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The lower part of the early Proterozoic greenstone complex at Palovaara, north-
western Finnish Lapland, comprises a quartzite formation overlain by intermedi-
ate and felsic tuffs and tuffites with some lava flows, mostly intermediate in chem-
ical composition. They are intruded by numerous sills of albite diabase and also
by some minor keratophyric dykes.

The lithology and geochemistry of the rocks are similar to those of the spiliteker-
atophyre association and provide evidence that the rocks were thoroughly altered
by postcrystallization processes.

Geochemically, all the rock types, including the extrusive and subvolcanic vari-
eties, are greatly enriched in Na and depleted in K and Mn. The alteration resem-
bles that observed in recent submarine volcanics, whose mineralogy is largely
governed by the water/rock ratio during alteration. Subsequent regional metamor-
phism had only a minor, if any, effect on the geochemistry of the rocks but adjust-
ed the mineralogy to the conditions of epidote-amphibolite facies.

The analytical data on lavas and albite diabases suggest an increase in Na, Si,
Al and Ti and a decrease in total Fe, Mn, Mg and Ca, with an increase in w/r ratios
from low to moderate values, thus reflecting intensifying albitization of the host
rock. Further intensification of the water-rock interaction resulted in a dramatic
change in alteration. The most permeable parts of the rocks, such as the interpil-
low matrices, pillow selvages and some of the fractures plus their wall rocks, ac-
quired an ultramafic mineral composition with a marked increase in Fe and Ca and
a decrease in Si and Na. A K-metasomatic event that postdated the general hydrother-
mal alteration locally raised the K-content of the rocks.
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Introduction

The main emphasis of this paper is on the
metasomatic alteration of volcanic rocks resem-
bling the spilitekeratophyre association. The
material for the study was collected during

regional mapping of the Palovaara area carried
out by the Geological Survey of Finland in
1982—83. The study was based on the descrip-
tion of the rock types and on 46 chemical sili-
cate analyses. We used the results from ex-
perimental studies and from recent sea floor
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Fig. 1. Generalized geological map of
northern Lapland with the location of
the Palovaara area (Geological Map of
Northern Fennoscandia).

studies to interpret the chemical trends of the al-
teration and the conditions under which the rocks
were altered. All the samples were analysed for
main components and Zr using the XRF tech-
nique.

Geological setting

The greenstone complex extends northwards
from the Kiruna area in Sweden across the ex-
treme northwest, the » Arm», of Finland up to
Norway, where it is buried below younger
Caledonian schists. It is bounded by Archaean
rocks to the west and by a Proterozoic, heter-
ogeneous complex of plutonic rocks and high-
grade gneisses to the east (Fig.1).

Witschard (1984) suggests that the greenstone
complex was deposited along a graben-type
depression in the Archaean craton during a ten-
sional rifting episode. This view is consistent with
geochronological studies conducted in northern
Sweden. According to Skiold (1986), initiative
magmatism in the opening depression began
about 2.2 Ga ago, whereas metamorphism of the

greenstones took place much later, about 1.9 Ga
ago.

Geology of the Palovaara area

Lithology

In the study area at Palovaara (Fig.2) a se-
quence of predominantly extrusive and subvol-
canic rocks about one kilometre thick is exposed
on the western flank of a synclinorial structure
some 7 km wide. The western part of the study
area (Fig. 2) comprises a massive granitoid over-
lain by a 200—300 m thick quartzite formation,
that is the lowermost lithostratigraphic unit of
the greenstone complex. The quartzite is a phys-
ical continuation of the well-known Tjirro-quart-
zite in northern Sweden (e.g. Ambros 1980). The
contact of the granitoid below the quartzite is al-
tered (seritized) to a depth of 2—8 m, presuma-
bly indicating an ancient paleosol. This supposi-
tion is supported by radiometric U-Pb zircon dat-
ing, which suggests an Archaean age (about 2.7
Ga) for the granitoid at Palovaara (Idman and
Eilu 1988).
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Fig. 2. Geological map of the Palovaara area.

