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Greenstone volcanites of Middle Ordovician age from the Snasavam area of the Cencral
Sorwegian Caledomedes can be divided ineo two distinctive groups on the basis of their
geachemical parterns, The bulk of the lavas sampled are tholeiies of ocean Aoor affinity,
chough with 4 hint of transition towards within-plate features in some minor and rrace
clement contents. These OFB rocks are positioned scructuradly and steatigraphically above
the second group of greenstone lavas which are basales of cale-alkaline chemical characeer,
The CAB lavas are, in turn, steatigraphically underlain by the Sndsa limestone which
contains & vaned fauna of Lower to Middle Ordovician age. Regional-geological,
bioseratigraphic and valcanire-geochemical considerations pinpoint similarices berween
the palacorectonic situations for the Sndsavam volcanosedimentary assemblage and char
teom rhe 1sland of Smela some 200 km along strike o the southwese. The influx of OFB
volcanices at Sndsavarn, however, is not recorded on Smela. This upward rransition to
more primicive tholeiitic basales is chought to relate to a subducton zone and arc
migration, with 006N ACCIErion pOCUrTing 0 an excensional, back-ard marginal basin
SELCing,

D). Roberts, Norges geologivke underiokele, Portboks 3006, N=T7001 Trondbein, Norwsy

Introduction

Studies of the geochemical character of Lower Palagozoic basalric and andesiric
greenstones over the past decade have provided valuable contributions to
Caledonide research in che central Norwegian pare of the mountain bele. In 1979,
systemnatic sampling of the schistose greenstone volcanites of the Sndsavamn area
of MNord-Trendelag was carnied our as a part of an ongoing NGU project
'Gronnstein geokjemi innen de sentrale norske kaledonidene’, Preliminary resules
of this investigation of the Sndsavatn lavas revealed an interesting bipartite
grouping, with the bulk of the volcanites showing ocean floor choleiite characte-
ristics and a smaller population of samples from a structurally lower zone having
a distincrive calc-alkaline chemisery (Roberts 198(0a). Subsequent sampling was
concentrated on determining the extent of the calc-alkaline association. This shore
arricle aims ar reporting the principal resules of chis study and briefly discussing
their regional significance.

Geological setting

The greenstone unic sampled forms pare of an association of lithologies which
Foshie (1938} collectively termed the Sndsa Group. Earlier, Carstens (1956) had
noted that these greenschist o epidote-amphibolice facies rocks — schises,
limestones, greenstones, conglomerates and sandstones — were deformed in a
narrow, NE=-SW-rrending synchine, his Snasa Syncline. Further mapping, aided
by Fossil finds in the Snidsa limestone, led Carstens (1960) wo che view thar the
greenscones and limestones at least (Fig. 1), formed part of the Lower Hovin Group
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Fig. 1. Simplified gealogical map of che NE Sndsavacn area. 5.5, — Snisa Synform. All excepe 2 of
the samples analysed in this scudy are from che area coneained by che dashed line between the shores
of Sndsavam and the synform axial rrace, In the mnser map. TW. — Tammerds window; G -0,
— Crrong~{Hden Colminarion; Snv — Snisavam; Thd = Trondheimsford, The geology 15 tbken from
Roberts {19671 The E6 highway s indicared by che dorred line,

of the classical Trondheim region strangraphy (Vogre 1945), which is part of che
steren Nappe (Gale & Roberts 1974). Boch Springer Peacey (19643 and Roberts
(1967) adopted the informal Sndsa Group designation in their reconnaissance
studies. In the NE Sndsavarn area the sequence is-essentially a serucrural one since
no primary seructures have yer been found. Moreover, as the major "syncling’
deforms the penetrative regional schistosity and associated sub-isoclinal folds
(Roberts 1967) it is more appropriaee to refer o ir as a synform,

