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The 2750 Ma Late Archean Hattu schist belt in eastern Finland consists of
supracrustal rocks dominated by sediments, with lesser amounts of komatiites,
tholeiitic basalts and calc-alkaline rocks all intruded by typical Archean
tonalite-trondhjemite-granodiorite series (TTG) rocks. Metamorphic condi-
tions following accretion of the schist belt reached upper greenschist, lower
amphibolite conditions with maximum temperatures estimated at 550 + 50 °C.

The Hattu schist belt volcanics can be divided into komatiites, tholeiites,
low-Ti tholeiites that show some characteristics of calc-alkaline basalts, and
andesites/dacites. Crystal fractionation models suggest the tholeiites were
dominated by olivine + chromite + clinopyroxene * plagioclase removal and
the low-Ti tholeiites by clinopyroxene + olivine + magnetite removal. Several
members of the low-Ti tholeiite group may be parental magmas to the
andesites and dacites whereas the tholeiite fractionation trend projects away
from the more evolved volcanics. REE profiles of the Hattu schist belt basalts
are mostly typical of Archean basalts and discriminant diagrams suggest that
these basalts are either island arc- or continental arc-derived. Negative Ta, Nb
and Ti anomalies in the andesites and dacites suggest they are also arc-related
magmas.

The TTG series granitoids intruding to the Hattu schist belt show a relatively
smallrange in composition. Feldspar porphyry dikes that are found throughout
the belt can only be distinguished from the plutonic rocks by the absence of
negative Eu anomalies. This suggests plagioclase accumulation in the plutons
subsequent to intrusion.

Metagraywackes in the Hattu schist belt are mostly andesitic to dacitic in
composition although some basaltic andesite compositions apparently reflect
a large amount of locally derived basaltic detritus. The metagraywackes with
<65 weight % SiO, overlap in composition with the volcanics whereas a large
group of samples with greater than 65 weight % SiO, have no intrusive or
volcanic equivalents in terms of TiO,, Fe,O,, MgO or Cr, Ni, V, Sc. Rather
than calling on a missing felsic component rich in compatible elements, we
suggest some sedimentary process enriched these elements in the sedimentary
sequence, which we suspect was mostly locally derived.

Sr isotopes on the Kuittila tonalite give a poorly constrained isochron of
2789 £ 290 Ma with a Sr, = 0.70146 + 0.0009. Nd isotopes from 14 samples
of the tonalite intrusives give €,,(2750 Ma) of +0.9 to +2.1 and T, model
ages ca. 2800 Ma. In contrast, 3 Silvevaara Granodiorite samples have lower
€,,(2750) from -0.4 to -2.1 and older T, ages near 3.0 Ga. Nd data from the
volcanics include an amphibolite from Tiittalanvaara with an €,,(2750) of
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+1.3, close to what is expected for model mantle, whereas a pillow basalt from
Poikopiid gives an g,(2750) -6 which could represent Proterozoic Sm/Nd
resetting. Other volcanic samples include a meta-andesite with a low
£,,(2750) of -2.4 and a metadacite with an g, (2750) of +1.7. Nd isotopic data
on 3 metagraywackes give € (2750 Ma) values slightly more negative than the
intrusives (-0.6 to +1.2). However, taken as a whole, the bulk of the isotopic
data argue against a significant older crustal component in the source of the
Hattu schist belt magmas or metagraywackes.
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INTRODUCTION

The Archean Hattu schist belt represents the sed-
iment-dominated, easterly, N-S trending arm of the
Ilomantsi Greenstone Belt (Fig. 1). Itis from this belt
that Archean gold mineralization from Fennoscandia
was first reported (Salminen and Hartikainen, 1986;
Nurmi et al., 1988). Because of similarities in age,
lithologies and mineralization type with Archean
gold provinces in Canada and Australia, an explora-
tion and research program at the Geological Survey
of Finland was initiated in 1986.

A considerable portion of the research effort of
this project has been oriented towards understanding
the structural and lithologic controls and physico-
chemical processes important in the precipitation of
the Hattu schist belt gold mineralization. Most of the
contributions in this volume address these topics and
include, for example, modeling of mass transfer
related to hydrothermal alteration of the rocks in the
Hattu schist belt (Bornhorst and Rasilainen, 1993,
this volume). The purpose of the present paper is
instead to characterize host rocks unaffected by the
mineralizing hydrothermal fluids and is complemen-
tary to Sorjonen-Ward (1993, this volume) which
describes, in detail, the Hattu schist belt stratigraphy,
rock types and map unit field relationships. Our goal
here is to describe the magmatic evolution, sediment
provenance and geochemical signatures relevant to
identifying sources of the schist belt rocks and through
isotopic analysis determine if crust significantly older
than 2.75 Ga was important.
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GENERAL GEOLOGY

Supracrustal lithostratigraphy and volcanism

Lithologies of the Hattu schist belt are dominated
by felsic volcanics, volcanogenic sediments and thick
graywacke sequences. Tholeiitic and komatiitic flows
are generally restricted to a few horizons within this
sedimentary package and intermediate volcanic and
volcaniclastic material are not abundant. No
depositional substrate to the sequence has been iden-
tified, although it is possible that mafic rocks in the
southeast of the study area represent basement.

Stratigraphic sequences are discussed in detail in
Sorjonen-Ward (1993, this volume). In brief, the
northern Hattu schist belt sequence begins with feld-
spathic graywackes of turbidite origin and coarse-
clastic deposits of the Sivakkojoki Formation inter-
calated with sporadic tholeiitic basalt flows and
porphyritic andesite. The succeeding Hosko and
Kuljunki Formations contain turbidites in their lower
parts but consist predominantly of coarse-clastic

deposits with some felsic pyroclastics. Near
Hattuvaara a persistent but thin mafic horizon marks
the base of the conglomerate-dominated
Tiittalanvaara Formation which passes upwards via
Fe-rich chemogenic sediments into the mafic and
ultramafic Pampalo Formation. In this formation,
massive tholeiitic flows and breccias, and komatiite
flows withrare relict cumulus features and brecciated
flow tops are overlain by a thick, poorly exposed and
undifferentiated sequence of graywackes.

In the southern part of the schist belt, turbiditic
sediments appear to overlie the low rank banded iron
formations of the Ukkolanvaara Formation. The
Ruukinpohja Formation, not sampled for this study,
may represent the lowest exposed unit in the schist
belt and comprises thick massive and pillowed mafic
lavas abruptly overlain by feldspathic clastic depos-
its and turbidites.

Intrusive granitoids and associated porphyry dikes

Granitoids intruding the Hattu schist belt can be
classified independently of geochemistry, using a
combination of mineralogy, texture, geophysical sig-
natures and isotopic age data. No evidence has been
found to indicate that any of the presently studied
granitoids predate deformation of the Hattu schist
belt sediments, nor has it been possible to establish
relative intrusive relationships, because granitoids
form discrete plutons in contact with schist belt rocks
rather than each other.

The Silvevaara Granodiorite is the largest pluton
intruding the Hattu schist belt, and effectively de-
fines its western margin. It has a strong magnetic
signature compared to other granitoids, probably due
to the presence of magnetite. The granodiorite com-
monly contains hornblende, and in a few places
pyroxene, within a medium-grained groundmass in-
terstitial to tabular and weakly oriented K-feldspar
phenocrysts. Ion-probe single-grain zircon studies
(Sorjonen-Ward and Claoué-Long 1993) indicate
the presence of xenocrystic zircons up to 3.19 Ga,
although most define a chord intercepting the
concordia at 275744 Ma, which is interpreted as the
age of emplacement of the pluton. No chemical
analyses of this intrusion are available at present, but
the results of Sm-Nd isotopic studies will be present-
edand discussed below. Plagioclase porphyritic dikes,
whose origin and interpretation is contentious, due to
anomalously old ages (Vaasjoki et al., 1993, this
volume), intrude country rocks close to the western

margin of the Silvevaara Granodiorite, but it is not
clear whether they are consanguinous.

The Kuittila Tonalite (= Tonalite 1) and Tasanvaara
Tonalite (= Tonalite 2) are both medium-grained
foliated biotite tonalites containing very few en-
claves of any kind, and belong to a group of lenticular
intrusions that can be traced along the entire Hattu
schist belt. Both plutons appear to have been intruded
during active regional deformation in similar struc-
tural settings and have similar U-Pb zircon isotopic
ages. The Tasanvaara Tonalite age is more precise,
at 2748+6 Ma, compared to 274511 Ma for the
Kuittila Tonalite (Vaasjokietal., 1993, this volume).
Therefore, on the basis of field characteristics and
petrography, some chemical similarity between the
two intrusions might be anticipated. Numerous
porphyritic tonalite dikes containing phenocrysts of
quartz and oscilliatory zoned plagioclase occur along
the western margin of the Kuittila Tonalite, although
mutual intrusive relations have not been established.
One of these dikes does however reveal an age of
2756+6 Ma which, at a 2 confidence level, overlaps
with the age of the tonalite. The central part of the
Kuittila Tonalite is a finer grained and more
leucocratic trondhjemitic lithology but because of
poor exposure it is difficult to establish whether this
is a gradational or sharp contact. The Viluvaara
Granodiorite (= Tonalite 3) forms the eastern bound-
ary of the central segment of the Hattu schist belt and
is characteristically medium-grained, with tabular
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K-feldspar phenocrysts up to 3-4 ¢cm in size, except
at the margin, where K-feldpsar phenocrysts are
lacking and the rock resembles the Kuittila and
Tasanvaara tonalites.

