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Abstract

ALFRED LARSSON

Larsson, A., 2018: Rb-Sr sphalerite data and implications for the source and timing of Pb-Zn deposits at the Ca-
ledonian margin in Sweden. Dissertations in Geology at Lund University, No. 529, 34 pp. 45 hp (45 ECTS credits).

Abstract: The eastern Caledonian erosional front hosts the world-class Pb-Zn deposit at Laisvall (64 Mt mined)
and Granberget mineralization, northern Sweden, along with several other smaller, related types of deposits consist-
ing of impregnation mineralization of galena and sphalerite in clastic host rocks. Previous work have discussed the
nature of the ore-forming processes and constraints for the timing of the mineralization, however, the mechanisms
are still not fully understood and previous age determinations are ambiguous. The main challenge with obtaining
reliable ages for the mineralization is the lack of minerals available for dating and the complex nature of the availa-
ble isotope data. This thesis aims to improve the understanding for the ore-forming processes in the Laisvall type of
deposit and, if possible, obtain an age for the mineralization by utilizing the crush-leach technique on disseminated
sphalerite from Laisvall and Granberget with subsequent ID-TIMS isotope analysis. In general, the data is complex
and our results does not provide a robust age for the mineralization. However, our data are in agreement with the
hypothesis that ore-fluids with contrasting *'Sr/**Sr were mixing during the syn-ore forming stage. These results are
opposing previous hypotheses which are favoring a post-ore disturbance causing scatter in the isotope data. Our
data provide further support for hydrothermal circulation in response to orogenic tectonics at a regional scale, form-
ing Pb-Zn mineralizations at multiple locations during a relatively short time-interval, either related to an event at
ca. 540 Ma (related to the Timian orogeny) or at ca. 467 Ma (related to the Caledonian orogeny). Thus, these find-
ings implicate that the Pb-Zn deposits in the Caledonian forefront was caused by a single, regional process. The
results provide further insights to the genetic model for the Caledonian sediment hosted Pb-Zn deposits.
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Sammanfattning

ALFRED LARSSON

Larsson, A., 2018: Rb-Sr sphalerite data and implications for the source and timing of Pb-Zn deposits at the Ca-
ledonian margin in Sweden. Examensarbeten i geologi vid Lunds universitet, Nr. 529, 34 sid. 45 hp.

Sammanfattning: Lings Kaledonidernas &stra erosionsfront finns den vérldskdnda bly- och zinkfyndigheten vid
Laisvall (totalt 64 miljoner ton bruten malm) och mineraliseringen vid Granberget samt flertalet mindre malmkrop-
par av impregnationstyp bestdende av blyglans och zinkbldnde som kristalliserat i klastiska bergarter. I dldre littera-
tur har mineraliseringsprocesserna och tidsspannet for mineralisationen diskuterats, men processerna ér fortfarande
langt ifrén klargjorda och tidigare dateringar bor beaktas med viss skepsis. Den huvudsakliga utmaningen med att
producera pélitliga dateringar av malmen &r dels avsaknaden av daterbara mineral och dels det komplexa monstret
hos den data som befintliga geokronologiska metoder producerat. Mélet med denna uppsats ér att klargéra och for-
djupa forstéelsen for malmbildningsprocesserna vid Laisvall- och Granbergetmalmerna samt, om mdjligt, datera
malmen med hjilp av ID-TIMS isotopanalys av rubidium och strontium fran zinkblédnde. Datan &r 6verlag komplex
och svartolkad och véra resultat kan inte ge en precis och robust alder for mlnerahserlngen Datan styrker déremot
hypotesen om att malmfluider med kontrasterande *'Sr/**Sr-isotopskvoter blandades i samband med malmgenesen.
Dessa resultat stir i motsats till tidigare hypoteser som argumenterar for att isotopsystemet skall ha blivit stort efter
mineraliseringen avslutades. Var data stddjer hypotesen om att bergskedjebildning kan ha gett upphov till hydroter-
mala fluider som cirkulerade pa en regional niva, vilket i sin tur ledde till bly- och zinkmineraliseringar pa flertalet
platser under ett relativt kort tidsintervall, relaterat till antingen den Timiska orogenesen (ca. 540 miljoner &r sedan)
eller ett tidigt stadium av den Kaledonska orogenesen (ca. 470 miljoner ar sedan). Dessa resultat tyder pa att bly-
och zinkfyndigheterna ldngs den Kaledoniska bergskedjans rand har skapats av en ensam, regional process. tillagg
till detta bidrar ocksa resultaten till en 6kad kunskap och forstaelse for Kaledoniska bly- och zinkmalmer i sedimen-
tdra moderbergarter.

Nyckelord: Laisvall, Granberget, geokronologi, zinkbldnde, malm, Rb-Sr
Handledare: Kjell Billstrom (Naturhistoriska Riksmuseet), Anders Scherstén (Lunds universitet)

Amnesinriktning: Berggrundsgeologi
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1 Introduction

