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The course of events as well as the chemical changes associated 
with the al terat ion of clinopyroxenes to ural i te have been studied 
f rom diabases in Kuusamo, Finland. The urali t ization takes place 
in several phases s tar t ing f rom the in tercumulus spaces, where la te-
magmat ic f luids cause an increase in iron and t i tanium in the pyro-
xene as a f i rs t phase of alteration. During the second phase the 
pyroxene is al tered to actinolitic amphibole which appears as iso-
lated f lakes within the pyroxene, la ter the ent i re pyroxene crystal 
becomes filled with colourless amphibole. At this stage Fe, Ti, Al 
and K and Na are introduced internal ly f rom the rock-mass itself 
into the al ter ing mineral . Some Ca is removed simultaneously. 
Finally, the amphibole changes into a green hornblende wi th addi-
tional introduction of the above elements. During the last phase the 
crystal boundaries of the original pyroxene are exceeded and the 
amphibole overf lows f rom the pyroxene crystal spaces a t the expense 
of the adjoining plagioclase tha t par t ic ipates in the reaction. 
The density of the urali t ized rock is somewhat lower t h a n that of 
an unal tered counterpar t . It is postulated tha t some silica is removed 
dur ing the process to account for the drop in the density. 
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Introduct ion 

T h e t e r m u r a l i t i z a t i o n is g e n e r a l l y a c -
c e p t e d to d e s c r i b e a n a l t e r a t i o n of e i t h e r a n 
o r t h o - o r a c l i n o p y r o x e n e to a m p h i b o l e so 
t h a t t h e o r i g i n a l c r y s t a l f o r m of t h e p y r o -
x e n e is p r e s e r v e d o r s t i l l d i s c e r n i b l e . A s t h e 
d e f i n i t i o n i m p l i c i t l y s t a t e s t h e p r o c e s s c a n 
t a k e p l a c e i n m a g m a t i c as w e l l as i n m e t a -
m o r p h i c e n v i r o n m e n t s . T h e t e r m w a s p r o b -
a b l y f i r s t u s e d b y G u s t a v R o s e in t h e d e -
s c r i p t i o n of h i s t r a v e l s in t h e s o u t h e r n U r a l 
M o u n t a i n s (Rose 1842 in T r ö g e r 1935, p. 336). 

H i s t o r i c a l l y , t h e a l t e r a t i o n w a s l o n g 
d e e m e d a m e t a m o r p h i c p h e n o m e n o n d u r i n g 
t h e l a s t p a r t of t h e 19th a n d t h e b e g i n n i n g 
of t h e p r e s e n t c e n t u r y . I n t h e 1880's F r . 
B e c k e c r e a t e d t h e s o - c a l l e d v o l u m e l a w a p -
p l i c a b l e t o m e t a m o r p h i c e v e n t s . A s u r a l i t i z a -
t i o n w a s l o o k e d u p o n as a m e t a m o r p h i c p h e -
n o m e n o n i t w a s o n l y n a t u r a l to s c r u t i n i z e i t 
f r o m t h e s t a n d p o i n t of t h e v o l u m e l a w . T h e 
l a w s t a t e d t h a t i n o r d e r t o c o p e w i t h t h e r e -
q u i r e m e n t s of t h e h i g h p r e s s u r e p r e v a i l i n g 
d u r i n g t h e m e t a m o r p h i s m , m i n e r a l s of 
h i g h e r d e n s i t y s h o u l d r e p l a c e t h e o r i g i n a l 
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minera l assemblage. It was t he re fo re con-
fus ing to discover t h a t in spite of the vo lume 
law the ural i t ic amphibo le was found to be 
l i g h t e r t han the original py roxene and 
tha t the vo lume law w a s s imply inappl icable 
to ural i t izat ion. 