The most striking feature on the geological
map of the area is the presence of numerous sub-
parallel albite diabase intrusions varying in thick-
ness from 10 to 200 m. They are roughly con-
formable with the layered structure of the green-
stone complex, whereas the dykes outside the
complex clearly cut the Archaean wall rock. The
rocks between the albite diabase sills are fine-
grained felsic and intermediate micaceous tuffs
and tuffites, and intermediate lava flows; mafic
lavas are scarse. A few thin horizons of scapo-
lite tuff and magnetite tuff occur in the more fel-

sic tuffs. The intermediate lavas are locally pil-
lowed, indicating deposition in a subaqueous en-
vironment. The keratophyres, which occur as
minor dykes no more than 4 m thick, are the
youngest rock type, as they intrude the albite di-
abase sills, too.

Petrography
Lavas

The lavas at Palovaara are usually subophitic
or trachytoid and sometimes microporphyritic in
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texture (terminology after Mackenzie et al. 1982).
Albite and amphibole are the main minerals in
both the mafic and the intermediate lavas. Epi-
dote, biotite, sphene or rutile and magnetite are
common minor constituents except in one mafic
flow, which is devoid of epidote.

The intermediate lavas are more heterogene-
ous in appearance than the mafic lavas, and
owing to the patches and schlieren of epidote and
epidote-amphibole, which vary in size from a few
centimetres to several metres, are sometimes very
prominent (Fig. 3a). Around the patches the wall
rock is frequently bleached to a depth of several
centimetres as a result of albitization. Fractures
and veins, | mm to some centimetres wide and
filled with light-coloured albite or darker epidote-
amphibole, intersect the lavas and are often sur-
rounded by a much thicker, bleached (albitized)
halo.

The pillows, varying in size from 15 to 200 cm,
exhibit a zoned structure (Fig. 3b). The inner part
of the pillows is greenish-grey, becoming gradu-
ally lighter towards the margins owing to an in-
crease in albitization. The pillow selvages are
commonly double-zoned, with an inner rim of
epidote and an outer rim rich in amphibole. The
interpillow matrix is dark and invariably rich in
amphibole or amphibole + epidote with relics of
chlorite.

Felsic and intermediate tuffs and tuffites

The tuffs and tuffites are fine-grained rocks
that, on the basis of their mineralogy, can be
divided into two types: a grey or greenish one rich
in mica and a felsic type. The former is made up
of albite, biotite, paragonite, chlorite and
pyrophyllite in widely varying proportions, while
the latter consists mainly of albite, quartz and
paragonite. Transitional types are also encoun-
tered. Epidote, zircon, rutile and tourmaline oc-
cur as accessory minerals, and in places the tuffs
are rich in carbonate. Porphyroblastic needles of
amphibole are common in both tuff types.

Fractures 0.1—10 mm thick and filled with al-

bite, quartz and biotite frequently intersect the
more mafic tuffs. The host rock is bleached
around the fractures to a width of 10 cm (Fig.
3¢). Mineralogically, the bleaching implies a loss
of biotite, amphibole, magnetite and chlorite and
an increase in albite, paragonite and rutile.

The felsic tuffs do not show any bleached frac-
tures on outcrop scale. However, microscopical-
ly, the fine-grained matrixis intersected by coars-
er-grained veinlets with abundant albite plus
varying amounts of carbonate and paragonite.
These veinlets are obviously of secondary origin
and comparable to the visible veining of the more
mafic tuffs.

The albite diabases

The intrusions show both mineralogical and
chemical differentiation, with the bottom section
enriched in mafic minerals (Fig. 4), probably as
a result of gravitational crystal settling. The al-
bite diabases are medium to coarse-grained rocks
with intergranular or, sometimes, trachytoid tex-
tures (MacKenzie et al. 1982). Ophitic texture is
seen only in the most coarse-grained varieties.
The original cumulate texture is often preserved.