The world-class sandstone hosted Pb-Zn sulphide-
impregnation deposit at Laisvall (64.3 Mt at 4.0 wt. %
Pb, 0.6 wt. % Zn, and 9.0 g/t Ag) is one of several
clastic dominated sediment hosted lead-zinc ores (e.g.
Granberget, Vassbo, Osen and Tornetrdsk) found in
the present-day erosional front of the eastern Scandi-
navian Caledonides (Fig. 1) (Grip 1954; Rickard et al.
1979; Willdén 1980; Saintilan et al. 2015a). The
Laisvall type of epigenetic, strata-controlled, funnel-
shaped ore body (Saintilan et al. 2015b) has been con-
sidered to be a sub-category of the Mississippi-Valley
(MVT) style of mineralization (Saintilan et al. 2015b)
and similar deposits have been recognized in other
parts of the world, e.g. the Jinding deposit, China of
200 Mt at 6.1 wt. % Zn and 1.3 wt. % Pb (Chi et al.
2005; Xue et al. 2007). The mineralization at Laisvall
was discovered in 1939 and the mining operation was
initiated in 1941 (Grip 1954), and proceeded until the
operation was terminated in 2001 (Saintilan et al.
2015a). The mineralization consists of disseminated
galena and sphalerite with minor abundance of calcite,
fluorite, barite and pyrite, which forms an epigenetic
cement that fills the interstitial volumes and parts of
the sandstone grains (Grip 1954; Roedder 1968;
Rickard et al. 1979; Romer 1992). The siliciclastic
sedimentary sequence of paleoaquifers hosting the ore
partly consists of autochtonous sandstone beds resting
unconformably on the deeply eroded Proterozoic crys-
talline basement rocks and partly of allochtonous sedi-
ments in the lowermost units of the Caledonian thrust
nappes (Grip 1954; Christofferson et al. 1979; Will-
dén 1980; Saintilan et al. 2015b). The regionally ex-
tensive Alum Shale Formation comprises the cap rock
for the paleoaquifers and the disseminated galena and
sphalerite mineralization (Christofferson et al. 1979;
Willdén 1980; Saintilan et al. 2015b).

The lack of an absolute date for the mineraliz-
ing processes remains as one of the main causes for
debate regarding the genesis for the ore at Laisvall and
surrounding deposits. The age-interval for the mineral-
izing event is constrained by the maximum age of ca.
600 Ma for the diagenesis of the hosting sandstones
and a minimum age of 400 Ma as the mineralization is
considered to pre-date the Caledonian orogenesis due
to the presence of reverse faults and occasional incor-
poration of mineralization in the lowermost allochtho-
nous thrust sheets (Rickard et al. 1979; Saintilan et al.
2015a; Saintilan et al. 2015b). Recent Rb-Sr dating of
sphalerite on crush-leachates has yielded a Middle
Ordovician isochron age of 467 £+ 5 Ma (MSWD =
1.4) for the ore-forming processes at Laisvall
(Saintilan et al. 2015a). Due to the relatively small
sample set this age is to be considered as preliminary.
Attempts to date sphalerite in the vicinity of the Cale-
donian decollement at Laisvall and Granberget failed,
and this was explained as due to perturbation of the Rb
-Sr system caused by post-mineralization percolation
of Sr-rich fluids (Saintilan et al. 2015a). Other Pb-Zn-
mineralized breccia and vein deposits in the neighbor-
ing Lycksele-Storuman ore district have been tenta-
tively dated to 535 + 13 Ma with Rb-Sr on sphalerite
(Billstrom et al. 2012).

The aim of this study is to refine and review the
genesis and previous absolute age-determinations for

the ore-forming event(s) of the Laisvall-type deposits
using the crush-leach technique and ID-TIMS on a
larger sample set. Another objective of this study has
been to study the mineralogy and textures, in particular
for samples selected for further isotope work. The geo-
chronological data attained in this study will be dis-
cussed in the light of previous literature and put into
geological context for further enhancing the genetic
model of the Laisvall-type deposit. The industry has
stressed the importance of improving the exploration
model for sandstone hosted Pb-Zn ore deposits in the
Scandinavian Caledonides for finding additional re-
sources with similar style of mineralization (Saintilan
2015). In conjunction with previous work, this study
aims to contribute to the understanding of sandstone
hosted Pb-Zn deposits and improve exploration efforts
for such deposits in the Scandinavian Caledonides and
across the globe.

2 Geological setting

2.1 Regional geology

The Laisvall and Granberget Pb-Zn deposits are locat-
ed in northwestern Sweden at the base of the Caledoni-
an deformation front. The Laisvall mine area is located
ca. 38 km west of the city of Arjeplog and the Gran-
berget deposit ca. 250 km southwest of Laisvall in the
Dorotea district (Fig. 1). The two deposits are part of a
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Fig. 1. Generalized bedrock map of Norway and Sweden.
Black dots marks location for major Pb-Zn deposits along
the Caledonian front. Modified after Rickard et al. (1979);
Lindblom (1986); Gee et al. (2010); Saintilan et al. (2015a);
Saintilan et al. (2015b).



series of similar, sandstone-hosted Pb-Zn deposits
following the Eastern margin of the Caledonides and
occasionally extend into the basement (Rickard et al.
1979). Another Pb-Zn type of mineralization occurs as
mineralized vein and breccia deposits (e.g. Akerlandet
and the Lycksele-Storuman district) which occur ex-
clusively in basement rocks (Fig. 1).

The studied deposits lie within the northwestern
part of the Fennoscandian shield, which comprises
large parts of Sweden, Norway, Finland and north-
west Russia. The paleocontinent has commonly been
denoted as ‘Baltica’ in paleogeographic literature. The
crystalline basement rocks within the Fennoscandian
shield in this region are of late Paleoproterozoic age
1.96-1.8 Ga (Stephens et al. 1994) and associated with
the Svecokarelian orogeny. Subsequently, sedimenta-
tion and igneous activity (1.7-0.9 Ga), ceasing in the
late Neoproterozoic (Saintilan et al. 2015a), affected
the bedrock. The cratonic bedrock of Fennoscandia
shows a trend of successively younger ages towards
the southwest and is overlaid by a thin succession of
largely eroded autochtonous sandstones and shales of
Ediacaran to lower Cambrian and locally through low-
er Ordovician age (Willdén 1980; Moczydlowska et
al. 2001). The sediments were deposited on the west-
ern stable platformal margin of Fennoscandia during
the opening of the Iapetus Ocean and are unconforma-
bly superimposed on the deeply eroded bedrock (Grip
1954; Rickard et al. 1979; Saintilan 2015). The partly
strongly deformed organic rich (10-20 wt. % carbon)
Alum Shale Formation was deposited on top of the
autochtonous sandstones, forming the central decol-
lement and shear plane for the overthrusting nappes in
the later Caledonian orogeny (Grip 1954; Gee 1975;
Roberts & Gee 1985; Stephens 1988; Gee et al. 2010;
Saintilan et al. 2015b).