The Naarva Leucogranite is a tourmaline-rich
two-mica granite forming a discrete elongate pluton
along the northwestern margin of the schist belt. It
varies from aplitic to pegmatitic, with tourmaline

Age of Hattu

Detailed descriptions of all of the U-Pb zircon ages
measured from this belt are given in Vaasjoki et al.
(1993, this volume). In brief, the supracrustal vol-
canic and metasedimentary rocks have U-Pb zircon
ages from 2726 + 14 Ma (a Tiittalanvaara conglom-
erate porphyry clast) to 2859 + 50 Ma (a Poikopiid
crystal-lithic sediment). The latter apparently con-

rosettes up to 20 cm across and commonly displays
lithological banding due to variations in both grain
size and tourmaline abundance. In many places this
layering is folded with a geometry similar to that in
country-rock sediments, while enclaves record evi-
dence of earlier deformation. Therefore, although no
U-Pb isotopic data are available yet, the intrusion is
clearly syntectonic.

Schist Belt

tains some older inherited zircon. Two other supra-
crustal rocks give ages of 2754 + 6 Ma and 2744
+6Mawhile a Hattuvaara metagraywacke has an age
of 2761 £ 11 Ma. These data show that the bulk of the
volcanic and intrusive activity occurred at approxi-
mately 2750 Ma; the isotopic data are unable to
discriminate events with more precision.

Metamorphic Conditions

Mineral assemblages in the Hattu schist belt rocks
indicate prograde metamorphism reached upper
greenschist, lower amphibolite facies. The
metasediments are mostly mica schists containing
quartz + plagioclase + potassium feldspar + sericite
* biotite *+ chlorite + tourmaline. Several samples
contain andalusite pseudomorphs (now muscovite +
Kyanite) that possibly resulted from contact meta-
morphism associated with abundant tonalite-
granodiorite intrusions. Staurolite is not common
which may reflect a lack of aluminous compositions
rather than a lack of sufficient temperature. Garnet
occurs in more Fe-rich rocks and in some samples is
particularly rich in Mn. The garnet is commonly
associated with chlorite making it difficult to find

suitable samples for biotite - garnet geothermometry.
Temperatures calculated for seven samples with sta-
ble biotite - garnet grain boundaries give a range
from 490 °C to 640 °C depending on the solution
models used (Table 1). Removing outliers, and
taking into account the high Mn is some garnets, our
best estimates from these metagraywackes indicate a
temperature peak of 550 £ 50 °C.

All of the basalt samples have been converted to
hornblende + plagioclase assemblages rather than
chlorite-epidote-actinolite, consistent with T 500 °C
at 3-5 kb (Apted & Liou, 1983). Assemblage stabil-
ity is very dependent on CO, activity however, so
that at low CO,, which may be present in unaltered
parts of the schist belt, albite-actinolite hornblende

Table 1. Equilibration temperatures using garnet-biotite Fe/Mg partitioning from Hattu schist belt

metagraywackes.

Location Sample Number FS temp. °C PL temp. °C HS temp. °C
Korvilansuo R326/67C 484-536* 553-585 539-595
Muurinsuo PSW-1919-9 490-508* 557-568 550-572
Muurinsuo PSW-1919-8 481-506* 551-567 535-566
Iso Kivijérvi PGW89-2119 485-551 553-593 526-595
Kuljunki PGW90-2513 501-548 563-591 557-612
Enonsuo PSW90-2522 560-631 598-638 564-636
Pieni Kivijarvi PGW88-2108 514-572* 571-606 557-622

FS = Ferry and Spear, 1978; PL = Perchuck and Lavrenteva, 1983; HS = Hodges and Spear, 1982
*garnets with high Mn contents. These give low temperatures by the solution models of Ferry and
Spear (1978) because of the lack of a Mn correction.
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may be present in greenschist facies (Will et al.,
1990). Only rarely do relict phenocrysts appear to be
preserved in the basalts. In contrast, many of the
more felsic volcanics contain zoned feldspar
phenocrysts in a recrystallized biotite + feldspar +
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quartz matrix (these samples tend to appear much
less recrystallized in handsample than in thin sec-
tion). The intrusive rocks have the least growth of
metamorphic minerals, yet nearly all samples have
polygonal, recrystallized textures.

SAMPLING AND ANALYTICAL PROCEDURE

The Archean Hattu Schist belt rocks have been
subjected to a metamorphic event reaching lower
amphibolite facies, while isotopic evidence seems to
indicate another metamorphic overprint in some ar-
eas ca. 1.8 Ga (Kontinen, et al., 1992; O’Brien et al.,
1993, this volume). Additionally, large amounts of
hydrothermal fluids associated with Au mineraliza-
tion moved through major shear zones in the schist
belt (Bornhorst and Rasilainen, 1993, this volume).
This widespread hydrothermal activity caused retro-
gressive alteration characterized by chlorite-musco-
vite-biotite-albite-epidote-carbonate assemblages
(Nurmi et al., 1993, this volume). For these reasons,
caution must be used when interpreting geochemical
data from these rocks. The Hattu schist belt samples
were selected from a larger set of outcrop and drill-
core samples and represent the extended type set of
Bornhorst et al.(1993, this volume). Only samples
from outside prospect areas (thus avoiding areas
most affected by hydrothermal alteration) and sam-
ples that did not contain visible alteration or miner-
alization were used. Geochemical screens were then
applied to this subset to remove obviously altered
samples. Elements thatact as markers of hydrothermal
alteration in the Hattu schist belt include boron,
tungsten, molybdenum, tellurium, silver and gold
(Bornhorst and Rasilainen, 1993, this volume). All
samples with anomalous values of these elements
were excluded from diagrams and discussions. Fur-
thermore, throughout the following discussions, our
emphasis will be on the less mobile elements (e.g.,
transition elements like Ni & Cr, and major elements
Fe, Ti, Al) to minimize the effects of hydrothermal
alteration that seems to be present to some extent in
nearly all of the Hattu schist belt samples.

Although a large data set was used in this study,
213 samples before geochemical screening, it is
difficult to be absolutely sure that the sample popu-
lation is proportional to the volume of each of the
rock types in the Hattu schist belt. The volcanics
sample population is dominated by mafic/ultramafic
and felsic compositions. Intermediate volcanics are
not abundant in the sample population and we be-
lieve they are relatively sparse in the stratigraphic
section. Metagraywackes are abundantin the sample

set reflecting their predominance in the field. Most
of these are intermediate in composition between the
mafic volcanics and the felsic volcanics/intrusives.
The proportion of intrusive rocks in the sample set
roughly correlates to their areal distribution in the
field and are tonalite, granodiorite or trondhjemite in
composition.

Major and trace compositions of the Hattu schist
belt extended type samples are given in the appendix
(available in spreadsheet format from the senior
author). Samples are designated in most cases by
their field sample number (e.g., HJO-88-32) or, in
the case of the volcanics, a short label is used (e.g.,
V10) to allow clarity in the diagrams. Major and
trace elements for the data set were analyzed by
various analytical techniques at XRAL laboratories,
Canada. Details of sample preparation methods,
analytical techniques used for each element, analyt-
ical errors and appropriate detection limits are given
in Bornhorst et al. (1993, this volume). Some obvi-
ous problems with the data set include rather large
analytical errors for rare earth elements at low abun-
dance levels. This limits the usefulness of these
elements particularly for the komatiites.

Isotopic analyses of Sr and Nd were made at the
Unit for Isotope Geology, Geological Survey of
Finland. 150-300 mg of sample powder was dis-
solved in teflon-lined bombs using a HF - HNO,
mixture. Following evaporation the samples were
brought to dryness again as chloride salts, and
redissolvedin 1.5 N HCI. This solution was aliquoted
for spiking by isotopic tracer solutions. In the older
set of samples, the REE fraction was collected from
the primary chromatography columns and Nd and
Sm were separated in methanol-based solutions
(Huhma, 1986). For the newer set of samples, Sr and
Rb fractions were collected from the primary col-
umns as well as the REE fraction. Nd and Sm were
separated using dilute HCl in HDEHP teflon col-
umns (Richard et al., 1976). The isotopic composi-
tions of Sr (+ Rb in spiked samples) and Nd (+ Smin
spiked samples) were measured on a VG sector 54
thermal emission mass spectrometer at the Geologi-
cal Survey of Finland. Relevant normalization fac-
tors and results from standards are given in Tables 2
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and 3. The Rb and Sr isotope dilution concentration
data presented here are preliminary because of diffi-
culties with attaining absolutely complete sample
dissolution and development of new isotope dilution

spikes’and mass spectrometer techniques. They are,
nevertheless, considerably more accurate than the
XRF values reported in the appendix.

GEOCHEMISTRY OF VOLCANICS

Major and compatible trace elements of volcanics

As an additional geochemical screen to discern
altered volcanic type samples, the data are plotted in
total alkali vs. SiO, (TAS, Fig. 2). The bulk of
samples plot below the line demarcating typical calc-
alkaline from alkaline rock types and cluster into two
major groups, basalts and dacites. Even though all of
the type samples were taken from nonprospect areas
and no alteration is discernible in hand sample, each
of the samples in Fig. 2 with high K.O + Na O is from
the vicinity of a known alteration zone. We have
therefore chosen to exclude all of the volcanic sam-
ples with unusually high K O + Na,O, assuming that
they represent altered magma compositions.