The dominant rock type has virtually the same
mineral assemblage as the lavas, i.e. albite + am-
phibole + epidote, with the ultramafic part com-
posed of amphibole + biotite. Albite is clearly
a decomposition product of more calcic plagio-
clase, as the plagioclase is clouded by abundant
epidote. Amphibole seems to be mostly pseu-
domorphous after primary clinopyroxene. The
abundance of sphene and, particularly, that of
magnetite amounts to a few per cent, while ru-
tile, apatite, iron sulphide and zircon are minor
accessory minerals. The biotite in the ultramafic
types is mainly an alteration product of amphi-
bole.

Varying in size between 1 and 100 cm, light-
green patches rich in epidote and darker patches
and veinlets rich in amphibole with occasional
relics of chlorite have developed in the albite di-
abases in places. Slightly brecciated and bleached
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Fig. 3. Macroscopic and microscopic features of volcanic rocks at Palovaara. a) Intermediate lava showing darker band-
like bodies rich in amphibole + epidote, with light-coloured (bleached) interband areas. Width of outcrop 2x4 m. b) Pillow
lava showing dark interpillow matrix and pillow selvages (rich in amphibole + epidote), a homogeneous core and visibly

bleached (albitized) outer part of a pillow. Diameter of pillow 25 cm. ¢) A fracture in a paragonite-pyrophyllite tuff showing
a bleached halo c. 4 cm in width. d) Microphoto of a strongly albitized albite diabase sill (zone 43—59 m in Fig. 4).
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zones are also found. Some of the zones are rath-
er thick, as for instance the 43—59 m zone in the
drilling profile in Fig. 4. These bleached zones
are rich in clear granular albite displaying a mo-
saic of composite twinning (Fig. 3d). Carbonate
and, especially, biotite fill the fractures and in-
tergranular spaces.

Keratophyres

Both keratophyres and quartz-keratophyres
(terminology after Schermerhorn 1973) occur as
narrow dykes at Palovaara, but unlike in other
rock types, no filled fractures are seen. Further,
compared with other rock types they look very
»fresh» under the microscope, showing a
glomeroporphyric texture.

The anortite content of the zoned phenocrysts
of plagioclase varies between 0 and 20 per cent.
The plagioclase in the matrix is always albitic.
Idiomorphic zircon and apatite are common ac-
cessory minerals in both keratophyric types.

Geochemistry

The petrography of the rock types indicates
strong alteration. Further evidence is given by the
geochemistry of the magmatic rock types, which,
as a group, plot far outside the igneous spectrum
in Figs. 5a and b. Less mobile elements, such as
Ti and Zr in the silica vs. Ti/Zr diagram (Fig.
6), indicate that the rocks do not fit into an alkal-
ic rock series, which would explain their high con-
centrations of Na, as shown in Fig. 5. The plots
indicating low contents of Na20 and high K20/
(K20 + Na2O0) ratios are due to ultramafic cu-
mulates of the albite diabases.

Figures 5 and 6 also include the visibly un-
altered rock types, suggesting, that alteration was
a pervasive process. Tuffs and tuffites, most of
which are not plotted in the diagrams, and even
those rich in biotite, also have exceptionally high
Na/K ratios, indicating that all the rock types at
Palovaara were subjected to similar metasomat-
ic processes.

’ 60 i
Si0 60
2 50 / ———0—_ *.__‘/‘/7‘\ g et 450
; 2+ —— +42
TI02 ik .‘, g g ’l,) ,\7#‘ |
15F E . i 115
Al 3> o P
203 oL \// f 1ie
6F 77‘\ =
Fe203 T ST, SIS Ak~
2+ o -2
FeO i: e —eceog /,/',':j,_a “2
- 4
0.1F LNy T — 4o.1
MnO El- B ey e
oL = Jo
| .
15 .. q15
MgO r e 7
S TSI T oY 5
Ca0 10 «® .‘ﬁ. * s o -——acoA | 10
5. — = ,/:___ i -5
6 /ST~ . 18
Nas0 = e W I o
i ase? 12
1.5F <« T 1.5
K20 aE \\, e ety 1o
1 =iy | =
Mineralogy = | Amph Plag 5
= Bip pi i o
T T
Depth (m) 150 100 50

Fig. 4. Chemical and mineralogical profile of drill core cover-
ing an albite diabase sill. The brecciated and bleached (albi-
tized) zone at 43—59 m is hatched on both sides of the miner-
alogy box. Dashed lines indicate weighted means of the sill
excluding the strongly albitized zone.

