crystallization 
phase (°/o by volume). A 71108 — 
Lava from Drekagil, Dyngjufjöll. Nai 
27 — Pillow lava from Leirhafnar-
fjail, Melrakksletta. VE 67 — Lava 
from Helgafell, Westman Islands. 
Surtsey — The first lava in the 
Surtsey eruption (1963—1967). H. A. 
Ljosu — Lava near Ljosaskrida 
Snaefellsnes. 16 — Vifilsfell (RE-16 
Mäkipää 1978). 30 — Hestfjall (HE-30 
Mäkipää 1978). Solid line is the best 
fitting by method of least squares. 

R = correlation coefficient. 
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increases r egu la r ly wi th increasing solidif ica-
tion (Fig. 13). In some samples used it is 
es t imated t h a t less t h a n 5 °/o of plagioclase 
crystal l ized before olivine s t a r t ed to crys ta l -
lize. This means tha t the m a x i m u m t e m p e r a -
t u r e d i f fe rence for these samples would be 
about 10—20°C. 

The Ol-Di-Pl d i ag ram (Fig. 14) shows the 
possible f i r s t crysta l l izat ion phase in the indi-
v idual samples . Sh iba ta (1976) divided the 
Ol-Di-Pl d i ag ram to two m a j o r areas, olivine 
and plagioclase fields. Sh iba ta ' s division l ine 
goes ve ry nea r t ha t dashed line which makes 
the d i f fe rence be tween plagioclase and pla-

gioclase + olivine f ields in the presen t s tudy . 
The division be tween olivine and plagio-
clase + olivine f ields is shown. 

Model of the fractional crystallization 

As ment ioned ear l ie r the calculated t e m -
pe ra tu re s mus t be ve ry n e a r the l iquidus 
t e m p e r a t u r e s of these magmas . The re fo re it 
is of pa r t i cu la r in teres t to compare these 
' l iquidus ' t e m p e r a t u r e s w i th the s imple f r a c -
t ional crystal l izat ion cu rve measu red in 
Hawai i an basa l t s (Yoder and Tilley 1962). On 
the A 'F 'M d iag ram (Fig. 15) the p resen t d a t a 
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Fig. 14. Plot of the analyses 
(Mäkipää 1978. Table 1) on 
the Di-Ol-Pl diagram in mole-
cular proportions. Di = Ca(Mg, 
Fe)Si206; 01 = (Mg, Fe)2Si04; PI 
= CaAl2Si208 + NaAlSi308. The 
first phase to crystallize from 
the basaltic melt is: + — 
olivine O — plagioclase+ 
olivine • — plagioclase. Solid 
line (S) separates the plagio-
clase field (pi) and olivine field 
(ol) in Shibata's (1976) investi-
gation. Dashed lines separate 
the phase fields in this study. 
Numbers refer to the samples 

B (Mäkipää 1978). 

r 

Fig. 15. A'F'M plot of some 
hyaloclastites with their »sili-
cate liquidus temperatures». 
Dashed line is the trend of the 
1840 flow of Kilauea (Yoder 
and Tilley 1962, Fig. 8). Num-
bers refer to the samples (Mä-

kipää 1978). 
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shows a t r end which is ident ical w i th the l ine 
fo rmed by the s imple f r ac t iona l crys ta l l i -
zat ion in Hawai i an basal ts . On the basis of 
th is d i ag ram the ca lcula ted t e m p e r a t u r e s a re 
in excel lent ag reemen t w i t h the expe r imen ta l 
da t a of Yoder and Til ley (1962). 

The t e m p e r a t u r e — F e O t / ( F e O t + M g O ) re la -
tion has been shown to be l inear for Hawa i i an 
basal ts (Tilley et al. 1964). As seen in Fig. 16 
all the calculated t e m p e r a t u r e s a re h ighe r 
t han those measured expe r imen ta l ly by 
Tilley et al. (1964). This d i f fe rence (average 
18°C) is most l ikely due to d i f f e r en t compo-
sition and oxidat ion s ta te in Icelandic basal ts 
as wel l as t h e d i f f e rence in expe r imen ta l 
procedures . The re fo re it is in te res t ing to note 
t ha t those Icelandic basal ts (Eldgjå lava) used 
in Tilley's exper imen t s fa l l exact ly on the 
l ine p resen ted he re for Icelandic hya lo-
clastites. 

If we compare the p resen t exper imen ta l ly 
de te rmined l iquidus t e m p e r a t u r e s (symbole-
in Fig. 16) and calculated hyaloclas t i te t em-
pe ra tu r e s the ag reemen t is excellent . 

Geobarometers 

The der ived plagioclase t e m p e r a t u r e s a re 
found to v a r y wi th w a t e r pressures . This 
o f fe rs a possibil i ty to es t imate the prevai l ing 
wa te r p res su re du r ing the crystal l izat ion. 