The least altered Hattu schist belt volcanics re-
maining after geochemical screening are plotted in
AL O, - FeO+Fe O,+TiO, - MgO (cation %, Fig. 3).
The e]ements comprlsmg ' this diagram are relatively
immobile (Jensen, 1976), and therefore give a rea-
sonably true picture of the magma compositions that
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Fig. 2. Total alkali (Na,O + K,O) - SiO, for the Hattu schist belt

volcanic rocks. The fields are those from Le Bas et al, 1986. BAS=low
K basalt, AND=andesite, DAC=Dacite, RHY=rhyolite. Samples with
unusually high Na,O + K,O are not used in subsequent diagrams and
discussions. _ _
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formed these rocks. Using the original designations
of Jensen (1976), three of the samples plot within the
field for peridotitic komatiites, five plot within the
field of komatiitic basalt and the remainder are
tholeiitic and calc-alkaline series rocks. Three of the
primitive samples (V8, V10, V11) plot very near the
komatiite - tholeiite divider. These three samples
represent the most primitive Hattu basalts and hence
most likely parental magmas of any proposed Hattu
schistbelt volcanic series. Six of the other basalts are
classified as Fe-tholeiites using the divisions of Fig.
3. The ten tholeiites with the highest combined Fe +
Ti in Fig. 3 have higher TiO, contents at a given
Fe Ozl lthan the remaining basalts (Fig. 4). These
higher TiO, contents are more typical of Archean
tholeiitic basalts in general (Condie, 1990). Based
on TiO, content, the basalts will be subdivided into
tholeiites (ten samples) and low-Ti tholeiites (six
samples) in subsequent discussions. Although there

FeO+Fe,0,+TiO,

Cation %

Volcanics

AlLO; MgO

Fig. 3. AL,O,- FeO+Fe,0 +TiO, - MgO diagram (after Jensen, 1976)
for the H mu schist belt \/olcamcs Abbreviations are as in Fig. 2.
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given for each of the volcanic rocks in the appendix.

18
Volcanics
.
ve2
o V21 .
. 1
o 1 M Vi3
>~ ¢ V25
%5 og,] 0V
g O
; S _oV11
N <& x - oV8
e X X o
'C—) - \\@\\0 X V10 L)
- \Qb\ A s
0.5} & ) *
5 YX ‘
X | Komatiite
X O Low-Ti Tholeiite ..
¢ Tholeiite
X Andesite/Dacite "
L ! I | I |
10 20 100 200 1000
Cr (ppm)

Fig. 6. TiO, - log Cr diagram for the Hattu schist belt volcanics. The
tholeiite trend projects away from the calc-alkaline rocks whereas the
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is some scatter, the low-Ti tholeiites are positioned at
the Fe-rich end of the calc-alkaline trend in Fig. 4 and
plot with calc-alkaline basalts V25 and V26. Sam-
ples forming the remainder of the calc-alkaline trend
in Fig. 4 are andesite to dacite in composition.
Given that these are five spatially related volcanic
rock types (komatiite, tholeiite, low-Ti tholeiite,
calc-alkaline basalt and andesite/rhyolite), fractional
crystallization schemes can be tested to determine if
these rock types are genetically related. For exam-
ple, with increasing TiO, in the tholeiites, Al,O,
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Fig. 5. ALO,-TiO, diagram for the Hattu schist belt volcanics. The
tholeiite fractionation path is from V13 to V22.

contents decrease very slightly (Fig. 5). This is con-
sistent with the fractionation of small amounts of an
aluminous mineral, the most likely in these magma
compositions being plagioclase. Slight negative Eu
anomalies in the samples which plot at the TiO,-rich
end of the tholeiite trend in Fig. 5 (e.g., V22) also
suggest small amounts of plagioclase removal (see
below). The low-Ti tholeiites are positioned at the
mafic end of the calc-alkaline trend which extends to
low TiO, contents at nearly constant AL,O,. This
array is consistent with fractional crystallization of
ilmenite or Ti-bearing magnetite without large
amounts of plagioclase. Consequently, we would
expect to see little or no negative Eu anomalies in the
andesites and dacites, as indeed is the case (see
below).

The tholeiites form a relatively well defined array
in TiO, versus log Cr (Fig. 6) with a variation in Cr
content from >350 ppm to <50 ppm. This continuous
array with increasing TiO, and rapidly decreasing Cr
content (note the log scale in Fig. 6) strongly sug-
gests fractionation that does not involve the removal
of magnetite or ilmenite. The separation of the
tholeiites from the komatiites is clear in this diagram.
However, the primitive basalts V8, V10and V11 plot
relatively close to the komatiite field and together
with the remaining low-Ti tholeiites are positioned at
the Cr-rich end of the calk-alkaline trend. The spread
of andesite and dacite compositions in Fig. 6 is
consistent with the fractional crystallization of both
a Cr-bearing mineral (e.g., clinopyroxene) and as
described above, ilmenite or magnetite.

Whereas the diagrams involving TiO, (Fig. 4-6)
show the tholeiite fractionation trend extending away
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Fig. 7 a. V versus SiO, b. Sc versus MgO diagram for the Hattu schist
belt volcanics.

from the low-T1i tholeiites and calc-alkaline basalts,
the elements V and Sc show the opposite (Figs. 7a &
7b). The least fractionated tholeiites (e.g., V13) have
very high V and Sc, and both elements decrease
toward the most evolved tholeiite (V22). All of this
occurs with only slight variation in MgO and SiO,
(Fig. 7). However, two tholeiites (V19 and V21)
have high Sc and V contents even though they are
relatively low in Cr (cf. Fig. 6). This requires that at
least some Cr depletion in the tholeiites was not
accompanied by Sc and V depletion and that the loss
of a mineral such as chromite also played an impor-
tantrole in the tholeiites. Clinopyroxene fractionation
alone or clinopyroxene + magnetite would produce a
sympathetic loss of Cr, Sc and V like that seen in the
andesites and dacites. As described above, signifi-
cant magnetite fractionation in the tholeiites is
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Ti tholeiites and appears to reflect the importance of chromite removal.

unlikely based on TiO, contents.

The importance of chromite fractionation in the
tholeiites is confirmed by Cr versus MgO (Fig. 8). Cr
contents drop off to very low values even though
MgO contents remain relatively high. In contrast,
the less dramatic depletion of Cr relative to MgO in
the low-Ti tholeiites suggests clinopyroxene
fractionation control rather than chromite. Similar
clinopyroxene-controlled fractionation trends would
also describe the range of komatiite compositions in
Cr-MgO (Fig. 8). The dacites have low Crand MgO
contents, as expected after considerable evolution
and mafic mineral removal.

Fractional crystallization of olivine is the most
likely mineral to have depleted Ni significantly over
a small range in MgO in the tholeiites and low-Ti
tholeiites. The komatiite Ni contents do not signifi-
cantly decrease over 20 wt.% MgO further confirm-
ing the dominance of clinopyroxene fractionation
and a lesser importance of olivine fractionation. The
andesites and dacites are distinctly separated in Fig.
9. The andesites have Ni concentrations as high as
many of the tholeiites and low-Ti tholeiites.

In summary the two tholeiite trends appear to have
been dominated by somewhat different fractionating
mineralogies. The tholeiites can be explained by
olivine + chromite clinopyroxene plagioclase re-
moval. The low-Ti tholeiite compositions are con-
sistent with the removal of clinopyroxene + olivine +
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The REE profiles of the Hattu schist belt komatiites
are unusual when compared with other komatiite
suites in the world. For example, the komatiites from
Kuhmo, Suomussalmi and Tipasjdrvi, 150 to 300 km
north of the Hattu schist belt, show arange in overall
REE enrichment, but all have flat or light rare earth
element (LREE) depleted profiles (Jahn et al., 1980).
In contrast, the few Hattu schist belt komatiites we
have analyzed have LREE-enriched patterns (Fig.
10a). Although this could be an extremely important
observation considering the importance placed on
the worldwide extent of depleted mantle sources by
Jahn et al. (1980), we believe instead that it is a
function of modification of the more mobile trace
elements in the Hattu schist belt komatiites. Concen-
trations of relatively mobile incompatible elements
such as Cs, Rb and Ba (see Fig. 12a, below) have
likewise been modified. Although a few samples
apparently show relict primary volcanoclastic fea-
tures (Sorjonen-Ward, 1993a, this volume) all are
recrystallized as serpentinites or talc schists. Inlight
of this evidence for alteration, we speculate that none
of the analyzed Hattu schist belt komatiites represent
original magma compositions in terms of rare earth
and incompatible elements.

Rare earth element concentrations and profiles of
the Hattu schist belt basaltic rocks are however, very
similar to basalts from Kuhmo, Suomussalmi and
Tipasjarvi. The REE profiles of these rocks have
been divided into two panels in Fig. 10 (b and c)
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magnetite without significant amounts of plagioclase.
The possibility of a magma series in the Hattu schist
belt is worth further testing. The data appear to be
more consistent with andesite evolution from mag-
mas like the more primitive low-Ti tholeiites (V8,
V10, V11)than magmas like the calc-alkaline basalts.