The albite diabases deserve some comment. Be-
ing widely distributed in northern and eastern
Finland, they have been described by many ge-
ologists. Their unusual mineralogy and ge-
ochemistry have been attributed to metasomatism
(e.g. Eskola 1925, Merildinen 1961) or interpreted
as a primary feature (Paakkola 1971, Piispanen
1972, Piirainen and Rouhunkoski 1974). More
recently, Hanski (1984, 1986, 1987) has produced
petrogenetic evidence that these rocks, or at least
some of them, are members of the gabbro-wehr-
lite association. However, he favours a secondary
origin for the albite. As stated above, the ge-
ochemical composition of all the rock types at
Palovaara as a group suggests that metasomatism
played an important role in the albite diabases,
too.
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Metasomatic alteration

It is not possible to trace exactly the chemical
changes that took place in the volcanic rocks at
Palovaara, since rocks with primary composi-
tions are not to be found there. However, the
overall trends of the alteration can be character-
ized by comparing the compositions of the vol-
canic rocks with those of recent volcanics and
also by comparing the less altered types with the
more altered ones. With regard to the albite dia-
bases, some deductions can be made by drawing
analogies with the volcanics at Palovaara, and
by comparing present data with those on »nor-
mal» diabases.

Representative chemical analyses of rocks from
Palovaara and of relevant comparative rocks are
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Fig. 6. SiO, vs. Zr/TiO, plot (Floyd and Winchester 1978)
from Palovaara. The homogeneous felsic tuffs included for
comparison. Subalkalic basalts to the right of the dashed line
in the basalt field. For legend, see Fig. 5.
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Table 1. Representative chemical compositions from Palovaara. For comparison, analyses of unaltered volcanics and diaba-
ses from the literature (Le Maitre 1976) are also given.

1 2 3= 4 5 6* 7 8 9 10 11 12

SiO, 5093 60.00  50.14  50.49  49.20 49.58 5822 4528  59.91  53.50 59.98  49.23
TiO, 133 185 149 172 1.84 198 144 236 228 1.89 210  2.36
ALO, 12.83 1629 1502 1472 1574 1479  14.08 15.14 13.61 1638 1721 17.75
Fe,0, 1099 332 345 11,56 379 338 58 11.03  S5.11 678  3.11  9.36
FeO - — 8.6 — 713 8.03 = - = e — -
MnO .06 .02 .16 .04 20 18 .04 .10 .05 .02 .02 .04
MgO 762 3.03 640 801 673 730 598 464 566 2.8  2.61  4.48
Ca0 865 417 890 793 947 1036 881 1735 652 858  7.05 14.07
Na,O 344 737 291 561 291 237 531 86 672 777 8.04  2.77
K,0 73 96 99 24 110 43 .04 .01 .02 .03 .02 .02
n 14 1 405 4 3594 202 4 1 1 1 1 1
13 14 15 16 17* 18* 19 20 21 22 23 24

SiO, 63.55 57.94 7370 68.20 72.82 6555 66.57 62.41 62.60 62.90 60.80  63.90
TiO, 1.99 .87 21 91 28 .60 .58 .70 i .70 74 .69
ALO, 16.99  17.02  17.09 18.90 1327 15.04 15.04 16.10 18.04 14.93 1579 13.73
Fe,0, 405 312 161 134 148 213 137 458 38 171 390  1.19
FeO — 404 - — 111 208 — — - - — -
MnO .00 14 01 .01 .06 .09 .00 .00 .00 .00 .00 .00
MgO 261 3.33 63 135 39 209  3.69 441 341 492 842 824
Ca0 524 679 122 212 114 3.62 164  1.47 22 20 .87 84
Na,O 853 348 742 971 355 367 7.82 500 773  7.50 634  5.66
K,0 01 162 46 02 430 3.00 08 145 .01 02 164 61
n 2 2600 2 1 670 100 4 4 1 1 1 1