Before such es t imates can be der ived some 
a d j u s t m e n t s mus t be done. F r o m the Fig. 5 
and Table 4 i t emerges t ha t samples TH-3, 
TH-4, RE-11, KE-24 and TJ-104 are sl ightly 
out of equi l ib r ium. If t h e w a t e r p res su re is 
der ived then it mus t be done on the basis of 
equ i l ib r ium crystals . To reach the equi l ib-
r i um the composit ion of these plagioclases 
m u s t be changed. This means t h a t the calcu-
la ted t e m p e r a t u r e in the sample TH-3 rises 
about 30—40°C The cor responding va lue for 
KE-24 is abou t 20—30°C. C o n t r a r y to the 
above the t e m p e r a t u r e s a re lower by 10— 

\ «k 
\+ • 

• 
•K 

• 

• • 

r x 
\ \ 

\ \ 

\ \ 
V 

0.55 0.60 0.65 0.70 0.75 

(Feo + Fe203»',(Fe0 + Fe203 + Mg0)L 

Fig. 16. Plot correlating »liquidus temperatures» 
with iron enrichment in hyaloclastites. Dashed line 
drawn after Tilley et al. (1964). •=hyaloclastite, 
+ = present experiment data. Solid line is the best 
fitting by method of least squares to hyaloclastite 

data only. 

20°C, 40—50°C and 20—30°C in RE-11, TH-4 
and T J 104, respect ively. 

In Fig. 17 the calculated t e m p e r a t u r e s a r e 
compared on the basis of d i f f e r en t w a t e r 
p ressures using t e m p e r a t u r e s der ived f r o m 
equi l ib r ium olivines and plagioclases. In an 
ear l ier pape r (Mäkipää 1978) it was concluded 
on the basis of CMAS- and Ab-An-Di -Fo 
sys tems t h a t ind iv idual samples r ep resen t 
d i f f e r en t w a t e r p ressures (about 0, 1 and 2 
kb). The ag reemen t w i th the p resen t da t a is 
good. 

The t empe ra tu r e s calculated for the p resen t 
1 a tm pressure expe r imen t s agree well w i th 
the Mathez (1973) 0 kb t e m p e r a t u r e . 

The expe r imen ta l resul ts show t h a t the f 0 2 

af fec t s the coexist ing phases. In n a t u r a l 
basal ts the f 0 2 fo l lows the Q M F - b u f f e r . This 
gives a va lue of log f 0 2 at 1200°C of abou t 
—8.3. It is wel l known t h a t the f 0 2 a f fec t s t h e 



132 Heikki Mäkipää 

1260 - 0 - 0 . 2 kb 0.8-1.0 kb / V 1.7 kb -

Q_ 
1240 - PH 2O PH2O / / P H 2 O -

E 1220- Y Y -

<D 
1200- . I / F F R -

O 
C 1180 -i 

~YY 
-

"> 
ö 1160- HE-30 

HE-32 GR-23c 
"> 
ö 

1140- HE-35 
T M O I a Y / 

KE -24 
T3-96 

-

o 
u 1120- TM04 / TJ-IOIb 

-

o o o o o o o o o o o o C N l O O ^ C M l ß O ^ - C N J l D O ^ r ^ » - ( N C N ^ ^ C N C N ^ ^ C N C N 

calculated plagioclase temperature °C 

Fig. 17. Comparison of calculated olivine equilibrium temperatures as a function of calculated plagio-
clase temperatures on the basis of different water pressures. Numbers refer to the samples (Mäki-

pää 1978). 

ol ivine composit ion (Roeder and Emslie, 
1970). This can easily be seen also in the 
p resen t exper imen t s w h e r e the olivine com-
posit ion change is only 2 °/o fo r s te r i t e al-
though the t e m p e r a t u r e d i f fe rence should 
indica te much g rea te r var ia t ion in fors te r i t e 
con ten t (see Table 1). 

A l though the f 0 2 in some expe r imen ta l 
r u n s (KRA-731) were as low as log f 0 2 = 
—11 this has not seriously a f fec ted the cal-
cula ted plagioclase t empera tu res . This indi-
cates t h a t w a t e r p ressure has much g rea te r 
in f luence on the calculated equ i l ib r ium tem-
pe ra tu r e s than oxygen fugaci ty . F u r t h e r ex-
pe r imen t s will be car r ied out using direct 
m e a s u r e m e n t s in f u r n a c e to eva lua te the 
e f f ec t of the oxygen fugaci ty . The solubil i ty 
of w a t e r in m a g m a s is known to be dependen t 
on volat i le contents of m a g m a and p ressu re 
condit ions. In a v iew of the small n u m b e r of 
es t imates of the w a t e r content of the or iginal 
m a g m a using glass inclusion chemis t ry 
(Anderson 1973), it appears t h a t those basal ts 
which have the lowest es t imated wa te r pres-
sure also have the lowest original w a t e r 
content . 

Accept ing the assumpt ion tha t the calcu-
lated t e m p e r a t u r e s a re close to the l iquidus 
t empera tu res , the use of expe r imen ta l resul ts 
by Yoder and Til ley (1962, Fig. 34) in n a t u r a l 
olivine tho le i i t e -wate r systems, shows tha t 
dur ing the crysta l l izat ion of these hyalo-
clasti tes the tota l p ressure was g rea te r t han 
the w a t e r pressure . 

In conclusion it can be said tha t a combi-
nat ion of ac tual mel t ing expe r imen t s and the 
use of publ ished minera l - l iqu id equ i l ib r ium 
studies can at the p resen t be use fu l ly em-
ployed to es t imate var ious proper t ies of the 
system. 

However , t he re is still some serious dis-
crepancies and the resul ts mus t be in t e r -
p re ted wi th g rea t care. However , val id indi-
cations about equi l ibr ium, t e m p e r a t u r e and 
possibly wa te r p ressure can be der ived. 
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