Fig. 9. Ni versus MgO wt.% for the Hattu schist belt volcanics. The
tholeiites and low-Ti tholeiites show considerable overlap whereas in
this diagram the andesites are clearly separated from the dacites.

elements of volcanics

according to profile type. Tholeiites and low-Ti
tholeiites with relatively flat REE profiles (Fig. 10b)
are primitive with MgO ranging from 8.8 to 6.5
weight % in the tholeiites and 10 to 6.6 weight % in
the low-Ti tholeiites. The low-Ti tholeiites have a
tendency to show slight LREE enrichment although
the profiles are not curved. The differences in LREE
enrichment are better presented in (La/Sm)_ - Sm
(Fig. 11) which shows that although there is overlap,
the low-Ti tholeiites have higher (La/Sm)  ata given
Smy (subscript N refers to chondrite normalized
value).

Basalts with LREE-enriched patterns include
tholeiites V15, V17 and V22 and low-Ti tholeiites
V8 and V24, and calc-alkaline basalt V25 (Fig. 10c).
The REE profiles and MgO contents of the three
tholeiites are very similar to more evolved samples
from the Tipasjirvi tholeiitic series reported by Jahn
et al. (1980). We interpret the slight negative Eu
anomalies in these three samples (Fig. 10c) to repre-
sent minor plagioclase fractionation rather than post-
magmatic alteration as suggested for some Archean
tholeiites (Sun and Nesbitt, 1977). The elevated
LREE profiles of basalts V24 and V25 (Fig. 10c)
cannot be the result of enrichment by fractional
crystallization of large amounts of REE-poor mafic
minerals because these two basalts have MgO con-
tents (6.9 and 5.6 weight %, respectively) similar to
several of the basalts with flat REE profiles. Low-Ti
tholeiite V8 is even more primitive (9.7 weight %

155



Geological Survey of Finland, Special Paper 17
Hugh O’Brien, Hannu Huhma and Peter Sorjonen-Ward

100

10

Dacites

Q
-6 .33
S 0-0O V38 O-0V36 Na—e— T4
o X=X V32 ©=0 V40
O 1 v-v V34 V-V V35 \a
; A=A V35 0—@ V39
8 1 L 1 1 1 1 1 1 1 L 1 1
o 100
R
. A=A N2T
>§5\ —0v28
\é ©=0 V30
20 \ s
ke g
10 F . 0%@?
Andesites s V%X
|
La Ce Pr Nd SmEu Gd Tb Dy Ho Er Yb
20
'/' O—-0 V10
X=X V11
vY-v V14
A=A V20
v
10 +

Rock / Chondrite
8o

100 F Ny
oL T~ MgO
\Q \ m-m\g 967
™~ 0=0 V24 685
- \ \ v-v V25 561
~Na—n o
20 + ~om oy
\-‘-
© 10 ¢
= Low-Ti Tholeiites
.2
! st L L 1 1 1 1
(@]
=
(@]
~ 100 r
A
O
(=]
o L
L I~y
20 | '\?iv\s
’ '§¥7')\
10 ’ Ty
Tholeiites
La Ce PrNd SmEuGd Tb Dy Ho Er Yb
i "§Q v-v V4
— A=A VD
20 + 0\'/53@ A 0-0V6
o | L NN o
=10t -§'\°\Q
_B / AN \O\o/\’\
S | LN A N
£ I N = N X
= L
8 x\/\l/ J
o 1
n—-m 1
0-0 V2 ”
Komatiites X=X V3
02 ! 1 1 1 1 1 1 1 L 1 1 1 1 L
La Ce PrNd SmEuGd Tb Dy Ho Er Yb

10 r
-m V2 v-v V18
. o—-0 V13 A=DV19
Tholeiites X=X V16  0O-0V21
5 1 1 L 1 1 1 1 1 1 1 1 1 1 1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb

Fig. 10. Chondrite-normalized rare earth element (REE) diagrams for the Hattu schist belt volcanics. a. komatiites b. tholeiites and low-Ti
tholeiites with flat REE patterns c. tholeiites and low-Ti tholeiites with enriched REE patterns d. intermediate e. evolved. Chondrite REE values

from Boynton, 1984.

MgO) yet is LREE-enriched.

The andesites and dacites have strongly fractionated
REE profiles (Fig. 10d) in accord with their evolved
compositions. However, the bulk of the dacite sam-
ples (MgO from 1.25 to 0.58 wt.%) have REE con-
centrations no higher than those of basalts V24 and
V25. This implies that either the dacites evolved
from basaltic parents of a different composition than
V24 and V25 or that a REE-rich phenocryst mineral,
forexample apatite, was important in their evolution.
Only one Hattu schist belt andesite or dacite has
HREE depletion characteristic of Archean granitoids
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and felsic volcanic rocks commonly seen in other
Archean greenstone belts (e.g., Martin, 1986; Condie,
1992).

Average incompatible trace element compositions
(mantle normalized) for each of the Hattu schist belt
volcanic rock types are plotted in Fig. 12a. The
average tholeiite and low-Ti tholeiite on this diagram
exclude the enriched samples depicted in Fig. 10c.
The two basalt groups and the komatiites show
redistribution of the more mobile elements (e.g., Cs,
Rb, Ba). Towards the right of Fig. 12a, considering
less mobile elements, the two tholeiite groups are
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Fig. 11. La/Sm - Sm (chondrite normalized) for the Hattu schist belt

tholeiites and low-Ti tholeiites compared to the field for MORB (Sun
and Nesbitt, 1977).
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very similar, although the low-Ti tholeiites are some-
what lower in Tb, Y, Yb, Lu and of course, Ti. As
expected, the profiles of the intermediate and evolved
rocks are elevated relative to the basalts except for
large negative Ta, Nb and Ti anomalies and low Y,
Yb and Lu. In Fig. 12b LREE-enriched, low-Ti
tholeiites V8 and V24 and calc-alkaline basalt V25
are compared with average tholeiites and low-Ti
tholeiites with flat-REE profiles. The enrichments in
incompatible elements of basalts V24 and V25 are
almost as high as those seen in the intermediate and
evolved rocks.

GEOCHEMISTRY OF INTRUSIVE ROCKS

Major and incompatible trace elements of intrusive rocks

The Hattu schist belt intrusive samples come from
three separate plutons, the Kuittila, Tasanvaara and
Viluvaara plutons. The Kuittila and Tasanvaara
plutons are dominated by tonalite, whereas the
Viluvaara pluton is mostly granodioritic with only a
rim of tonalite against the supracrustals (Fig. 1). To
illustrate the geochemical similarity of these intru-
sive rocks to the volcanics, the intrusive samples are
plotted in a total alkali vs. SiO, (TAS) diagram (Fig.
13). All but two samples plot below the line demar-
cating typical calc-alkaline from alkaline rock types.
As in the case for the volcanics, these two samples
have been removed from further discussion. The
intrusives cluster in the dacite and rhyolite
compositional fields, while the sample at low SiO,is
a metagabbro (amphibolite) probably related to the
basalts. Petrographically the bulk of the samples are
tonalites, minor granodiorites and trondhjemites. In
terms of normative feldspar composition (O’Connor,
1965), the bulk of the samples plotin the trondhjemite
field (Fig. 14) and in the granodiorite field of the
quartz-alkali feldspar-plagioclase diagram (Fig. 15;
LeMaitre, 1989).

K,O, Na,0 and AlO, of the intrusive samples
plotted against SiO, produce a cluster of data points
without any obvious trends (Fig. 16a). Many of the
least compatible trace elements, including Ba, Cs, L,
Pb, Rb, and Sr show a similar lack of correlation with
SiO,. In contrast, major elements, TiO,, Fe O,,
MgO, CaO, P,O, and compatible trace elements Co,

Cr, Ni, Sc, V all decrease linearly with increasing
SiO, from tonalite to granodiorite to trondhjemite
(Fig. 16b,c). Hf, Zr and the light and middle rare
earth elements also decrease with increasing SiO.,
most likely due to the fractional crystallization of
zircon and apatite, respectively. The very low P O,
contents of the most evolved rocks (Fig. 16¢) sug-
gests fractionation of a phosphate mineral (i. e.,
apatite and/or monazite).

Although the plots using SiO, (Fig. 16 a-c) can be
used to distinguish different rock types, none differ-
entiate the three plutons from each other. If, howev-
er, MgO is used on the abscissa as an index of
fractionation, some coherent correlations emerge.
Cr - MgO (Fig. 16d) and Ni - MgO (not shown)
exhibit two relatively continuous trends, with the
Kuittila tonalites comprising a distinctly higher Cr
(and Ni) group. The Kuittila tonalites can be further
subdivided into two groups separated at about 2 wt.
9% MgO, where there is a slight bend and gap in the
Cr - MgO trend (Fig. 16d). The Tasanvaara and
Viluvaara tonalites and the granodiorites and
trondhjemites from Kuittila represent the lower Cr
(and Ni) trend. Based on field relationships, it is
apparent that the central trondhjemite body of the
Kuittila pluton represents a separate intrusive phase.
These data suggest the possibility that the Kuittila
trondhjemites evolved from tonalitic magmas more
closely allied to the Tasanvaara pluton composi-
tions.
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Fig. 14. Normative feldspar compositions of the Hattu schist belt
intrusive rocks. After O’Connor, 1965.