More recent work in the area from the Temmeris Antiform across che
northeastern termination of the Snasa Synform into the Grong—COlden Culmi-
nation (Fig. 1, inser) has pointed to rectonoseratigraphical similarities between this
region and areas in Sweden (eg. Gee 1977, Andreasson & Johansson 1982),
denating thar Foslie's (1938) original Snisa Group embraces lichologies from 4,
or maybe 3, separate nappes. Similar subdivisions have been traced sourhwest-
wards into the Steinkjer and Inderay—Leksdalsvatn areas by Tietzsch=Tyler (in
prep.) and Roberts (unpubl. mapping), respeciively. Some elements of chis
tectonostratigraphy are shown on the 1:250 000 map-sheer 'Trondheim' (Wolff
1976), although amendments have been noted (Roberts & Wolff 198 1) and orher
revisions will follow,
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The Snasavatn greenstone

The predominanc lichology of the unit, here informally termed the Sndsavan
greenstone, 15 a green to pale geeen moderately schistose rock of generally medium-
to medinm-fine grain, Some pares are more schiscose and may represent mafic tutfs;
however, these sometimes correspond to zones of higher strain, Other lichologies
represented sporadically within the 1.5~1.8 km-thick unir are intermediare ruffs,
keratophyric hotizons: and agglomerares. Limestone bands and nibs are not
uncommeon within the basal pares of the voleanic pile (Roberts 1967). Despite an
extensive search for pillow structure, nothing has been observed which could be
classified as definite pillow form: Carstens (1956) also noced chac pillow seructire
had not been found pver an extensive area from Malm to Snasa. This concrases with
orher Ordovician greenstone sequences from other pares of Trendelag, where pillow
scructure is sometimes prominently developed {e.g. Grenne & Roberts 1980).

PETROGRAPHY

The greenstones show complere recryseallisation to greenschist to epidote-
amphibolire facies assemblages. Primary igneous textural relics are rare, although
these may be discerned in some thin-sections through a blanker of saussuricised
plagioclase and chloritised and epidotised amphibole. The amphibole is an
actinolice which, rogecher wich chlorite, defines the foliation in the rock, Other
minerals present are epidote, Ti-magnetite, apatite, calcite and assessory lencoxene.

Geochemistry

SAMPLING

The initial sampling was concenerated along a traverse across the southeastern limb
of the Sndsa Synform (Fig. 1), with the well exposed road-curs along the new E6
highway as principal targees (Roberes 1980a). Thirty-six fresh samples of variably
schistose greenstone were taken, Follow-up sampling, subsequent to examination
of the initial analytical data, provided a further 10 analyses. Analytical procedures
are given in an appendix.

MAJOR ELEMENT CHEMISTRY

On initial examination of the raw analyrical dara from 1979 it was evident thar
a small number of analyses from one part of the greenstone formadion were different
from the bulk of the samples in showing higher AlLO;, Na O, KO and PO,
weiphe percentages and lower Mg, CaO and TiO,; (Roberts 1980a), These
differences were also reflecred quire clearly in AEM, Fel) ¢ FeO) /MgO and Ti0),
vr. Fel) /MpO) diagrams, with the high-alumina, alkali-rich greenstones display-
ing calc-alkaline fearures. Samples collecred subsequently served to confirm this
chemnical disparity (Table 1), Oxide concencrations for the main group of analyses,
on the other hand, invite comparison with values for ocean-floor cholenres (Table
1, group A). Again, cthis trend appears to be confirmed in graphic represenration
of the data (Fig. 2),
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TABLE 1. Averaged muyor and rrace element contents of the Sndsavacn Erecnstones (major elements
in wt.%, wace elements in ppm). For comparison, mean element concentrations are presented for
selecred basalr series or oypes