During the early stages of the Caledonian orog-
eny (upper Cambrian and lower Ordovician) Baltica
collided with a volcanic arc from the west, and subse-
quently subducted beneath Laurentia as the lapetus
Ocean was closing (Dallmeyer & Gee 1986). This re-
sulted in the development of a foreland basin (Gee

w Norway

Baltica basement

1975; Stephens 1988; Gee et al. 2010; Saintilan et al.
2016a). The mineralization at Laisvall is constrained
to Ediacaran and lower Cambrian sedimentary rocks,
whereas an assortment of high grade metamorphic
rocks, arc-related crustal material and exotic continen-
tal sequences are found further towards the northwest.
The latter allochtonous units were thrusted onto Balti-
ca in the east and are presently overlying the Alum
Shale Formation (Gee 1975; Roberts & Gee 1985;
Stephens 1988; Gee et al. 2010; Saintilan et al.
2015a; Saintilan et al. 2015b). These multiple Caledo-
nian thrust sheets are divided into the Lower Alloch-
thon situated in the Laisvall area, and the Middle and
Upper Allochthons located farther to the west (Fig. 2)
(Gee et al. 2010; Saintilan et al. 2015b).

2.2 Local geology at Laisvall and Gran-

berget
The strata-bound Pb-Zn deposit type of Laisvall is
hosted by the autochthonous Ediacaran to Lower Cam-
brian sedimentary rocks overlying the granitic bedrock
(Fig. 3) (Christofferson et al. 1979; Rickard et al.
1979). The bedrock is fractured by regional north-
northwest and north-northeast striking basement faults,
controlled by older fault zones (Romer 1992). Several
sets of joints have fractured the ore-bearing sandstone
horizons in a pattern parallel to the regional basement
(Grip 1954; Rickard et al. 1979; Romer 1992). The
autochthonous sedimentary strata is in total ca. 100 m
thick and is resting unconformably on the weathered
Paleoproterozoic bedrock (Saintilan et al. 2015a). The
autochthonous sequence is divided into the Ediacaran
to Lower Cambrian Laisberg Formation (ca. 60 m
thick) and the barren late Lower Cambrian Gramma-
jukku Formation (ca. 40 m thick) comprised of inter-
layered shales and siltstones (Rickard et al. 1979;
Willdén 1980; Nielsen & Schovsbo 2011). The Edia-
caran units of the Laisberg Formation are composed of
polymict, irregular conglomerate and sandstones over-
lain by pebbly shales (Rickard et al. 1979). The Cam-
brian units of the Laisberg Formation are subdivided
into the Lower Sandstone ore horizon (also referred to
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Fig. 2. Schematic cross-section of the major tectonostratigraphic units in the central Caledonides. The Laisvall mineralization is
located in the autochthonous sedimentary cover in the east. Vertical exaggeration is 5x. Modified after Gee et al. (2010) and

Saintilan et al. (2015a).



Middle Alum Shale Formation
Cambrian (Lower allochthon) TOC 10-20 Wt %
~54m
Grammajukku
e Formation ~40 m
5 z
2 (shale & siltstone)
(@]
N
Q C
s 3
o = “Phosphorite layer >1 m-
8 Upper sandstone ore ;’g ; ;‘j
5 _| horizon ~ 10 m 0
% § Middle sandstone ~ 6 m | Sub-economic
- 2
5
% | Lower sandstone ore Pb0,1-10%
£ | horizon ~25 m n<1%
i
>
(0]
c |8
© ‘s Pebble shale ~ 12 m
© -
o o > -
o) % Polymict feldspathic
g L conglomerate ~ 10 m ) )
O  =mmam=- -- Major unconformity
(4} Q
o &5 Weathered granitic
L3 basement rocks
T =
a s

Fig. 3. Stratigraphic column of the autochthonous strati-
graphic sequence at Laisvall. The sedimentary cover is rest-
ing unconformably on the Paleoproterozoic basement. The
Total Organic Carbon (TOC) of the Alum Shale Formation
is 10-20 wt. %. Average Pb and Zn grades are displayed by
corresponding ore body. Modified after Rickard et al.
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Saintilan et al. (2015a)

as Kautsky member, 25 m thick), Middle Sandstone
(Tjalek member, sub-economic, 7 m thick), Upper
Sandstone ore horizon (Nadok member, 11 m thick)
(Rickard et al. 1979; Nielsen & Schovsbo 2011;
Saintilan et al. 2015b). The Lower Sandstone is a well-
sorted, medium grained white sandstone interlayered
with millimeter thin clay layers, flasers and occasional
tidal bundles. The sub-economic Middle Sandstone is
a medium grained grey, clay-rich sandstone with a
basal thin, quartz conglomerate. The Upper Sandstone
is a dark grey sandstone with tidal influences interlay-
ered with siltstone and 5-15 cm thick repeated units of
upward-decreasing grain-size (Willdén 1980; Casano-
va 2010). The autochtonous sequence at Laisvall is
terminated with the Grammajukku Formation that is
superimposed by the locally strongly deformed, black,
organic rich Alum Shale Formation (ca. 54 m thick) at
the base of the Caledonian thrust nappes (Ljungner
1950; Rickard et al. 1979).