The feldspar porphyry dikes cover the entire
compositional range of the intrusive rocks, but im-
portantly do not lie significantly outside this range.
One feldspar porphyry dike (P506/7.2, Fig. 16d)
plots at the primitive end of the tonalite trend and
may represent an initial Kuittila tonalite magma.
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Incompatible trace elements of intrusive rocks
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Fig. 17. Chondrite-normalized REE diagram for Hattu schist belt

intrusive rock averages. The Kuittila tonalite samples have been
divided into two types depending on MgO content.

Average Kuittila and Tasanvaara tonalites have
similar REE profile shapes and concentrations if the
most evolved tonalites are considered separately
(Fig. 17). The Tasanvaara samples, however, have

slightly higher HREE concentrations. REE concen-
trations in the Kuittila samples progressively de-
crease from tonalites to evolved tonalites to
trondhjemites, yet essentially the same REE profile
is maintained.  All three of the Kuittila profiles
exhibita negative Eu anomaly, suggesting some loss
of plagioclase before or during crystallization of the
plutons. The granodiorites, on the other hand, have
asteeper REE profile and do nothave the negative Eu
anomaly displayed by the tonalites.

The one distinction we can make between the
feldspar porphyry dikes and the tonalites is that the
dike rocks lack a negative Eu anomaly. This is
reasonable if the feldspar porphyry dike rocks repre-
sent initial magma compositions unaffected by crys-
tal accumulation effects and may indicate that most
of the modification of the pluton rocks by crystal
accumulation (crystal growth on walls, or crystal
settling) occurred after pluton emplacement.

The incompatible trace elements to the left of La
remain atessentially the same concentration through-
out the range of Kuittila pluton sample compositions
(Fig. 18, lower panel). An absence of enrichment of
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1985.

161



Geological Survey of Finland, Special Paper 17
Hugh O'Brien, Hannu Huhma and Peter Sorjonen-Ward

these normally highly incompatible elements with
increasing SiO, requires that appropriate minerals
(e.g., Ba, Srin alkali feldspar: Cs, Li, Rb in biotite or
muscovite; Sr, U, Th, Pb in zircon and apatite)
accumulated in sufficient quantities to maintain rough-
ly constant concentrations in all daughter magmas.
Incompatible elements to the right of La show de-

creasing concentration with decreasing MgO (except
Sr,Fig. 18). The decrease in concentration is consist-
ent with significant apatite and zircon fractional
crystallization as suggested by the P, O_data. Incom-
patible element concentrations of the porphyry dikes
are quite similar to those in the tonalites (Fig. 18, top
panel).

MAGMA SOURCES AND TECTONIC SETTING

Sr Isotopes

Whole rock Srisotope work was carried out on 9
samples from the Kuittila tonalite pluton. Srisotopic
analyses have not been done, to any extent, at the
Geological Survey of Finland for a number of years
because of the early recognition of problems associ-
ated with resetting of this isotopic system during
Proterozoic metamorphism in much of Finland (e.g.,
Wetherill et al., 1962).

Listed in Table 2 are the Sr, Rb concentrations, Sr
isotopic compositions and calculated uniform reser-
voir (UR) model ages for one feldspar porphyry dike,
three trondhjemite and five tonalite samples from the
Kuittila pluton. Fig. 19 presents the Kuittila ¥’ Sr/*Sr
- ¥Rb/**Sr data and an isochron calculated according
to the method of York (1969) using the program
ISOPLOT (Ludwig, 1988). The samples define an
isochron of 2789 + 290 Ma with an initial ¥’Sr/%Sr of
0.70146 £ 0.0009. The large error in the calculated
ageis due to the small spread in Rb/Sr, the probability
of some real scatter in initial ratios, the possibility of
some redistribution of Sr and Rb during upper
greenschist to lower amphibolite metamorphism and
the analytical difficulties mentioned above. Al-
though imprecise, this age compares well with the

0.75

Kuittila Pluton

0.4 0.6
8Rb/esr

Fig. 19. Rb - Srisochron for 9 Kuittila pluton whole-rock samples.
Slope of the line gives an age of 2790 + 290 Ma.

0 0.2

2750 Ma U-Pb zircon age from the pluton (Vaasjoki
etal., 1993, this volume). Calculated T . model ages
from these Srdata (mean of 2863 Ma, median of 2984
Ma) compare favorably to Kuittila Nd T, model

Table 2. Sr, Rb concentrations by isotope dilution and Sr isotopic compositions of samples {rom the Kuittila pluton,

Hattu schist belt.

Sample Rocktype Rb (ppm)  Sr (ppm) 87Rb/86Sr 873r/865y TUR*
P479/9.9 Granodiorite 74.23 916.5 0.23451 0.711135+7 2991
P476/2.6 Tonalite 112.1 398.8 0.81420 0.735448+6 2914
P560/7.2 Tonalite 81.9 765.8 0.30952 0.715450+7 3305
P486/12.5 Granodiorite 85.8 571.3 0.43505 0.718758+7 2785
P475/4.2 Tonalite 108.8 555.5 0.56708 0.723755+7 2739
P506/7.2 Feldspar Porph. 54.9 455.9 0.34888 0.715237+7 2774
P478/5.3 Granodiorite 108.1 564.2 0.55500 0.722744+6 2663
P561/7.2 Tonalite 88.6 607.3 0.42238 0.718431+7 2822
P544/7.8 Tonalite 88.8 598.2  0.42970 0.718483+7 2773

All isotopic ratios normalized to 865r/88Sr = 0.1194. Measurements of 87Sr/86Sr on National Bureau of Standards
SRM987 (n=33) during the period of sample analysis gave 0.710232+22 (2 o,;,). *TyR ages calculated using source

87Rb/86Sr = 0.0816, 87Sr/86Sr = 0.7045.
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ages given in the next section. These Sr model ages
do not allow a large amount of older crustal material
in the source of the Kuittila tonalite magma. Howev-
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er, because Sr model ages are particularly difficult to
interpret, we prefer to rely more on model ages
calculated from Nd data.

Nd isotopes

In addition to the 9 Kuittila samples described
above, 5 other intrusive rocks from within or at the
margin of the Hattu schist belt have been analyzed
for Nd isotopic composition and Nd, Sm concentra-
tions (Table 3). These samples include a felsic
porphyry dike from Kivisuo, an additional Kuittila
tonalite sample, a tonalite sample from the Tasanvaara
plutonand 2 granodiorite samples from the Silvevaara
pluton, intruded into the metasediments on the west-
ern edge of the Hattu schist belt. The small range in
Sm/Nd of this set of 14 samples does not allow an
isochron to be calculated. Instead, we must rely on
the interpretation of Nd model ages and € calculat-
ed for 2750 Ma, the best U-Pb zircon age estimate for

of open-system behavior of Nd and Sm. If Sm/Nd
fractionation occurred within the scale of the whole
rock samples, for example in the Proterozoic, then
any calculated Archean €, values are meaningless.

Therange ofe, (2750) forall of the intrusive rocks
from within the Hattu schist belt is small, from +0.9
to +2.1, and all have a T |, age close to 2.8 Ga. The
three Silvevaara granodiorite samples have instead,
lower g (2750) from -0.4 to -2.1 and older T,,, ages
near 3.0 Ga. A straightforward interpretation of T,
ages is that they represent the time at which large Sm/
Nd fractionation occurred during crust extraction
from the mantle, leaving behind a depleted mantle
residuum. The similarity of intrusion and T, ages

of the Kuittila and Tasanvaara tonalites and the
feldspar porphyry dikes strongly imply that there

these plutons (Vaasjoki et al., 1993, this volume).
Inherent in these calculated values is the possibility

Table 3. Nd, Sm concentrations by isotope dilution and Nd isotopic compositions of samples from the Hattu schist belt.