Sndravatn greenitone Mean values, diverse basalts
Group A Group B Wi—p Smala. Sunda arg
in=27) (o=13) QFB COm CAB CAB H-K.CAB
S0, 45.67 48.01 4991 48 41 51.31 4402 4561
Tit, 1.66 E33 1.43 2.47 (.85 L83 L5
Al 16,01 1896 16,20 I4.41 15.60) 18.10 1820
Fe.0); 3.53 4.46 - 13.20¢ 201 243 =
Fel (.45 3.39 1i1,24! - 5,80 5,02 o810
MpEO T.H3 4.72 T4 5.96 395 6,87 Al
Caty 101,65 H.53 11.42 10.0% 1. 50 o4 10,20
Masly 2.65 403 2.82 2.0 2935 2.99 .00
K0 [1.34 1.58 024 (93 (1,74 1.21 218
Mnpi) 017 1465 13 (Ve .20
P04 116 (.63 12 018 40
L.OI 4.0 4.0 3649
Zr 112 230 92 49 L0 120 113
X 3l 32 30 25 23 23 28
L 246 1143 131 401 27D 557 540
Rb f 2ia 3 I'5 23 39 Gl
Zn 74 128 63
Cu 46 HE 73 85 S i8 110
i 102 44 106 HE ] 57 14
LCr 305 T4 Ao 139 130 251 34
Ba [t} 525 8 338 2610 301 481}
Nb 5 17 5 25 4 6.3 11
¥ 323 234 234 174 232 280

Amalysts: Glerr Fave and Per-Reidar Graff, NG
Dara sources for mean values; OFB — Pearce 1975 W —P.CON — Pearce (1975); CAB = Mockalds
& Le Bas (197 7Y, Pearce ( 1975): Smplz CAB—Roberts { 1980b): Sunda are high=K CAB — Whitford
etal, (1979

i) = Total Fe given as FeQr. 2) — Toal Fe given as Fe, 0,

With a total alkali content of 6.5 we.% for the calc-alkaline basalric greenstones
(CAB), which is more than double that of the ocean-floor type choleiitic basalts
(OFB group), it is tempting to ascribe this relative and absolute increase solely
to some form of pre-deformarional alteration, notably spilitisation. This is
unlikely. however, since the K.O and ALLO, contents are consistently and sharply
higher (quite the opposite of spilitisation trends) in the CAB. Moreover, a Hughes
(1973) diagram shows that virtually all che Sndsavaen greenstone samples fall clear
of the 'spilice’ field (Fig. 3). The depletion of CaO requires some explanation:
possibly it may relate to an increase in calcice and epidote veining within this level
of the volcanic pile. This needs furcher investigation.

TRACE ELIEMENT CHEMISTRY
Extensive research has shown the value of incompatible crace elements in
discriminaring berween the recronic settings of diverse magmaric associations, Of
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Fig. 2. Plots of the Sndsavarn greenstone analyses on () an AFM diagram, (£ Ti); s, Fe/MgO
and () FeO g, FeO /MgC diagram, (Fe©® = toral Fe as FeQ). Symbols: dors — samples of the OFB
{group A in Table 1) cromer — samples of the CAB (group B in Table 1) In & and ¢, A — erénd for
average ocean floor tholeiites. Tn &, M — trend for Macauley island arc choleiices. In ¢, the dashed
line separates the fields for tholeiites (TH) and calc-alkaline basalts (CA).

these elements, Y. Wh, Zr and the heavy rare-carchs (HREE) are the most stable,
closely followed by the light REE, and these have proved applicable in distingu-
ishing velcanic settings in both modern and ancient magmaric assemblages (for
examples from cencral Norway, see Grenne & Roberts (1980) and Roberts
{1980b)), Here again, plots of particular element ratios provide immediare graphic
discrimination, but & visual comparison of mean element concentracions wich those
from known modern sercings is equally valuable (Table 1),

For the Snisavarn greenstones the dual grouping, OFB and CAB, noted from
the major element plors, is even more distinctive from trace element ratio diagrams,
In the Ti-Zr-Y plor (Fig. 4}, some of the OFB group analyses exhibic an overlap
into the field of wicthin-plate basalts, ie. they show slighty “transitional’
characreristics.
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Rare-earth element abundances and patterns, relacive to chondritic values, are
known as important indicators of magmatic affiliation, even though the LREE can
sometimes be prone to spilinsation and low-T weathering process (Ludden &
Thompson 1978). Following the initial sampling and analyrical work, 6 repre-
sentative samples of Snasavatn greenstones were chosen for REE determination,
4 from the tholeiites and 2 from the high-alumina basale group (Table 2). The
chondrite-normalised patterns (Fig. 5) from the rwo groups are quite distincrive,
The theleiite analyses show more or less flat, chondritic profiles chough with a quire
prominent LREE depletion characteristic of mid-oceanic ridge basalts, The two
samples from the CAB group, on the other hand, reveal parallel trends of marked
LREE-enrichment and a high degres of fractionacion, The lightest REE show