— = not determined

Fe,O; = calculated total iron if FeO not given

* = comparative analyses from the literature (Le Maitre 1976)
n = number of analyses

1 = weighted mean of the drilled albite diabase sill; 2 = bleached (strongly albitized) and brecciated albite diabase from
the drilled sill; 3* = average of diabases (Le Maitre 1976); 4 = average of homogeneous mafic lavas; 5* = average of
basalts (Le Maitre 1976); 6% = average of tholeiites (Le Maitre 1976); 7 = average of visibly unaltered samples from an
intermediate flow; 8 = a fracture rich in epidote and amphibole, same flow as in 7; 9 = visibly bleached (strongly albitized)
country rock of epidote-amphibole fracture, same flow as in 7; 10 = core of a pillow with some epidote fractures; 11 =
visibly bleached (strongly albitized) outer part of a pillow, same flow as in 10; 12 = pillow selvage rich in epidote and amp-
hibole, same flow as in 10—11; 13 = massive intermediate lavas with albite-rich veins; 14* = average of andesites (Le Mait-
re 1976); 15 = average of quartz-keratophyres; 16 = keratophyre; 17* = average of rhyolites (Le Maitre 1976); 18* =
average of rhyodacites (Le Maitre 1976); 19 = average of homogeneous felsic tuffs; 20 = average of intermediate biotite-
rich tuffs; 21 = pyrophyllite-rich tuff or tuffite; 22 = bleached fracture in 21; 23 = biotite-rich tuff or tuffite; 24 = bleac-
hed fracture in 23.

compiled in Table 1. The chemical trends of al-  secondary alterations reflecting albitization of the

teration are shown in Table 2.

In brief, all the volcanic rock types of the
greenstone complex at Palovaara are character-
ized by high concentrations of Na and low con-
centrations of K and Mn. This feature, which is
atypical of primary igneous rocks, is due to

primary more calcic plagioclase and replacement
of the primary mafic minerals by secondary
minerals.

The lavas and the albite diabases were further
enriched in Si, Ti, Al and Na and depleted in Fe
(tot.), Mg, Mn, Ca and K at the same time as



123

Table 2. Qualitative changes in the chemical compositions of different rock types at Palovaara, as deduced from the chemi-

cal analyses.
Lavas Albite Kerat- Tuffs/
; ; - diabases ophyres tuffites
mafic intermediate
1 1 2 3 1 2 1 1 2
Sio, + + + —_—— + + 0 0 +
TiO, 0 + + + 0 + 0 0 0
AlO, — 0 + + 0 + + 0 —
Fe,0;* 0 — — + + 0 —_— — 0 —
MgO 0 0 — + 0 — 0 0 0
MnO —_— —_ — + —_— — _— — +
CaO 0 0 — + + 0 — 0 0 0
Na,O + + + + + —_— i + + + + + +
K,O — — — 0 —_— 0 = e =

1 = least altered; 2 = strongly albitized (visibly bleached); 3 = patches or fractures and interpillow matrix rich in epid + amph

0 = no essential or systematic change, or change not known; + = increases or tends to increase; + + = clearly increases;
— = decreases or tends to decrease; —— = clearly decreases

albitization (bleaching) was intensified. As a
result, not only was the more calcic plagioclase
converted into albite but also new albite was in-
troduced into the rocks or, alternatively, most of
the constituents other than albite were removed.
The bleached fractures in the tuffs and tuffites
show other types of alteration. They are strong-
ly depleted in Fe (tot.), K and Al relative to the
homogeneous wall rock, mainly owing to losses
in mafic minerals.

Relative to the host rock, the dark-coloured
ultramafic parts of the intermediate lavas are en-
riched in Ti and Al and particularly in Fe (tot.)
and Ca, and depleted in Si and Na. Though not
proved by chemical assays, similar chemical
trends are to be expected from the epidote-amphi-
bole dominant fractures and bodies in albite di-
abases, too.