Sample Rocktype Sm  Nd(ppm) 47sm/l44Nd  IBNa/14Nd  eng2750) Tepur*  Toms
P479/9.9 Kuittila granodiorite 1.29 6.47 0.1200 0.511269+07 +0.5 2702 2892
P476/2.6 Kuittila tonalite 2.75 14.70 0.1126 0.511204+15 +1.8 2582 2773
P560/7.2 Kuittila tonalite 4.17 24.49 0.1024 0.511046+10 +2.3 2558 2734
P486/12.5 Kuittila granodiorite 1.19 6.25 0.1142 0.511217+07 +1.5 2608 2799
P475/4.2 Kuittila tonalite 2.66 14.73 0.1086 0.511045+06 +0.8 2675 2847
P506/7.2 Kuittila feld. porph. 3.19 17.85 0.1075 0.511040+10 +0.4 2710 2876
P478/5.3 Kuittila granodiorite 3.61 20.58 0.1054 0.511035+15 +1.1 2659 2827
P561/7.2 Kuittila tonalite 2.89 16.34 0.1066 0.511062+12 +1.2 2647 2820
P544/7.8 Kuittila tonalite 4.37 26.19 0.1004 0.511063+05 +3.4 2476 2659
A1095 Kivisuo feld. porph. 3.14 18.62 0.1019 0.510982+10 +1.2 2654 2818
A285 Kuittila tonalite 4.09 24.02 0.1029 0.511019+10 +1.6 2623 2795
A1094 Tasanvaara tonalite 4.69 25.30 0.1120 0.511148+10 +0.9 2672 2851
A284 Kelsimi granodiorite 5.96 32.40 0.1111 0.511054+10 -0.7 2810 2974
A339 Kelsimi granodiorite 3.51 19.51 0.1088 0.510983+10 -2.1 2931 3077
A339b Kelsima granodiorite 391 22.25 0.1064 0.510983+10 -0.4 2783 2942
M8603917 Poikapad mafic lava 321 9.79 0.1984 0.512305+22
duplicate 3.49 10.73 0.1964 0.512344+14
M8603967 Tiittalanvaara amphib. 1.63 4.49 0.2187 0.513108+10
A1038 Poikapiid meta-andesite 3.67 16.94 0.1311 0.511331+10 -2.4 3026 3201
duplicate 3.87 17.72 0.1320
A1039 Poikapad metadacite 3.07 18.30 0.1013 0.510996+11 +1.7 2615 2786
duplicate 3.15 18.80 0.1013
A221 Hattuvaara mica schist 3.94 22.39 0.1063 0.511060+10 +1.2 2652 2826
S18 Ukkolanvaara m. schist 2.11 10.02 0.1276 0.511422+14 +0.7 2676 2893
duplicate 2.05 9.75 0.1274
S20 Leppérinne mica schist 2.80 14.37 0.1176 0.511174+11 -0.6 2811 2986

All isotopic ratios normalized to 146Nd/144Nd = 0.7219. Measurements of 143Nd/144Nd on LaJolla (n=27) during the period of sample analysis gave
0.511851+11 (2 6. *TcyuR 2ges calculated using source 1475m/144Nd = 0.1967, 143Nd/144Nd = 0.512638. §TDM ages calculated using
eng(T)=0.25T2-3T+8.5.
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was not a significant contribution of older crust in
their sources. In contrast, the Silvevaara intrusion,
which is not internal to the Hattu schist belt, appar-
ently had a larger contribution of older crustal mate-
rial in its genesis.

Two mafic Hattu schist belt volcanic rocks that
could provide information on local mantle evolution
have also been analyzed for Nd isotopes. An
amphibolite from Tiittalanvaara has slightly deplet-
ed LREE and gives an g (2750) of +1.3, close to
what is expected for model mantle. In contrast, a
pillow basalt from Poikopéd has € (2750) ca. -6
(average for two dissolutions). This rather odd value
could represent Proterozoic Sm/Nd resetting, but

clearly, further work is necessary on mafic samples
from the schist belt.

The more evolved meta-andesite and crystal lithic
sediment (“metadacite”) (Table 3) from Poikopdi
are also problematic. The meta-andesite (U-Pb zir-
con age = 2754 Ma) has a low £ (2750) of -2.4
whereas, the sediment (U-Pb zircon age = 2860 Ma)
hasang (2750)of +1.7. If the older zircon age of the
sediment represents incorporation of older crustal
material, e.g. inherited older zircon cores, then it
should have ang (2750) lower than that of the meta-
andesite. The opposite is in fact the case, most likely
the result of Proterozoic resetting of the Nd isotopic
system.

Trace element discriminants

Primitive-mantle normalized incompatible element
patterns can be used as geochemical signatures char-
acteristic to the particular tectonic regime in which a
magma was formed. For example, mid-ocean ridge
basalts (Wood, 1979) typically have curved, con-
cave-down patterns with increasing concentrations
towards the least incompatible elements (those ele-
ments to the right in Fig 12), indicative of partial
melting of depleted mantle. However, itis important
to note that caution is necessary when applying these
diagrams to Archean rocks because of: 1. alteration
and redistribution of the relatively mobile incompat-
ible trace elements; 2. uncertainties whether present
day distinctive trace element signatures are relevant
to the Archean; 3. fractional crystallization in more
evolved samples may influence incompatible trace

Tholeite

FeO,/ MgO Wt %

Calc-Alkaline

50 50 60 65
Si0, wt %
2
Fig. 20. FeO, /MgO - SiO, for Hattu schist belt basalts. The basalts we
have termed tholeiite plot appropriately in the tholeiite field whereas

our low-Ti tholeiite group plots completely within the calc-alkaline
basalt field of this diagram. After Miyashiro, 1974.
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element profiles.

Condie (1990) has shown that almost all
Precambrian greenstone basalts have trace-element
characteristics similar to those of modern subduction-
related basalts and the elevated Cs, Rb and Ba in the
Hattu schist belt tholeiites are, to some extent, con-
sistent with this proposal. Itis certain, even given the
possibility of some incompatible trace element redis-
tribution in these basalts, thatthey are unlike MORB.
The distinctive Ta, Nb and Ti anomalies in basalts
V24 and V25 (Fig. 12) align these two samples
closely to subduction-produced basalts (e.g., Perfit
et al, 1981).

The tholeiites appear to represent a fractionation
series that is distinct from the other basalts and
clearly projects away from the more evolved calc-

FeO,,

Hattu Basalts

Tholeitic

Calc-Alkaline

Na,0 + K,0 MgO

Fig. 21. Na,0 + K,O - FeO,_ - MgO for Hattu schist belt basalts. Six
of nine low Ti tholeiites plot within the calc-alkaline field of this
diagram. After Irvine and Baragar, 1971.
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Fig. 22. MnO (x 10) - TiO, - P,O, (x 10) tectonic discriminant diagram
with the Hattu schist belt basalts containing 45 to 54 wt. % SiO, plotted.
Abbreviations are: IAT = island arc tholeiite, CAB = calc-alkaline
basalt, MORB = mid-ocean ridge basalt, OIT = ocean island tholeiite,
OIA = ocean island alkaline basalt. After Mullen, 1983.

alkaline rocks. On the other hand, several basalts,
eg., V10, V11, and V8 have major and compatible
trace element compositions that would be expected
of parental magmas of the calc-alkaline series rocks.
Several geochemical parameters suggest a calc-alka-
line affinity for the low-Ti tholeiites. For example,
all of the low-Ti tholeiites plot in the calc-alkaline
field of FeO/MgO - SiO, (Fig. 20) and many in the
calc-alkaline field of the familiar AFM diagram (Fig.
21). The tectonic discriminant plot of TiO, - MnO -
P O, however, places all of the basalts except V25 in
the island arc tholeiite field (Fig.22). Condie (1990)
has suggested that Archean greenstones are dominat-
ed by basalts typical of island arcs whereas Proterozoic
greenstone belts have greater amounts of calc-alka-
line basalts. The Hattu schist belt low-Ti tholeiites
have characteristics of both island arc tholeiites and
calc-alkaline basalts and together with the tholeiites
are distinct from mid-ocean ridge and within plate
basalts.

As expected, the profiles of the intermediate and
evolved rocks are elevated relative to the basalts
except for large negative Ta, Nb and Ti anomalies
and low Y, Yb and Lu. The negative Ta, Nb and Ti
anomalies are typical of subduction related magmas
(e.g., Perfit et al, 1981) while the Y, Yb and Lu
concentrations, although low, are not as depleted as
istypical for Archean felsic volcanics (Condie, 1992).

The Hattu schist belt internal granitoids have com-
positions similar to granitoids formed in volcanic arc
settings. For example, the discriminant log Rb - log
(Y+Nb) shows that the Hattu schist belt tonalite and
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Fig. 23. Log Rb - log (Y + Nb) tectonic discriminant diagram with the
Hattu schist belt intrusive rocks plotted. After Pearce et al., 1984.

trondhjemite compositions are within the field for
volcanic arc granitoids (Fig. 23). Our Nd isotopic
data are also consistent with an island arc environ-
ment as the dataindicate these granitoids were formed
as juvenile additions to the crust at approximately
2.75 Ga. Noevidence exists for significant contribu-
tion from older, previously stabilized crust. Howev-
er, the Nd data cannot be used to resolve the issue as
to whether these granitoids were extracted essential-
ly direct from melting of oceanic crust or by fraction-
al crystallization of mantle-derived basalts.

The Hattu tonalite-trondhjemite-granodiorite
(TTG) rocks have REE profiles generally similar to
those displayed by other Archean TTG suites (Mar-
tin, 1986) except for higher HREE than in typical
Archean tonalites (Condie, 1992). Very low HREE
and Y contents (1 to 4 times chondrites) in Archean
tonalite magmas have been suggested to reflect melt-
ing of metamorphosed, subducting oceanic crust
(eclogite) with large amounts of garnet and/or
amphibole preferentially retaining the HREE and Y
(Martin, 1986). Post-Archean tonalites, in contrast,
are suggested to be products of fractional crystalliza-
tion of basaltic magmas because of their distinctly
higher HREE and Y contents (6 to 15 times
chondrites). However, adakites are modern ana-
logues to the Archean TTG, have low HREE and Y,
and are apparently slab-derived tonalitic magmas
(Defant and Drummond, 1990).

A number of samples from our data set plot well
within the proposed Archean - Post-Archean tonalite
HREE and Y gap. Felsic volcanic rocks from the
Kuhmo greenstone belt, very similar to those de-
scribed here, have an even wider range of HREE
concentrations, from | to 15 times chondrites (Taipale,
1988). The significance of these Archean tonalitic
magmas with intermediate depletion of HREE in
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terms of their sources and the processes by which
they were generated is unclear. Perhaps both partial
melting of oceanic crust and fractional crystalliza-
tion from basaltic parent magmas generated the Finn-

ish greenstone belt tonalites. These data invite fur-
ther scrutiny of models which propose to distinguish
these processes based on extent of HREE (and Y)
depletion.