TABLE 2. Rare-earth element and S¢, HF, Ta, Thand U contents {ppm), and selected radios, from
representanive samples of Sndsavarn metabasaltic greenstones, Nord-Trendelag, Norway. The first
four samples are classified in group A (Table 1} and the last owo in group B

Sample no. SN 5 SN 8 SN, 16 SN 36 SM. 23 SN 24
Ia 3306 500 5.31 5.67 57.6 70.5
Ce il 4.6 14.6 17.0 124.0 16410
Md 106 1.6 11.8 13.1 57.8 TG4
Sm 3.39 3.6l 347 403 9.17 12,10
Eu 1.41 1.3 1.20 152 258 144
Th L85 0.78 .74 (.86 087 1.18
Yhb 301 2.84 2.60 3.06 201 265
Lu (.45 047 41 048 (.33 (1
S¢ 46.0) 0.3 4.4 384 046 13.4
Hf 2.42 257 202 2.70 407 5.28
Ta 0.7 0:25 0.6 0,30 .94 1.0%
Th <[).2 1) 0.51 0,44 16.4 16,8
u <f.2 =Zf).2 o7 =02 343 685
(La/ Yhhy 67 1.03 1.20 1.11 163, 5K 15:92
(La/Smly 59 A 54 B8R 384 157

Asalyst: Dr. Jan Herogen, Department of Physico-Chemical Geology, Cachalic Universicy of
Lewven, Belgium.
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Fig. 5. Chondrte-normalised REE profiles for representarive samples of the Snasavam lavas. Dot
and cross symbaols correspond with groups A and B, respectively, asin Fig. 2. Open circles — average
values for REE dara from: che Smsla volcanttes, Source of chondrinic values: Masuda ec al. (1973),

Makamura (1974), Evensen-etal.  1978), Detatls of samples and analyses are contained inan NGU
report (Robers 1951,
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Fig: 6, HI=Th-Ta diagram showing the
plors of the REE-analysed samples.
Symbols — dors and crosses as in Fig, 2,
open circle — averape value for basales
from Smeka (Roberrs 19810, Field A —
normal MORB, Field B = LREE-enriched
MORB. Field C = within-plate basales.
Field [ — basalts  formed ar convergent
plate miarging (boch dsland arc and
Andean type).

€. 170-200 rimes chondritic abundances, which is a somewhar greater figure than
the average for modern calc-alkaline basalts, and also higher than in the case of
the CAB from the island of Smela, west-central Norway (Fig. 5) (Roberts 1980b.
1981); but the general profiles are otherwise similar to those from typical
calc-alkaline basaltic lavas. High LREE abundances such as these are known from
some of the high-K calc-alkaline basalts from the Quaternay Sunda arc of
Indonesia (Whitford er al. 1979). In relation to $i0. conrent the Sndsavarn
metabasales, with nearly 1.6 we% KO, do in fact fall into the high—K
calc-alkaline series of valeanic rocks as defined by Peccerillo & Taylor (1976), In
Fig. 6, separation of the two groups of Snisavatn lavas is again clearly visible, with
a good degree of correspondance berween the CAB from Sndsavaen and those from
Smula.

Discussion

The geochemical signarures of these greenstones show thar lavas generaced in two
separate and distinctive volcanic sectings are represented, In this particular area the
structurally lowest volcanites are of calc-alkaline affinity, while the bulk of the
lavas are tholeiites of ocean-floor type though with a hint of transition towards
within-plate character. Aspects of the regional geology are of importance in
assessing the palaecenvironments of effusion of these lavas. Although way-up
features are lacking in the studied area, there appears o be good evidence from
adjacent areas thar the greenstones are positioned seratigraphically above the Sndsa
fimestone (Carstens 1956, 1960, Springer Peacey 1964, Tietzsch—Tyler, in prep.),
Rapid facies changes are present, however, and in one area near southwest
Snasavatn the limestone represents almost the entire Lower Hovin Group (Springer
Peacey 1964, p. 19), greenstones interdigitating with the limestone and increasing
rapidly in volume norcheasowards. It would thus appear that quite evolved
calc-alkaline basalts, associared with shallow-marine limestone deposition, were
replaced up-sequence by tholeiites of ocean-floor characrer.