The depositional environment for the Laisvall
Formation has been interpreted as an early transgres-
sional shelf-lagoon, subsequently affected by tidal
currents forming alterations of clay-rich, coarse- and

fine-grained sediments, eventually transforming into a
beach setting with shallow lagoons depositing the Up-
per Sandstone horizon (Rickard et al. 1979; Nielsen &
Schovsbo 2011). Thin phosphorite layers, commonly
related with limestone lenses, were deposited onto of
the Upper Sandstone Formation as a result of lagoonal
sediment accumulation (Rickard et al. 1979).

The barren, autochthonous strata of Granberget
are composed of shales and siltstones and are locally
less than 10 m thick. In contrast to Laisvall, the au-
tochthonous stratigraphy at Granberget lacks the char-
acteristic porous, well sorted, white sandstones. The
mineralization at Granberget is restricted to the Lower
allochtonous units of the Caledonian nappes and is
hosted by coarse-grained clast-supported sandstones
and conglomerates (Saintilan et al. 2015a).

3 Mineralization

3.1 Sediment hosted Pb-Zn deposits
Pb-Zn deposits without immediate association with
igneous activity hosted in sedimentary strata are denot-
ed as sediment hosted Pb-Zn deposits (Leach et al.
2001; Leach et al. 2010). Within this group, individu-
al deposits may show significant differences in geolog-
ical factors such as tectonic setting, host rock composi-
tion, mineralization style, geochemistry, geology and
precipitation processes. Commonly, the sediment host-
ed Pb-Zn deposits are further subdivided into two ma-
jor subtypes: the sedimentary exhalative (SEDEX) and
Mississippi-Valley type (MVT). Pb-Zn ores formed
through expelling of ore-bearing hydrothermal solu-
tions into a water reservoir, forming laminated, strati-
form Zn-Pb-Ba (= Ag, Au, Cu, W and Bi) ores are
traditionally referred to as SEDEX-deposits (Leach et
al. 2005). MVT deposits typically form in carbonate
rocks on basin flanks and foreland thrust belts from
saline (10-30 wt. % salt), relatively low fluid tempera-
tures (75-200 °C) basinal brines, and are controlled by
fractures and lithological transitions (Leach & Sang-
ster 1993; Leach et al. 2005; Leach & Taylor 2009).
However, a single deposit can show transitional fea-
tures in between those typical for the SEDEX- and the
MVT-style. There are also other terms used for sedi-
ment-hosted Pb-Zn mineralizations and for instance
Bjerlykke & Sangster (1981) introduced the concept of
sandstone-hosted deposits in which they grouped e.g.
the Laisvall ore. Following the suggestion of Saintilan
(2015), Laisvall and Granberget will be classified as a
MVT-subtype in this thesis.

MVT deposits were first recognized by Bastin
(1939) in the famous ore district of Mississippi River,
Central US, as strata-bound, epigenetic, sulphide bod-
ies (Paradis et al. 2007). The world’s combined MV T-
deposits account for roughly 25 % of the Pb and Zn
resources in total (Paradis et al. 2007). The deposits
are commonly comparatively small (avg. 7 Mt at ca.
7.9 % Pb and Zn combined), but tend to occur as clus-
ters in extensive districts and are often distinguished
on the basis of ore assemblages, mineralization con-
trols, alteration, host rock and geochemical features
where each district share similar characteristics in e.g.
mineralogy and metal proportions (Leach et al. 2005;
Leach & Taylor 2009; Saintilan 2015). The main



commodities are Pb and Zn but by-products can in-
clude e.g. Ag and Cu (Leach & Taylor 2009). The bulk
of the MVT deposits are hosted in carbonate rocks
although other (e.g. Laisvall deposit, Sweden and Jind-
ing deposit, China) are present in clastic-dominated
settings such as shales, siltstones and sandstones
(Leach et al. 2005; Leach et al. 2010; Saintilan et al.
20164a).

The major factors discriminating sandstone
hosted Pb-Zn of Laisvall subtype from the generic
MVT-deposit is that the host rock is not carbonate but
sandstone, Pb dominates over Zn and the mineraliza-
tion forms a disseminated, mottled, epigenic cement.
Ore minerals are primarily epigenetically mineralized
galena and sphalerite, cementing the interstitial pore-
spaces between quartz and feldspars in the sandstone
at Laisvall.

3.2 Mineralogy and mineralization style

at Laisvall and Granberget

The economic mineralization is strictly strata-bound
and restricted to the two paleoaquifers of the Lower
and Upper Sandstone (Fig. 4). The ore bodies are com-
posed of two thin, elongate sandstone units gently dip-
ping to the west-northwest interlayered by the barren
Middle Sandstone (Grip 1954; Rickard et al. 1979).
Sharp crosscutting contacts with the country rock are
present in the southeast, while the ore body fades out
diffusively to the northwest and is confined by an ele-
vated bedrock section in the northeast (Rickard et al.
1979). The Lower sandstone is ca. 5000 m long and
200 to 600 m wide and ranging from 2 to 24 m in
thickness (Fig. 5). The Upper sandstone is smaller: ca.
2000 m long, 300 m wide and 2 to 8 m thick.