GEOCHEMISTRY OF METASEDIMENTS

Major and compatible trace elements of sediments

Asatool tocompare the metasediment and volcanic
rock compositions, the metasediment samples from
the Hattu schist belt extended type set are plotted in
the total alkali vs. SiO, (TAS) diagram (Fig. 24). The
metagraywackes cluster in the volcanic andesite and

20

Metasediments

Nazo + Kzo Wto/O
)

Si02 Wto/o

Fig. 24. Total alkali (Na,0 + K,0) - SiO, for Hattu schist belt
metasedimentary rocks. The metasediments at low SiO, are the Fe-
formation samples. The metagraywackes range from basaltic andesite
todacite in composition. Two labeled samples with high (Na,0 + K, 0O)
are discussed in the text. i i

dacite fields, while the metasediments at low silica
and KO + Na,O are the Fe-formation samples.
Although the latter, containing garnet - grunerite -
magnetite assemblages, are very interesting
mineralogically, they are nevertheless left out of
further discussions in this paper and remain an area
of future research.

In Fig. 25 data for the Hattu schist belt
metagraywackes, volcanics and intrusives have been
assembled for direct comparison. Because of similar
geochemical behavior among many of the elements
we will discuss, only TiO, - SiO, and Cr - SiO, are
shown in Fig. 25, but each of these are representative
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of a group of elements.

The metagraywackes have similar compositions
to the volcanic rocks including major elements TiO ,
Fe O, and MgO and compatible trace elements Cr,
Ni, Sc, and V at SiO2 between 65 and 56 wt. % (Fig.

Hattu Schist Belt

= Volcanics
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& Graywackes
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Fig. 25. a. TiO, versus SiO, b. Cr versus MgO diagram for Hattu schist
belt metagraywackes.  The large cluster of samples with > 65
wt. % Si0, have no Hattu schist belt volcanic or intrusive equivalents.



25a.b). At 56 wt. % SiO, the metagraywacke field
nearly intersects the compositional field of basalts.
This is exemplified by sample HIO-86-118, the most
primitive metasediment. It is not a true
metagraywacke because it has 13 wt. % MgO, and
probably represents very locally derived basaltic
epiclastic material or reworked pyroclastics. Be-
cause the lowest SiO, metagraywackes are basaltic
andesite in compositién, the TiO, (and Fe,O,, MgO)
- Si0, field for metagraywackes points directly to-
wards the main group of basalts, and implies that the
basalts represent one important source end member
for the sediments. A few metagraywackes at low
SiO, that plot towards the komatiites in TiO, (Fig.
25a; likewise for Fe O,, MgO) and Cr (Fig_. 25b;
likewise forNi, Sc, V) suggest some metagraywackes
contain a component of komatiites.

At levels of SiO, greater than 65 wt %, the intru-
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sive and felsic volcanic compositional fields con-
verge and the fields for volcanics and metagraywackes
diverge. Relative to the intrusives and felsic volcanics,
nearly all of the metagraywackes with higher SiO,
are enriched the major elements TiO,, FezOz and
MgO and compatible trace elements Cr, Ni, Sc, and
Vin (Fig. 25 a, b). The sediments that formed these
graywackes cannot be simple mixtures of basaltic
and felsic volcanogenic material because no appro-
priate felsic end member exists. There are also a few
metagraywackes that plotinto the intrusive and felsic
volcanic compositional field at levels of SiO, above
65 weight %. These metagraywackes, with MgO <
2 weight %, are indistinguishable from the intrusive
and felsic volcanics. This strongly suggests these
graywackes contain a large proportion of felsic vol-
canic material (?locally derived), or were even formed
of felsic volcanogenic epiclastic material.

Rare earth elements of metasediments

Of the total 54 metagraywacke samples analyzed
for REE, 48 of these can be divided into groups with
similar REE characteristics according to >3, between
2 and 3. and less than 2 weight % MgO. In Fig. 26,
only the high and low MgO groups have been plotted
for clarity but the samples intermediate in MgO
content have intermediate REE characteristics. The
higher MgO group has 35-77 times chondrites La,

Rock / Chondrite

200 r
100 r
20 | B4
10 b
U] MgO > 3% (n=25)
[D] MgO < 2% (n=11) Metagraywackes
2 L an gy = g

L

LaCe PrNd SmEuGdTbDyHo Er  YbLu
Fig. 26. Chondrite-normalized rare earth element (REE) diagrams for
Hattu Schist Belt metagraywackes. Three metagraywackes have
relatively flat-REE profiles and one sample is enriched in both LREE
and HREE. The REE fields for the higher MgO and lower MgO
metagraywacke groups pivot about the MREE. The intermediate MgO
metagraywacke group (not shown) have intermediate REE profiles.

7.8 - 11 times chondrites Yb, concave-up profiles
and, on average, small negative Eu anomalies. Three
outliers have relatively flat REE profiles (Fig. 26),
basaltic sample HJO-86-118 (13 wt. % MgO) and
two others HJO-86-115 and HJO-86-109 (4.5 and
3.8 wt. % MgO, respectively). These three samples
clearly have a large component of basaltic material.
The lower MgO group (< 2 weight % MgO) was

50
© wpsrr
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2<MgOWt% < 3
MgO < 2 wi%
=307
0
% al - Tonalite Average
< o0 e
m
XX X
X
L % X O
10 B HJO-B86-118 x & F, o
* HJO-86-115 S B C oge 0
X O
A HJO-86109 T Basalts
O 1 1 1 1 1 1
2 4 6 8 10 12
Yby

Fig. 27. La/Yb - Yb (chondrite normalized) for Hattu schist belt
metagraywackes. All three metagraywacke groups are plotted in this
diagram. Also plotted is the Kuittila tonalite average and the field for
the Hattu schist belt basalts. Several samples with unique La/Ybor Yb
(chondrite normalized) compositions are labeled and discussed in the
text.
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described above as containing a major felsic volcanic
component and shows REE profiles very similar to
the felsic volcanics and tonalites. These meta-
graywackes have 70 - 120 times chondrites La,
4.6 - 5.8 times chondrites Yb, less concave profiles
than the higher MgO group and, on average, more
pronounced negative Eu anomalies. Sample HJO-
86-106 is one exception to the pattern in that it has
elevated LREE and HREE.

Aplotof La/Yb - Yb (Fig.27) better displays the
differences among the metagraywacke groups. The
high and low MgO types are nearly completely
separated on this diagram, whereas the intermediate
group overlaps the end members considerably. The
overall trend is one of increasing (La/Yb)  with
decreasing Yb,, a result of concomitant LREE en-
richment and Yb depletion as indicated by the fields
pivoting about the MREE in Fig. 26. The
metagraywacke samples with < 2 weight % MgO
have La/Yb, and Yb, values that cluster around the
Hattu schist belt tonalite average (Fig. 27). The
higher MgO metagraywackes have Yb  values sim-

ilar to the Hattu schist belt basalts, with a tail extend-
ing off the main correlation trend to high Yb (Fig.
27). The three samples with relatively flat REE
profiles plot within the basalt field whereas the
remainder have (La/Yb) values two to five times
those of the basalts. Dilution of basaltic detritus with
LREE-enriched, low Yb material could explain the
shiftin (La/Yb) of the higher MgO metagraywackes
away from the basalt field even though they show a
range in Yb concentrations essentially the same as
that of the basalts.

The two samples with unique (La/Yb)  or Yb
values (Fig. 27) were also distinctive distinguished
by their unusually high KO + Na O in Fig. 19.
Sample K-87-30 has a very similar REE profile to the
granodiorites whereas sample KJP-87-77, which
contains abundant garnet, shows extreme REE en-
richment. None of the trace elements indicative of
hydrothermal alteration are abnormally high in these
two samples yet it is still likely they represent
sediments affected by some type of alteration effect.

Incompatible trace elements of metasediments

For the most part, incompatible trace elements of
the metasediments can not be distinguished from
those of the intermediate and felsic volcanics. In Fig.
28, using average values, the metagraywacke group

with >3 weight % MgO closely mimics the profile of
the intermediate volcanics (open symbols plotting
together) and likewise for the metagraywackes with
< 2 weight MgO and the felsic volcanics (filled

3 A
107 F .
Metagraywackes and Volcanics
AN
g q a—n Graywacke MgO > 3%
% A A—a Graywacke MgO < 2%
S \:\ o—o Intermediate Volcanic
10° ¢ N
O \A oA e—e [¢lsic Volcanic
> o,
= Tesg AL
= N
5 N
~ ‘ 2N\ —
1 O1 A\ Agg\
O o \!\-:;
O A
i o i
8—6=C
e
’I OO L 1 1 1 L 1 1 | 1 1 1 L 1 1 L 1 L L L 1 | 1

CsRbBaTh U K NbTalaCe Sr P Nd Zr Hf SmEu Ti Tb Y Yb Lu

Fig. 28. Primitive mantle-normalized incompatible element diagrams for Hattu schist belt meta-
graywacke (triangles) and volcanic (circles) averages. The higher MgO metagraywacke average has a
very similar profile to the intermediate volcanic average (open symbols plot together) and likewise for
the low MgO metagray wacke and felsic volcanic averages. Primitive mantle values are from McDonough

et al., 1985.
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symbols plotting together). However, this is not true
for all elements including, most notably, strontium.
This is due to the fact that several intermediate and
felsic volcanics have particularly high Sr contents,
then when averaged, produce a Sr spike in the pro-
files.