The de fenders of the vo lume law pointed 
out t ha t vo lume of w a t e r necessary for the 
a l tera t ion should also be t aken into consider-
ation in the discussion of the volume-dens i ty 
relat ionships. In F in land Eskola and Seder -
holm examined ural i t izat ion f r o m the s t and-
point of the vo lume law (Eskola 1914 and 
1915, Sederho lm 1891 and 1926). Eskola was 
able to show based on his calculat ions of 
no rma t ive chemical composition, t ha t u ra l i t i -
zation did not obey the vo lume law except 
in special cases w h e r e a b lue-green amphi -
bole was fo rmed dur ing the process (Eskola 
1915, pp. 143—5). Eskola 's ma te r i a l came 
f r o m the me tamorph ic ura l i t e porphyr i t e s of 
sou thern F in land and the re fo re he seems to 
have looked upon ural i t izat ion as a pure ly 
me tamorph ic phenomenon . 

Sederho lm (1926) concluded the u ra l i t e 
discussion for a long t ime in 1926 when fol-
lowing Eskola he emphasized tha t the pro-
cess con t ravened the vo lume law. He also 
d rew a t ten t ion to the densi ty drop associated 
wi th ural i t izat ion. He pointed out tha t Es-
kola 's calculat ions were subjec t to some un-
cer ta in ty since they w e r e mere ly theoret ical . 
Sederho lm w a n t e d to dispel this unce r t a in ty 
by using densi ty de te rmina t ions of two 
rocks, one of which represen ted an una l t e red 
py roxene rock and the other, w h a t he called, 
a » c o r r e s p o n d i n g » ural i t ized rock. By 
a »corresponding» rock he seems to have 
mean t a rock of the same chemical compo-
sition. If a constant composit ion is assumed 
to r emain a f t e r the events leading to ura l i t i -
zation, the problem is solved be fo rehand . 
The only point r equ i r ing an explana t ion is 
the drop in density, which then has only one 
explanat ion , the expansion of the rock-mass. 

The densit ies of t h e rocks w e r e according to 
Sederholm 3.08 and 2.85 g/cm3 respect ively. 
No explanat ion , however , is g iven e i ther by 
Eskola or Sederho lm as to the densi ty drop. 

To summar i ze the p rob lems associated 
wi th the ura l i t iza t ion process, one migh t ask 
w h a t chemical changes a re the re in the min -
eral itself w h e n a py roxene al ters to ural i te? 
If t he r e a re chemical changes, a re the com-
ponents t r anspor t ed in te rna l ly wi th in the 
rock-mass or is t he r e a ma te r i a l exchange 
wi th the sur roundings? In o ther words , does 
the whole- rock chemical composition change 
dur ing the process? If t he re is t r a n s p o r t of 
mater ia l , w h e r e are the components der ived 
f r o m or w h e r e do they go if someth ing is 
removed? How is the densi ty drop associated 
wi th ural izat ion, which seems to be a ver i f ied 
fact, to be expla ined? Does the vo lume of the 
rock-mass expand or is t he re a ma te r i a l de-
pr iva l tha t makes the rock-mass l ighter? 

Earlier work 

A f t e r the publ icat ion of Sederho lm 's (1926) 
paper ment ioned above the re seems to have 
been a long period dur ing which ural i t izat ion 
provoked l i t t le in teres t among petrologists . 
In 1951, Oliver s tudied the chemical changes 
associated wi th ura l i t iza t ion in the S u d b u r y 
nor i te (Oliver 1951). In Sudbury , an o r thopy-
roxene has undergone ural i t izat ion. Accord-
ing to Oliver, the chemical changes involved 
are ve ry small and most ly w i th in the r ange 
of expe r imen ta l error , only a slight a d d i -
t i o n of silica and a lumina possibly has any 
significance. Similar ly, Allen and F a h e y (1957) 
a r r ived at the same kind of conclusions. Ac-
cording to these au thors ura l i t iza t ion means 
an increase of Si, Al, Fe, Ti, Mn and H äO as 
well as a remova l of Ca in the minera l : t he 
whole- rock chemis t ry is not discussed. Pan to 
(1969) r epor ted a slight increase of Si, AI, Ca 
and H 2 0 in association wi th the ura l i t iza t ion 
of an o r thorhombic pyroxene . 
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Material and method 

For the present s tudy diabases described 
earlier by one of us (Piispanen 1972) f rom the 
Kuusamo Presvecokarelian basement gneiss 
complex in nor theas tern Finland were sub-
jected to fu r the r investigation. The diabases 
form a series f rom fresh pyroxene diabases 
to completely altered ural i te diabases with 
all in termediate stages present. The original 
pyroxene is a subcalcic augite or an augite. 
No lamellar s t ructure can be observed under 
the microscope. 