Autochthonous & para-autochthonous sediments
= Precambrian basement

[ = Upper sandstone (Zn-dominated)

In general, the ore-bearing horizons at Laisvall
follow the moderately undulating bedrock surface and
are largely undisturbed with the exception of two ma-
jor reverse faults, the Nadok and Kautsky faults
(Rickard et al. 1979; Saintilan et al. 2015a). The Low-
er and Upper Sandstones are locally truncated by
steeply dipping sphalerite-galena-calcite veinlets
(Rickard et al. 1979; Saintilan et al. 2015b). The high-
est ore-grades are found in the coarse-grained sand-
stones with minor clay content and mineralized inter-
vals are strictly controlled by the sedimentary proper-
ties of the hosting sandstone (Grip 1954; Rickard et
al. 1979). The Lower Sandstone is lead dominated
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Fig. 5. Three dimensional model of the Laisvall mineraliza-
tion with the Pb-dominated Lower sandstone orebody (grey)
and the Zn-dominated Upper sandstone orebody (blue). Both
orebodies have their major elongation axes in a 40° NE di-
rection. Modified from Rickard et al. (1979).
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Fig. 4. Schematic cross-section of the Laisvall mine area. Vertical scale is exaggerated. Modified after Rickard et al. (1979).
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Sphalerite

100pm

Fig. 6. Back-scatter electron image of sample Lai Bh 1203
(upper) and Granberget 02-09 (lower). Note the disseminat-
ed galena (white) and sphalerite (grey), cementing the inter-
stitial spaces between the quartz grains.

with Pb grades varying between 0.1-10 wt. % and Zn
grades being < 1 wt. %. In contrast, the Upper Sand-
stone is essentially Zn ore, dominated by sphalerite
with a Zn grade of 1-5 wt. % and Pb-grades of 1-4 wt.
% (although locally > 12 wt. % Pb) (Lindblom 1986;
Saintilan et al. 2015b). Ore grades are fairly constant
laterally but show a greater vertical variation due to
the relative thin hosting sandstone bodies. In the south-
eastern parts of the deposit, the ore is concentrated to
the Lower Sandstone but is gradually enriched at high-
er levels in the Upper Sandstone towards the northwest
(Rickard et al. 1979).

The mineralogy of the Laisvall Formation sand-
stones is primarily composed of detrital quartz and
locally seriticized K-feldspar (absent in Upper Sand-
stone) and with minor abundance of clay minerals,
zircon, biotite, pyrite, monazite, organic compounds
and occasional intergrown sphalerite-apatite (Saintilan
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Fig. 7. Stereo micrographic image of the sand-sized sphaler-
ite grains from sample Lv 04-09 (Laisvall) grouped by color.

et al. 2015b; Saintilan et al. 2016a). Galena and sphal-
erite are the only ore-minerals (Fig. 6), present as
mottled, disseminated cement filling the interstitial
volumes. Gangue minerals of pyrite, titanium oxides,
fluorite, barite and calcite form a cement preceding the
ore-cementation (Christofferson et al. 1979; Lindblom
1986; Saintilan et al. 2015a; Saintilan et al. 2016a).
Flourapatite is present as an early diagenetic cement
but also as a secondary, syngenetic generation
(Saintilan et al. 2016a). Both detrital and hydrothermal
monazite have been described in literature, occasional-
ly with galena inclusions (Saintilan et al. 2016a).
However, only a few single crystals (< 50 pm) of
monazite were discovered using SEM-microscopy in
the samples used in this study. The monazite grains
were of insufficient quantity and size for U-Pb dating
with laser ablation. Inclusions of galena in sphalerite
indicate that formation of galena preceded sphalerite
deposition. The sphalerite from Laisvall exhibits color
variations ranging from honey yellow and greenish to
orange and brown (Fig. 7). Moreover, sphalerite from
the Lower Sandstone are distinguished from Upper
Sandstone sphalerite by its lack of zoning, higher
mean Fe-content and greater fluid inclusion homogeni-
zation temperatures (Lindblom 1986). Leaching tex-
tures have also been observed in sphalerite, demon-
strating reversible processes and a hydrothermal sys-
tem approaching equilibrium. At least three stages of
sphalerite have been identified petrographically
(Lindblom 1986), and these stages are characterized
on the basis of color, zoning, inclusions, textural fea-
tures and coating (Table. 1). Color zoning has mainly
been identified in the Upper Sandstone while being
absent in the Lower Sandstone. Iron content shows a
greater variation (0.34-3.33 wt. %) in the Lower Sand-
stone than in the Upper Sandstone (0.15-0.65 wt. %),
suggesting that there is no correlation between color
and Fe-content (Lindblom 1986).



Table 1. Three different generations of sphalerite and their respective characteristics. Compiled from Lindblom (1986).

Sphalerite stage Colour Zoning Growth zoning Colour Inclusions Textual features

I Not present Oscillatory Light yellow Pyrite, galena Nucleation on pyrite

I Present Banded zoning Beige to brown Hyvdrocarbon Etched formed crystal surfaces
il Present Banded/sector zoning  Yellow to colourless  Hydrocarbon Marked anisotropy

The mineralogy of Granberget resembles that of
Laisvall: quartz and feldspar grains cemented by dis-
seminated galena and sphalerite cut by galena-
sphalerite-calcite veinlets. A number of thin-sections,
150 pm thick and originally prepared for fluid inclu-
sions analyses, have been investigated in his study.
Descriptions and images can be found in Appendix.