Although not plotted in Fig. 28 for the sake of
clarity, the metagraywackes with between 2 and 3
weight % MgO and SiO, > 65 weight % plot between
the two metagraywacke end members and therefore
have no incompatible trace element characteristics
that could distinguish them from the intermediate to
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felsic volcanics. This is in contrast to our earlier
observation that there are no volcanic equivalents to
the these metagraywackes in terms of TiO,, Fe,O,,
MgO, Cr, Ni, Sc, and V contents. Addltlonally, we
have suggested there is a significant basaltic compo-
nentin the sediments that formed the metagraywackes
with > 3 weight % MgO even though they have
incompatible trace element concentrations signifi-
cantly higher than those of the basalts (Fig. 12a).
Several possible solutions to this problem are dis-
cussed below.

Nd isotopes of Metasediments

The metasediments from within the Hattu schist
belthavee (2750) from-0.6 to+1.2, nota very large
range, but slightly lower than the range for the
intrusives These metasediments give model ages

(T,,) between 2986 t0 2826 Ma. The younger model
age comes from sample A221 (Table 3) from which
zircon separates provide a U-Pb upper intercept age

of 2761 = 11 Ma. All of these data imply that the
sediments that formed the metagraywackes and mica
schists had a relatively newly formed crust as their
major provenance. The igneous rocks of the Hattu
schist belt seem the most likely source of these
sediments.

Sediment provenance

The major question to be answered about the
metagraywackes is whether they are compositionally
similar to the Hattu schist belt volcanic and intrusive
rocks and therefore likely represent epiclastic mate-
rial internally derived, or whether they represent
mixtures with some detrital material from outside the
belt. The enrichment of TIO,, Fe O,  and MgO and
compatible trace elements Cr, Ni, S(. and V in the
Hattu schist belt metagraywackes relative to the
coexisting intrusive and extrusive igneous rocks,
especially at levels of SiO, > 65 weight %, point to a
compositional separation that is somewhat difficult
to explain. Relatively high concentrations of these
elements in Archean sedimentsis typical (Taylor and
McClennan, 1985). Elevated Cr, Ni and MgO could
represent a significant komatiite component as sug-
gested for the South African metasediments
(Wronkiewicz and Condie, 1987; 1989). However,
as we have pointed out, the TiO,, Fe,O,, V and Sc
correlations with Si0, (Fig. 20) do not pomt toward
a komatiite end member for the bulk of the Hattu
schist belt metagraywackes. Rather, concentrations
of these elements are consistent with basalts as one
end-member the metagraywackes.

Although the mafic end-member can be explained
by existing rocks, the felsic end-member is missing.
[t is possible that the bulk of the felsic volcanic
material from the belt was not preserved, but rather

eroded into the sedimentary column. Nevertheless,
itis unlikely that such felsic igneous rocks formed by
evolution along a normal calc-alkaline liquid-line-
of-descent could have contained such high concen-
trations of transition metals. The Nd data presented
above do not require any significant sedimentary
detritus from outside the Hattu schist belt.

Instead of a missing felsic component, there is the
possibly that some physical or chemical weathering
process enhances the transition elements in the
metagraywackes. Intense chemical weathering of
ultramafic rocks that preferentially enhance Cr and
Ni contents in Archean sediments has been suggest-
ed by Wronkiewicz and Condie (1989) and Wiggering
and Beukes (1990). By this process, very small
amounts of weathering products from komatiites
could affect the sediment transition elements greatly,
while having little dilutional effect on such elements
as SiO,. However, the low TiO,, Sc and V contents
of the ultramafic rocks we have analyzed cannot
explain the high concentrations of these elements in
the most of the Hattu schist belt metasedimentary
rocks. One other possible solution is that during
weathering of felsic volcanic rocks, magnetite and
possibly other heavy minerals were preferentially
removed to the sedimentary pile. This problem re-
mains unsolved.

169



Geological Survey of Finland, Special Paper 17
Hugh O’ Brien, Hannu Huhma and Peter Sorjonen-Ward

SUMMARY AND CONCLUSIONS

The Late Archean Hattu schist belt is approxi-
mately 2750 Ma old based on zircon U-Pb analyses.
Supracrustal rocks from the belt are dominated by
sediments, with lesser amounts of komatiites, basalts
and calc-alkaline rocks. Granitoids intruded into the
belt are typical Archean tonalite-trondhjemite-
granodiorite series rocks. Metamorphic conditions
following accretion of the schist belt reached upper
greenschist, lower amphibolite conditions. Our best
maximum temperature estimate is 550 £ 50 °C based
on garnet - biotite Fe/Mg geothermometry. This is
higher than metamorphic grades from many other
greenstone belts in Canada, South Africa and West-
ern Australia, but similar to metamorphic grades in
the Kuhmo greenstone belt 150 to 300 km to the north
of this study area (Jahn et al, 1980; Piirainen, 1988).

The Hattu schist belt volcanics can be divided into
komatiites, tholeiites, low-Ti tholeiites that show
some characteristics of calc-alkaline basalts, and
andesites/dacites. We have outlined a consistent
crystal fractionation model for the basalts, in which
the tholeiites were dominated by olivine + chromite
+ clinopyroxene * plagioclase removal and the low-
Ti tholeiites by clinopyroxene + olivine + magnetite
removal. Several members of the low-Ti tholeiite
group have compositions that could represent paren-
tal magmas to the andesites and dacites whereas the
tholeiite fractionation trend projects away from the
more evolved volcanics. Trace elements of the
komatiites have been modified, probably as a conse-
quence of hydrothermal alterations and/or metamor-
phism. The REE profiles of the Hattu schist belt
basalts are mostly typical of Archean basalts, al-
though several samples show considerable LREE-
enrichment. Discriminant diagrams suggest that the
basalts are either island arc- or continental arc-de-
rived. The andesites and dacites have negative Ta,
Nb and Ti anomalies characteristic of arc magmas.

The TTG series granitoids internal to the Hattu
schist belt show a relatively small range in composi-

tion, but the three main tonalite plutons can be
distinguished from each other by compatible trace
elements with MgO as an index of fractionation.
Feldspar porphyry dikes, found throughout the belt,
can only be distinguished chemically from the plu-
tonic rocks by the absence of a negative Eu anomaly.
This may be the result of plagioclase accumulation in
the plutons subsequent to intrusion and suggests the
dike-rocks may be close to initial tonalite magma
compositions.

Metagraywackes in the Hattu schist belt are most-
ly andesitic to dacitic in composition although some
basaltic andesite compositions apparently reflect a
large amount of locally derived basaltic detritus or
tuffaceous material. The metagraywackes with <65
weight % SiO, overlap in composition with the
volcanics whereas a large group of samples with
greater than 65 weight % SiO, have no intrusive or
volcanic equivalents in terms of TiO,, Fe, O,,MgOor
Cr,Ni, V, Sc. Incontrast, none of the metagraywackes
have incompatible trace elements (including REE
profiles) distinct from the volcanics and intrusives.
Rather than invoking a missing felsic component
rich in compatible elements, we suggest some sedi-
mentary process enriched these elements in the sed-
imentary sequence, which we suspect was mostly
locally derived.

Sr isotopes on the Kuittila tonalite give a poorly
constrained isochron of 2789 + 290 Ma with a Sr, =
0.70146 £ 0.0009. Nd isotopes of the intrusives give
€,,(2750 Ma) of 0.9 to 2.1 and T, model ages ca.
2800 Ma. Nd data from the volcanics are sparse and
give conflicting results in some cases. The
metagraywacke € (2750 Ma)values are slightly more
negative than the intrusives and volcanics (-0.6 to
+1.2). However, none of these isotopic data (except
possibly the Poikopdd basalt) suggest a significant
older crustal component in the source of the Hattu
schist belt magmas or metagraywackes.
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Appendix. Chemical composition of selected Hattu schist belt rocks, Ilomantsi
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Key for abbreviations:

UM = Ultramatfic rock

MAF = Mafic volcanic rock

ITUF = Intermediate tuff

PLITUF = Intermediate plagioclase-phyric flow
TAGL = Intermediate agglomerate

IVULK = Intermediate volcanic rock
PLITUF = Intermediate crystal tuff

PLPF = Felsic plagioclase porphyry dike
HLTUPF = Felsic lapilli tuff

PLHTUF = Felsic crystal tuff

PLHVUL = Felsic plagioclase-phyric volcanic
rock

HVUL = Felsic volcanic rock

HAGL = Felsic agglomerate

KVAFB = Quartz-bearing amphibolite
QPLPF = Quartz-plagioclase porphyry dike
TON = Tonalite

GRDR = Granodiorite

TRPF = Trondhjemite porphyry

GRYV = Graywacke - mica schist

LOL = Chlorite schist

FY = Phyllite

GRAKL = Garnet-bearing mica schist
FEMUO = Banded iron formation
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