The minerals were analysed using a JEOL 
JXA-3SM electron microprobe. Five uralitized 
pyroxene grains were examined using a 3-pen 
recorder and 3—5 quant i ta t ive point analyses 
were made f rom five di f ferent mineral grains. 
Quant i ta t ive analyses were carried out using 
a 15 kV accelerating voltage, 0.05 /<A speci-
men current (measured on Cu-metal) and 10 
second counting time. The s tandards used 
were: quar tz for Si, TiO for Ti, synthetic 
sapphire for Al, haemat i te for Fe, periclase 
for Mg, wollastonite for Ca, potash feldspar 
for K and albite for Na. ZAF corrections were 
processed by the computer program MK2 
(Mason, Frost and Reed 1969) using a UNI-
VAC 1108 computer. The variation of the 
main element contents were measured along 
profiles (see Fig. 1) f rom the f resh unal te-
red pyroxene in the centre of the grain 
through the various ural i te zones as fa r as the 
outer edge of the grain where normally a 
green hornblende occurs. 

Chemical changes in the whole-rock bulk 
chemical composition during uralit ization 
were studied by using whole-rock silicate 
analyses of the f resh and altered diabases 
(Table 3). The densities of the rocks were 
also determined (see Fig. 7). 

Phases of uralitization 

A microscopic study of the diabases reveals 
a mult iphase na ture of the process. The al ter-

Fig. 1. Photomicrograph showing an example of 
an electron microprobe run across a grain unde r 
uralitization. The trace of the electron beam can 
faint ly be seen f rom the middle (A) to the upper 
r ight (B). Run 599/2. Without analyzer. For zone 
connotation and the chemical composition of the 
various zones see Fig. 6 and Table 1. Pyroxene 
diabase, 150 m NE of Lamminmäki , Sarviperä, 

Kuusamo. 

Fig. 2. The initial stage of uralit ization. The al ter-
ation s tar ts f r om the in tercumulus spaces (lower 
middle), the rest of the grain remaining unal tered. 
Pyroxene diabase, Kall iovaara, Kuusamo. (555D). 

Without analyzer. 

ation takes place in several phases one a f te r 
another and the result ing stages can be seen 
under the microscope. The process s tar ts f rom 
the intercumulus pore spaces, where usually 
late-crystallizing minerals such as quar tz and 
alkali feldspar and the corresponding graphi-
cally in tergrown mater ia l is concentrated. 
Obviously, owing to the increasing pressure 
in the ever-diminishing spaces, the fluid f i -
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Fig. 3. Photomicrograph of a pyroxene grain com-
pletely altered to colourless flaky amphibole. Ura-
lite pyroxene diabase, Sarviperä, Kuusamo. (598). 

Crossed polarizers. 

nal ly begins to encroach upon the s u r r o u n d -
ing py roxene (see Fig. 2). It is in teres t ing to 
note t ha t the g ra in is tota l ly una l t e red f r o m 
e v e r y w h e r e else except in the vicini ty of the 
i n t e r cumulus pore spaces. This phase of a l te r -
at ion indicates the in t roduct ion of i ron and 
t i t an ium into the py roxene as small opaque 
gra ins , the py roxene remain ing o therwise 
una l t e red . 

Dur ing the second phase small f lakes of 
colourless actinolit ic amphibole s ta r t to ap-
pear wi th in the pyroxene ; they increase in 
n u m b e r and vo lume and at the end of this 
phase they fi l l t he en t i re space previously 
occupied by f o r m e r py roxene crysta ls (Fig. 
3). Chemical ly, this means tha t Fe, Ti, Al, K 
and Na a re in t roduced to the a l te r ing crysta l 
f r o m outs ide and Ca is t r anspor t ed f r o m the 
minera l g ra in (see II, Fig. 6). W h e t h e r th is 
ma te r i a l t r anspor t is of an in te rna l or ex te r -
nal n a t u r e f r o m the point of view of t h e 
rock-mass is discussed below. 