3.3 Previous models for ore genesis

and ore controlling factors
The genesis of the Caledonian Pb-Zn mineralizations
at Laisvall, Granberget, Osan and Vassbo have been
debated and multiple models for ore controlling factors
have been proposed. The Laisvall deposit has been in
focus in particular. Bjerlykke & Sangster (1981) fa-
vored a syn-sedimentary model of metals carried by
groundwater originating from the fractured and weath-
ered basement, in a process driven by heat convection
introduced from an underlying heat-producing granitic
intrusion. Most other authors have stressed the epige-
netic character of the sandstone hosted deposits. For
instance Rickard et al. (1979) suggested a scenario
where interaction between a metal-bearing solution
and a highly saline, metal-poor sulfide-bearing fluid
with a temperature of ca. 150 °C, caused metals to
precipitate in isotopic disequilibrium. They further
proposed that temperature and pH were of less im-

X = Bedrock fractures and faults

—> = Hydrocarbon fluid migration path
—> = Metal-bearing fluid migration path
= Turbidite and shale sediments
E= = Platformal limestone and shales

NW

Sea level

portance compared to the activity of reduced sulfur in
the mineralizing process. Saintilan et al. (2015b) ar-
gued that reduced thermogenic sulfur supplied from
gas traps in the uppermost parts of the paleo-aquifer
was the key mechanism for precipitating the sulphide
ore minerals. The driving force of the horizontal flow-
ing brines may have been the compressive, thin-
skinned Caledonian tectonics resulting in metal precip-
itation in the paleo-aquifer without any relationship
between the ore and local tectonic structures (Fig. 8).
In this scenario, the main factor controlling the geome-
try of the deposit is the permeability of the paleo-
aquifer, based on observations of the varying ore
grades correlating with variations in permeability in
conjunction with the distribution of impermeable shale
layers. Kendrick et al. (2005) argued for widespread
basement interactions of two or more hydrothermal,
basinal brines based on studies of noble gas isotopes
and halogen contents in fluid inclusions. In conjunc-
tion with basement interactions, fluids were also likely
to have been affected by circulation in areas rich in
organic-rich matter that contributed reduced sulfur
(Kendrick et al. 2005). Romer (1992) and Kendrick et
al. (2005) discussed the role of pre-existing Proterozo-
ic basement faults that were subsequently re-activated
by the Caledonian tectonics, creating local areas of
improved permeability through the basement rocks

I = Accreted continental and oceanic material
I = Organic-rich shale

= Sandstone, shales and conglomerate

[=7] = Proterozoic fractured basement

SE

Laisvall deposit

(2005); Saintilan et al. (2015a)




and overlying Ediacaran-Cambrian units. The suggest-
ed primary fluid-controlling factor was basement
faults acting as feeder channels for metal-bearing
brines, whereas the sedimentary properties of the au-
tochtonous strata exerted a secondary control (Romer
1992).

The Laisvall type deposit has been hypothe-
sized (Saintilan et al. 2015a) to be genetically associat-
ed with vein hosted Pb-Zn deposits based on the min-
eralogical resemblance (calcite, fluorite, sphalerite and
galena), their relative proximity to each other and geo-
chronological data that could suggest synchronous
origin. Tectonic structures associated with the vein
hosted Pb-Zn deposits (e.g. Akerlandet and others in
the Lycksele-Storuman area) may have acted as feeder
channels for metal rich brines supplied to the Laisvall
deposit, possibly in multiple phases (Fig. 8)
(Johansson & Rickard 1984; Saintilan et al. 2015a).
Tentatively, the basement-hosted fluids protruded up-
wards and interacted with the superimposed paleo-
aquifers. Metals leached from the basement rocks were
precipitated in the pore spaces as the highly saline
brines mixed with cooler pre-existing fluids in the aq-
uifer (Romer 1992). The basement-leaching model has
been reinforced by airborne magnetic data, displaying
magnetic lineaments correlating with faults and frac-
tures in the autochthonous sedimentary rocks that have
been interpreted to be extending into the basement
(Saintilan et al. 2015b). Ore body-modelling of the
Laisvall mineralization has displayed funnel-shaped
geometry of the ores bodies with the highest grades in
the proximity of the basement feeder-channels, further
supporting their importance for metal transport and
precipitation. Analysis of the spatial distribution of ore
minerals show galena-mineralization present in the
proximity of the basement faults and sphalerite miner-
alization forming a distal shell pattern (Saintilan et al.
2015b).

To summarize; most recent studies emphasize
the role of re-activation of basement structures in the
ore-forming processes responsible for the sediment-
hosted, epigenetic Pb-Zn type of deposit. The similari-
ties of the mineralization style at Laisvall and Gran-
berget are hypothesized to be a consequence of region-
al scale tectonics and fluid migration, resulting in con-
temporaneous ore formation (Saintilan et al. 2015b).

4
4.1

Ore geochronology

Dating mineralization and ore-

forming processes
Accurate and precise dating of ore deposits has histori-
cally been recognized to be particularly difficult, part-
ly due to the lack of suitable dateable phases and part-
ly to imperfections, such as very low closure tempera-
tures inherent in certain radioactive systems. There
are exceptions, such as the Re-Os system which does
allow for direct dating of certain ore minerals. This
geochronometer is particularly well suited for dating
molybdenite, but this phase is not present in the stud-
ied mineralizations and when this technique is applied
on other sulphides the necessary precision cannot al-
ways be obtained due to low Re-Os concentrations. A
widely used approach for dating mineralizations is to
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date gangue minerals that are co-genetic (e.g. showing
inter-grown mineral textures) with the mineralization.
Yet, these results must be interpreted carefully since
many ore deposits have a complex genesis and intri-
cate relation with the host rocks e.g. leading to multi-
ple generations of mineral growth. Another common
method to determine the age of hydrothermal deposits
is to date fluid inclusions inferred to be synchronous
with the hydrothermal system forming the ore. Here
other problems may arise, such as a dynamic hydro-
thermal system evolution, including fluid mixing, that
could cause highly complex results (Dickin 2005).