The Sndsa limestone fauna is of importance in that the fossils (Roberts 1980¢)
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show striking similarities to those occurning in the late Arenig-Llanvirn Skjolberg
Limestone on the island of Smaela (Bruton & Bockelie 19793 some 200 km further
southwest along serike, Since the Smola volcanires (closely associated with the
limestone) are of marure, calc-alkaline type (Roberts 1980b), there are obviously
parallels to be drawn with the Snasavarn sienation, at least for the lower CAB lava
anit. An allied feature is that mineralisation in the volcanites from Smela, and
northeastwards through an important iron-ore districe (Fosdalen, near Malm) o
Snidsavatn, is of a similar magnetite-pyrite-chalcopyrite association (Carstens 1936,
1960}, There are, however, small differences in certain minor and crace element
abundances (e.g. Zr, Nb and LREE) and this may reflect a positioning of the
Snasavarn magmatic arc closer to the palaco-contineneal margin than in the case
of the Smala arc rocks.

The OFB valcanites at Sndsavaen, coming in withoue a visible break above the
island arc CAB /limestone association, were clearly not extruded in a major ocean,
spreading-ridge serting. On the other hand. the indications of ‘transitional’
chemistry, towards WPB, are rypical of an extensional, marginal basin, back-arc
milieu of spreading. Such an interpretation fits very well with what we know of
other Middle Ordovician magmatic assemblages in Trondelag (Grenne & Roberts
19800, Roberts, Grenne & Ryan, in prep. ). The acrual location of the marginal basin
spreading centre in chis particular case {prior to nappe translation) could be
considered as being related tw oceanward migration of the arc and subduction zone
with time (Roberes et al. in press), a feature well known from maodern island
arc /subducrion zone situations, for example in the western Pacific, thus facilitating
the behind-arc marginal basin distension and ocean accretion. Aleernatively, the
OFB lavas may have been associated with a splitting of che fairly mature,
carbonate-fringed magmaric arc during a changing seress regime — from essencially
convergent and compressive to extensional, perhaps itself related to changing
vectors of plate motion in which the subduction zone gradually became inactive.
Assessing these possibilities will require further derailed mapping and sampling
over 4 much wider area.

Acknouiedgements, — T wish 1o thank Harald Furnes and Tor Grenne for cheir crivical reviews of a
first draf of the manuscripr, Financial support for the REE analyses from NG L s much appreciated.
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Appendix

ANALYTICAL PROCEDURES

Major element analyses for the first batch (36) of sam ples were determined by classical wer-chemical
metheds for S0, ALOL, Cad), MgO and roal Fe, and by a method outlined by Langmyhr & Craff
(1965) for TiOy, MnO, NayO, K0 and ferrous iron, Mijors for the 10 samples collecred in 1981,
as well s commaon trace elements for all 46 samples were anulysed on rock powders using an aueomare
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Philips 1450,/20 XRF. All analyses were carried out ar che Section for Analytical Chemistry, NGLI
Trondheim, Calibration curves were made with internarional standards.

Rare-garth elements, together wich HE, Ta, Th and U, were analysed by instrumental neutron
activacion, by Dr. Jan Hertogen ac the Deparement of Physico-Chemical Geology, Catholic
Umiversity of Leuven, Belgium, Samples were irradiated at the Ghent University nuclear reactor.
Seandard deviarions were caloalated from counting statistics and the observed spread among results
from different counrings and /or different gamma-energies. In cases where counting SEALISIICS Wers
araller chan 19, 4 realistic standard deviation of 1% was assumed, REE normalisarion average values
used are as Follows: — La (0343, Ce (0.89), Nd (0.65), Sm ((.209), Eu (0.0806), Th (0.052), Yh
(0,207, Lu (0,055, normalising values from Masuda et al, (1973), Nakamura (1974) and Evensen
eral, {1978},