The exceptional K-enrichment in the ultramafic
cumulate of the albite diabases is obviously due
to a K-metasomatic event that was responsible
for biotitization of amphiboles. A similar,
though less distinct, K-enrichment is also evident
in the albitized zone at 43—59 m in the drilled
sill (see Fig. 4), where biotite, predominantly con-
fined to fractures, is younger than albite. This
suggests that the K-metasomatic event postdat-

ed the pervasive Na-metasomatism (albitization)
of the rocks.

Conditions of alteration

The chemical composition of the rocks of the
study area, high Na and low K, together with
characteristic rock types and low-grade mineral
assemblages, are all features diagnostic to spilites
and the spilite-keratophyre association (de la
Roche et al. 1974, Fiala 1974). According to the
present view (e.g. Large 1977, Spooner et al.
1977, Munha and Kerrich 1980, Staudigel at al.
1981, Sivell and Waterhouse 1984, Alt and Hon-
norez 1984, Alt et al. 1986) a spilite-keratophyre
association is produced by a reaction between
seawater and rocks under hydrothermal condi-
tions. Geologically speaking, these reactions take
place in a short time interval after the deposition
of the rocks (probably less than 10 Ma, e.g.
Staudigel et al. 1981, Ito and Andersson 1983).
The depletion in Mn has also often been attribut-
ed to alteration caused by seawater-derived
hydrothermal fluids (e.g. Hajash and Chandler
1981, Lagerblad and Gorbatschev 1985).

Application of the principle of seafloor
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metasomatism to Palovaara implies that region-
al metamorphism had but a minor, if any, effect
on the rock geochemistry and only adjusted the
mineralogy to the metamorphic conditions of epi-
dote-amphibolite facies. It also implies that the
interval between the intrusion of albite diabases
and the effusive phase of the greenstone complex
cannot have been very long. This concept is sup-
ported by the setup in the Kiruna area, where an
albite diabase sill of the lower part of the Kiru-
na greenstone group (stratigraphically correlat-
ed to the Palovaara greenstones) shows a crys-
tallization age of 2.2 Ga, which is close to the
depositional age of the volcanics (Skiold 1986).

Several variables, partly still unspecified, con-
trol hydrothermal reactions in seafloor condi-
tions. However, recent experimental studies in-
dicate that the water/rock ratio (w/r) is one of
the basic factors in the system (e.g. Seyfried and
Bischoff 1977, Mottl and Holland 1978, Edmond
et al. 1979, Hajash and Chandler 1981, Janecky
and Seyfried 1983, Reed 1983). The variation in
w/r ratios results in different mineral assem-
blages. Most sensitive to high w/r ratios are the
porous and permeable portions of a volcanic pile,
such as a matrix of pillows, breccias, fractures
and so on. Massive lavas and subvolcanic intru-
sions are characterized by much lower w/r ratios
and, hence, by different mineral assemblages.
Figure 7 illustrates the secondary assemblages in
mafic rocks demonstrated by experimental
studies. The dominant metamorphic assemblages
of the lavas and albite diabases at Palovaara are
marked in the same figure.

At Palovaara, the clearest manifestations of
seawater-rock interactions are the inter-pillow
matrices in andesitic lavas. Experimental studies
and observations on natural samples from the sea
floor show that basaltic rocks alter to ultramaf-
ic rocks under high w/r conditions. The inter-
pillow material at Palovaara is mainly composed
of amphibole or amphibole * pidote. The amphi-
bole is clearly metamorphic after chlorite, which
was the original hydrothermal mineral. These as-
semblages correspond to w/r ratios in excess of

30 and 30—12, respectively, provided that the
conditions are comparable with those in the ex-
perimental studies (Fig. 7). The dark fractures
and schlieren elsewhere in intermediate and mafic
rocks can also be interpreted as the combined
products of hydrothermal alteration under high
w/r ratio conditions and later regional metamor-
phism.

The dominant mineral assemblage in both
massive lavas and albite diabases is albite + am-
phibole + epidote + magnetite, corresponding
to low w/r ratios (in Fig. 7 clearly less than 12,
at which albite begins to form). If these rocks are
altered in a w/r system, a diffusion of fluids
through large masses of rocks is implied. Cor-
responding findings from Na-enriched Precam-
brian volcanics have been reported by Lagerblad
and Gorbatschev (1985). The absence of chlorite
from the massive rocks at Palovaara may be due
either to metamorphism or to the fact that the
very low w/r did not allow chlorite to form in
the massive lavas and albite diabases.