There are a number of radiogenic isotope sys-
tems used in geochronology for isotopic dating of cer-
tain minerals which can be used directly or indirectly
for dating ore-forming processes e.g. Sm-Nd, U-Pb,
Re-Os, Lu-Hf, K-Ar, Ar-Ar and Pb-Pb. These systems
are based on radioactive decay of a mother to daughter
isotopes (in some systems through longer decay
chains). The time passed since the closure of the speci-
fied mineral can be calculated using equations for radi-
ogenic decay and empirically defined decay constants.
Element diffusion is prevented in the crystal when the
mineral cools below its closure temperature, whereby
the radiogenic clock starts. However, some assump-
tions needs to be fulfilled for the radiometric date to
reflect the true age of the formation of the mineral, and
these are further discussed in context with the Rb-Sr
system which is utilized in this work. First, the system
must have remained closed (no gain or loss of mother
or daughter elements) after reaching the closure tem-
perature of the selected mineral type (Faure 1986).
Rubidium and strontium for instance, are relatively
mobile alkaline elements that could be easily mobi-
lized if the mineral is sufficiently thermally or chemi-
cally altered. Metasomatic events such as percolating
hydrothermal solutions or metamorphic fluids may
disturb the system by initiating diffusion of the radio-
genic isotopes which in turn will (partly or complete-
ly) disturb the system and thereby an erroneous age is
obtained (Faure 1986; Attendorn 1997). Second, the
initial isotopic ratio of the daughter element in the geo-
chronometer (e.g. 87Sr/86$rmmal) must be consistent for
the analyzed samples. In order to obtain a valid
isochron, the analyzed sample sets are assumed to be
co-genetic by sharing a common geological history
and therefore have been affected by the same process-
es (e.g. crystallized from the same magma or precipi-
tated from the same hydrothermal solution). This as-
sumption is occasionally associated with problems.
Ore minerals may form during multiple stages, re-
equilibrate with magmas or hydrothermal solutions
with other isotopic compositions than the one charac-
terizing the initial stage, precipitate from a mixture of
fluids with different compositions or simply by not
being geologically related. Third, the dated minerals
must be directly related to the mineralizing processes
involved.

4.2 Application of the Rb-Sr dating

technique
The first studies using Rb-Sr technique on sphalerite
were published in the early 1990’s (e.g. Nakai et al.
1990; Brannon et al. 1992; Nakai et al. 1993) and the
method has since then been particularly used for da-



ting MVT-deposits (Saintilan et al. 2015a). The validi-
ty of the results obtained from this technique were
initially questioned, but subsequent studies using Rb-
Sr isotope systematics on sphalerite have yielded con-
sistent results when compared to other geochronome-
ters such as Re-Os (Selby et al. 2005; Schneider et al.
2007). The system relies on Rb and Sr, which are in-
compatible elements with Rb being more incompatible
than Sr, resulting in relative enrichment of Rb vs. Sr in
the fluid phase. Crustal rocks forming from residual
melts will consequently be relatively enriched in Rb
compared to Sr, resulting in elevated levels
(radiogenic) of *’Sr/*Sr over time due to the radiogen-
ic decay of ¥'Rb to *’Sr. Crustal rocks therefore have
higher ratios of ¥'Sr/**Sr compared to depleted mantle
rocks. In minerals other than sphalerite, Rb* and Sr**
commonly substitute for K™ and Ca®*, respectively;
however, Rb* (1.52 A, VI-coordination) and Sr** (1.18
A, VI-coordination) are unlikely to substitute for Zn*"
(0,74 A, VI-coordination) in the sphalerite crystal lat-
tice due to the large difference in ionic radii (Nakai et
al. 1993; Christensen et al. 1995). Substitution of Rb
and Sr ions in sphalerite have previously been dis-
cussed to be a result of charge balanced coupled sub-
stitution 2Zn*" < Rb" + Me*" (e.g. Me = Sn, Sb or
Ga) (Pettke & Diamond 1996). However, recent LA-
ICPMS data (Saintilan et al. 2015a) on sphalerite have
supported the hypothesis of Pettke & Diamond (1996)
that Rb and Sr ions are sited in octahedral voids pre-
sent in the sphalerite crystal lattice (Fig. 9) instead of
being supplied from micro-inclusions. Rb and Sr are
most likely incorporated into the octahedral voids dur-
ing rapid crystal growth (Saintilan et al. 2015a).

The Rb-Sr isotopic dating sg/stem is based on
the naturall7y occurring isotopes of “Rb and *’Rb and
843r, 35Sr, 87Sr and *Sr. The only radioactive isotope in
this system is ’Rb with a half-life of about 49.6 Ga
which decays to *’Sr through B decay (Villa et al.
2015). The ratio of *"Rb/**Sr decreases synchronously
as the *’Sr/*'Sr-ratio is increasing, which is utilized
when calculating the age of a mineral or rock. A Rb-
containing mineral can be dated by calculating 7 using
the decay constant for *’Rb and the basic decay equa-
tion (1):

i

Octahedral
void

N

Zinc —,

P

Fig. 9. Model of the sphalerite crystal structure. The octahe-
dral voids hosting the lattice bound Rb and Sr is marked in
the centre of the diagram.
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(1)#7Sr = 87Sr; + 87Rb(ett - 1)

where ¢ is the time passed since closure of the mineral,
¥Sr and *'Rb are the measured present-day absolute
abundances of atoms of each element in a unit wei%ht,
M is the decay-constant of *’Rb which is 1.3972x10™""'a"
1(Villa etal. 2015) and 8781 a1 the amount of ¥'Sr at
the time of mineral formation (Attendorn 1997;. Mass-
spectrometers measure isofope ratios (e.g. ° Sr/*Sr)
more precisely compared to absolute isotope abun-
dances. Since *°Sr is stable over time and is not pro-
duced by radioactive decay it can be used as a refer-
ence isotope. Each term in eq. (1) is simply divided by
the number of atoms of *’Sr, turning concentrations
into measurable ratios in the age determination equa-
tion (2) displayed below (Dickin 2005):