A f t e r the colourless amphibole has f i l led 
the en t i re space of the f o r m e r py roxene crys-
tals, g reen hornb lende begins to f o r m at the 
outer edges of the grains. The green amphi -
bole over f lows t h e f o r m e r py roxene crysta l 
boundar ies . This process takes place at the 
expence of the ad jo in ing plagioclase crystals , 

Fig. 4. Photomicrograph showing hornblende re-
placing plagioclase (middle of the picture) at the 
final stage of uralitization. Without analyzer. 
Uralite diabase, Iso Murtolampi, Kuusamo. (472). 

Fig. 5. Photomicrograph showing a detail of the 
allotriomorphic-granular texture resulting f rom 
uralitization. The original field of pyroxene can 
be seen faintly as a somewhat lighter area in the 
middle of the grain. Without analyzer. Uralite 

diabase, Iso Murtolampi, Kuusamo. (472). 

t he amphibole l i tera l ly »eats up» the plagio-
clase as is shown in Fig. 4. S imul taneously , 
the amphibole wi th in the original py roxene 
crys ta ls also becomes green and at the end 
of the process all t he amphibole is of a green 
colour. It occupies the spaces of t h e f o r m e r 
py roxene crysta ls toge ther wi th some of the 
space of the ad jo in ing plagioclase crystals . 
As a resul t of the over f low the en t i re t ex tu r e 
of the rock is conver ted f r o m in te rse r ta l into 
an a l lo t r iomorph ic -g ranu la r t e x t u r e (Fig. 5). 
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Fig. 6. Fluctuat ion of chemical composition in various zones of a grain under urali t ization. The d ia-
g ram has been r ed rawn a f t e r the original electron microprobe 3-pen recorder graphs. For the zone 
connotation (I, II and III) see Table 1, where the resul ts of the analyses at points 1, 2 and 3 are also 
given. Run 599/2. The s tar t of the run is marked A in Fig. 1. The dis turbances a t about 280 microns 

are due to an inclusion of biotite. 
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Chemical changes wi th in the mineral grain 

A s tudy of t h e chemical changes wi th in 
a py roxene gra in du r ing ura l i t iza t ion is r en -
dered d i f f icu l t by the fac t t ha t t he r e a re 
d i f fe rences in the chemical composit ion be t -
ween the d i f f e r en t pa r t s and zones of the 
py roxene crystal . This resul ts f r o m the zonal 
s t r uc tu r e of the grains. In order to e l imina te 
the e f fec t of t h e zoning only the changes 
tha t exceeded those expected on the basis of 
an assumed l inear model of zonal s t r uc tu r e 
w e r e accepted as re levan t to the ura l i t i -
zation problem. In Table 2 two plus-signs in-
dicate a change s t ronger than tha t expected 
on the basis of the zonal pa t t e rn . Those 
changes m a r k e d wi th only one plus or minus -
sign can be expla ined as a resul t of the zona-
tion. Zone I des ignates the f r e sh py roxene 
centre , zone II the colourless amphibole and 
zone III the green ho rnb lende zone, respect i -
vely. Be tween t h e var ious zones level- l ike 
drops and rises in e lement contents can also 
be observed (see Fig. 6). These are t h e changes 
tha t a re most easily accepted as not being 
caused by the zonary s t ruc tu re . 

Dur ing the fo rma t ion of colourless amph i -
bole (I/II in Tab le 2) Ti, AI, Fe, Na and K 
are in t roduced into the a l te r ing mine ra l 
g ra in (see Fig. 6 and Table 1). These sub-
stances a re gained f r o m the in t e rcumulus pore 
spaces t h a t still conta in ma te r i a l in the f lu id 
state. S imul taneous ly , the mine ra l is impov-
er ished in Ca. 

Dur ing the las t phase the fo rmat ion of 
green ho rnb lende at the ou te r edges of t h e 
g ra ins takes place at the expense of the ad-
joining plagioclase, the fe ldspar par t ic ipa t ing 
in the reaction. T h e necessary Na and Al for 
the fo rma t ion of t h e ho rnb lende a re obviously 
ga ined f r o m t h e plagioclase, Fe and Ti be ing 
der ived f r o m the in t e rcumulus f lu ids as be-
fore. 