The chemical compositions in Table 1 show
that in relation to corresponding unaltered com-
positions, the lavas are clearly more thoroughly
altered than diabases. This suggests that the w/r
ratio in the diabases was lower than that in the
lavas.

The total absence of epidote from one mafic
massive flow indicates a high w/r ratio. Yet the
high Na and Si of this flow suggest the opposite.
This contradiction can be resolved in one of two
ways: either chemical and mineralogical balance
between the hydrothermal fluids and the lavas
was never achieved or the CO, content of the
hydrothermal fluids was high enough to prevent
epidote from forming (Winkler 1979), even if the
w/r ratio had been high enough for epidote to
form. The latter explanation seems the more
plausible because the carbonate content of this
flow is higher than in the other flows. The pres-
ence of rutile instead of sphene also supports this
interpretation (Hunt and Kerrick 1977).

If the inter-pillow matrix and related secondary
ultramafic assemblages are hydrothermal in ori-
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Fig. 7. Minerals formed in a reaction between basalt and sea water at varying water/rock (w/r) ratios under hydrothermal
conditions (T = 300 °C) (modified from Mottl and Holland 1978; Reed 1983). The approximate positions of the meta-
morphic assemblages from mafic and intermediate igneous rocks at Palovaara are outlined in the lower part of the diagram.

gin, then it is reasonable to assume that the
strongly albitized (bleached) haloes around them
were generated by the same processes. This would
indicate w/r conditions intermediate between
those in the ultramafic areas and those in mas-
sive rocks, i.e. a w/r ratio of about or slightly
less than 12. Similar conditions apparently
prevailed in the albite-rich veins and bleached
zones not connected with secondary ultramafic
assemblages. This interpretation is also supported
by the observations of Alt et al. (1986), who
described albitized haloes around fractures in
hydrothermally altered dykes of recent un-
metamorphosed oceanic crust.

The texture and chemical compositions of the
tuffs and tuffites, though somewhat modified by
chemical and epiclastic deposition, clearly indi-
cate that they, too, were altered by w/r reactions.
The permeability of these rocks and the temper-
ature of the metasomatizing fluids may have
differed from those in magmatic rock types; the
absolute w/r ratios may also have been quite
different. We can conclude that the bleached
fractures in these rocks are due to a w/r ratio that

4

was higher than that in the homogeneous host
rocks.

Finally, the increase in K seen in some sam-
ples was shown to postdate the albitization, i.e.
the Na-metasomatism of the volcanic pile at
Palovaara. The cause of the K-metasomatism is
not known but it may well be a part of the same
hydrothermal system that gave rise to the Na-
metasomatism. This would imply a decrease in
temperature and/or pH of the metasomatizing
hydrothermal fluids, as demonstrated by Mun-
ha et al. (1980), Hajash and Chandler (1981) and
Urabe and Scott (1983).

Conclusion

The lower part of the early Proterozoic green-
stone complex at Palovaara in Enontekid, north-
western Finland, comprises a quartzite formation
overlain by felsic and intermediate tuffs and
tuffites with some predominantly intermediate
lava flows. The pile is intruded by numerous sills
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of albite diabase and finally by some minor ker-
atophyric dykes.

The lithology and geochemistry of the rocks
are similar to those of the spilite-keratophyre as-
sociation and provide evidence that the rocks
were thoroughly altered by postcrystallization
processes.

Geochemically, all the rock types, including the
extrusive and subvolcanic varieties, are greatly
enriched in Na and depleted in K and Mn. The
alteration resembles that observed in recent sub-
marine volcanics, whose mineralogy is largely
governed by the water/rock ratio during altera-
tion. Subsequent regional metamorphism had
only a minor, if any, effect on the geochemistry
of the rocks but adjusted the mineralogy to the
conditions of epidote-amphibolite facies.
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