Table 1. Chemical composition of the various 
zones in a pyroxene grain under uralitization. Zone 
I denotes the f resh pyroxene centre, zone II the 
colourless actinolitic zone and zone III the green 
hornblende zone. The number of cations in the 
various zones are presented in the lower par t of 
the table, calculated on the basis of 6 oxygens. 
Run 599/2. Pyroxene diabase 150 m NE of Lam-
minmäki, Sarviperä, Kuusamo. (Whole-rock analy-
sis of the rock is in Table 3 no. 599). 

Zone I Zone II Zone III 

S i0 2 52.5 49.4 45.1 
TiOs 0.60 1.09 1.32 
AI2Ö3 2.70 3.79 6.63 
FEOTCJT 15.8 21.4 30.1 
MnO 0.35 0.37 0.34 
MgO 12.7 9.65 3.53 
CaO 15.0 9.02 9.46 
N a 2 0 0.27 0.73 1.20 
K 2 O 0.00 0.21 0.79 

Si 
Al 

1.976 ) 1.973 1 
0.024 f 0.027 1 2 ' 0 0 

1.848 
0.152 2.00 

Al 0.095 0.151 0.168 ' 
Ti 0.017 0.033 0.041 
Fe3 + — — — 

Fe2+ 0.497 0.715 1.031 
Mg 0.712 '1.96 0.574 •1.94 0.216 •2.02 
Mn 0.011 0.013 0.012 
Ca 0.605 0.386 0.415 
Na 0.020 0.057 0.095 
K 0.000 0.011 . 0.041 

Table 2. Trends of changes in chemical composi-
tion between the various zones in a grain under 
uralitization. I/II denotes the change f rom a fresh 
pyroxene centre to a colourless actinolitic zone 
and II/III the change f rom the preceding to a 
green hornblende zone. The two plus-signs denote 
an increase stronger than that expected on the 
basis of zoning, those changes that are marked 
with only one sign may be due to the zonal 
structure. 

Zone I/II Zone II/III 

Si 
Ti + + + + 
Al + + + + 
Mg — — 

Fe (FeO) + + + + 
Ca — — 

Na + + + + 
K + + + + 

Change in densi ty of the rock during 
uralit ization 

A sl ight ly lower densi ty seems to be typical 
for all ural i t ized rocks when compared wi th 
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Fig. 7. The span of densities in the various dia-
base groups. I denotes the f resh unal tered dia-
bases, II par t ly urali t ized diabases and III totally 
uralit ized diabases. The actual determinat ions 
are marked wi th crosses, the infer red total span 
of densities in the individual groups is also shown. 

f resh rocks. Sederholm (1926) reported den-
sities such as 3.08 and 2.85 for the f resh pyro-
xene rock and the corresponding (cf. p. 40) 
uralit ized rock respectively. Eskola had come 
(1915, p. 144) to somewhat similar conclusions 
on the basis of calculations he made start ing 
f rom a composition of an amphiboli te and 
computing the normat ive mineral composition 
of a corresponding pyroxene rock. 

The results of the density determinat ions 
made by the present wr i te rs are listed in Fig. 
7. Due to the difficulties of knowing which 
rocks correspond to each other, the rocks 
are t reated as groups of fresh, par t ly altered 
and totally altered rocks. The difficulties 
involved in knowing the correspondence of 
individual rocks were mentioned in passing 
above. The assumption that the correspond-
ing rocks have the same chemical com-
position is solving the ural i te problem be-
forehand. Similarly, t he assumption that 
those rocks which contain the same amount 
of plagioclase correspond to each other can 
not be made since the amount of plagio-
clase diminishes dur ing the process as was 
shown in the description of alteration above. 

In Fig. 7 the actual density determinat ions 
are marked wi th small crosses. The diagram 
also shows the infer red span of densities tha t 
the members of the groups might have if all 

the possible rocks, i.e. those richest and 
poorest in plagioclase, could be sampled. 

The span of the density values within the 
individual groups shows a slight shif t to-
wards the lef t in the f igure f rom the f resh 
pyroxene rocks through the par t ly altered 
to the totally altered rocks. This suggests a 
slight decrease in density dur ing uralitization. 

Changes in the whole-rock chemical 
composition during uralitization 

In order to become lighter a rock must gain 
a larger volume or loose some of its ma-

Table 3. Whole-rock chemical and mineralogical 
compositions of diabases showing the various 
stages of urali t ization. Note the close resemblance 
(excepting SiC>2 and H->0) between 599 and 585 
in spite of the differ ing amounts of plagioclase. 
Analyst for 599 and 594 P. Ojanperä and for 
585 R. Saikkonen (Analyses earl ier published in 
Table 3, p. 19 in Piispanen, 1972). 

599 594 585 

SiOo 50.49 51.66 49.00 
TiO-> 2.06 1.74 1.95 
AI2O3 12.31 12.92 12.41 
FejO.t 3.79 0.93 3.67 
FeÖ 12.85 14.60 13.84 
MnO 0.23 0.22 0.28 
MgO 5.02 4.59 5.36 
CaO 9.13 9.07 9.03 
NaaO 2.39 2.25 2.48 
K O 0.61 0.91 0.67 
P2O5 0.20 0.27 0.21 
CO2 0.15 0.00 0.00 
HoÖ + 0.56 1.00 1.36 
HoO- 0.04 0.04 0.06 

99.83 100.0 100.32 

Mineral composition 

plagioclase 54.4 33.0 34.0 
pyroxene 33.2 32.8 0.0 
amphibole 7.5 28.0 61.2 
opaque 4.0 2.1 3.8 
quar tz 0.5 0.1 0.8 
accessories 0.4 4.0 0.2 

100.0 100.0 100.0 

599. Pyroxene diabase 150 m NE of Lammin-
mäki, Sarviperä, Kuusamo 

594. Urali te pyroxene diabase, southern shore of 
Lake Kalliolampi, Kuusamo 

585. Ural i te diabase, Veijola, Sarviperä, Kuusamo 
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t e r i a l . A n i n c r e a s e of v o l u m e d u r i n g u r a l i t i z a -
t ion is d e e m e d u n l i k e l y by t h e p r e s e n t w r i t e r s ; 
e x p a n s i o n w o u l d l e ad to f r a g m e n t a t i o n 
a n d c r u s h i n g of t h e r o c k of w h i c h t h e r e is no 
t e x t u r a l s ign. A m a t e r i a l d e p r i v a l s e e m s to 
b e a m o r e l i ke ly so lu t ion . T h e m a t e r i a l r e -
m o v a l m u s t f i r s t c o u n t e r b a l a n c e t h e i n t r o d u c -
t ion of s u r p l u s w a t e r i n to t h e u r a l i t i z i n g 
rock . T h e i n c r e a s e of w a t e r is r e a d i l y seen 
in t h e a n a l y s e s in T a b l e 3. T h e q u e s t i o n t h e n 
r e m a i n s w h a t e l e m e n t or e l e m e n t s h a v e l e f t 
t h e s y s t e m to a c c o u n t f o r t h e d r o p in t h e 
d e n s i t y in s p i t e of t h e i n t r o d u c t i o n of t h e 
e x t r a w a t e r ? T h e f i g u r e s in t h e a n a l y s i s t a b l e 

(Tab le 3) i n d i c a t e t h a t d u r i n g t h e u r a l i t i z a -
t ion p roces s s o m e si l ica h a s b e e n r e m o v e d , t h e 
u r a l i t i z e d rocks b e i n g p o o r e r in s i l ica t h a n 
t h e f r e s h rocks . 

T h e b e h a v i o u r of s i l ica in a s soc ia t ion w i t h 
t h e u r a l i t i z a t i o n of a c l i n o p y r o x e n e s e e m s to 
be t h e o p p o s i t e of w h a t h a p p e n s in t h e u r a -
l i t i za t ion of a n o r t h o p y r o x e n e w h e r e t h e a d d i -
t ion of s i l ica p r o b a b l y occurs . (Ol iver 1951, 
A l l e n a n d F a h e y 1957, P a n t o 1969). 

Acknowledgement. Dr. P. L. Gibbard, Uni-
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manuscript and deserves our warmest thanks for 
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