@ (i) = (o) + oge) -

Absolute concentrations of *'Rb and *’Sr must be
known for calculating ¢, which is done by measuring
the absolute abundances of the respective element,
either with isotope dilution (ID) mass-spectrometry or
e.g. by x-ray fluorescence (XRF) and then applying
equation (3) (Faure 1986; Attendorn 1997):

@ (s5e) = 51) * el

where *Rb/*Sr is the absolute quantity of atoms in a
given unit weight of the mineral, ([Rb]/[Sr]) is the
concentration ratio of the elements, Ab refers to the
element isotope abundance and W is the atomic mass
of corresponding elements (Attendorn 1997). In prac-
tice, the samples are dissolved for producing a pure Sr
salt through cation exchange chromatography, and
subsequently the isotope ratio of *’Sr/*Sr of each indi-
vidual sample is measured in a mass-spectrometer
gFaure 1986). After extrapolating or assuming
7St/2%S ki and calculating 8Rb/*Sr from the Rb/Sr
weight ratio, eq. (2) can be used for solving the param-
eter ¢ (time). Equation (2) can be considered as a re-
written version of the general equation for a straight
line (4):

(4)y =c+ mx

where *’Sr/*’Sr (y) and *’Rb/*Sr (x) are the plotted
ratios, ¥7St/%Srial (c) is the intercept of the y-axis
defining the initial *’Sr/**Sr-ratio of the system and et
-1 (m) is the slope of the straight line, referred to as an
isochron which represents the time ¢ that has passed
since sample crystallization (Faure 1986; Dickin
2005). The *’Sr/*°Sr (y) and *Rb/*Sr (x) values are
plotted in an isochron diagram (Fig. 10). The validity
of ¢ is based on the assumptions that the system have
remained closed with respect to Rb and Sr and that a
satisfactory value of 87Sr/868rmma1 is used. Thus, ¢ will
only be relevant as long as the geologic history is rep-
resented by the model of the analyzed co-genetic min-
erals, i.e. sharing the same age and the same initial Sr
isotope composition (Attendorn 1997). The dates ob-
tained from an assumed ¥’St/*Sryia-value are com-
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Sphalerite A Sphalerite B Sphalerite C

S7Rb/®Sr
Fig. 10. Theoretical evolution of a perfect Rb-Sr system. The
hypothetical sphalerite samples A, B and C do initially have
the same er7/Sr8(’mitial value but varying $7Rb/*Sr. Assuming
the system is closed, each sample will evolve as *’Rb decays
to ¥Sr. Theoretically, all samples will align on a regression
line (isochron = same age) if the system remain undisturbed.
Billstrom (personal communication).

monly referred to as “model-dates” in contrast to an
isochron date which is obtained by extrapolating the
line defined by individual sample points until it inter-
sects the y-axis (Faure 1986). A hypothetical set of
minerals forming from a magma or hydrothermal solu-
tion with homogeneous 7St/%Sriia and varying
¥Rb/*Sr will initially (at time = t0) plot as a horizon-
tal line in the Rb-Sr isochron diagram (Fig. 10)
(Attendorn 1997). As the minerals cool below their
closure temperature, diffusion is prevented and radio-

enic ¥'Sr will start accumulating from the decay of

Rb. Data points will move along straight lines with a
slope of -1 since the increase of the *'St/*Sr isotope
ratio will be of the same magnitude as that of the de-
crease in the *’Rb/*Sr isotope ratio (Fig. 10) (Dickin
2005). Although the data points successively will
move in the diagram, their positions are at any given
time constrained to a single, “rotating” straight line of
which the slope value increases as a function of the
time passed. As a result, the value of 87Sr/20S il TE-
mains unchanged irrespective of the length of time that
has passed (assuming the system remains closed). In
order to obtain a %ood—quality isochron, a considerable
variation in *Rb/*Sr (x-axis) is required, as this will
ultimately determine the precision of the slope value
of the isochron.

Once values of *’Sr/**Sr and *'Rb/**Sr for indi-
vidual samples are obtained, an appropriate statistical
procedure (e.g. least-squares regression) and computer
software data reduction are used to align the data
points to a best-fit straight line (isochron). As noted
earlier, the slope of the line yields ¢ from the relation-

ship of the slope €"_1 and the intersection with the y-
axis yields the 87Sr/8GSriniﬁal value (Faure 1986). In real
situations, there will always be an uncertainty in ¢ as
the linear fit will never become perfect and a certain
data scatter is commonly observed. This is normally a
combination of analytical errors, which never are in-
significant, and geological errors arising due to e.g. a
certain variability in the initial *’Sr/**Sr values ex-
pressed by individual samples, or to a mobility of ru-
bidium or strontium taking place at a post-
crystallization stage, or because all analyzed samples
were not of the same age. (Attendorn 1997).
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5 Methodology

5.1 Principles of ID-TIMS

The isotope dilution thermal ionization mass-
spectrometry (ID-TIMS) is a high-precision technique
generating isotope ratios. Isotope dilution is a method
that allows the concentration of a selected element to
be quantified with high precision and accuracy. This
can be accomplished in a clean laboratory through a
process often referred to as “spiking” in which a well
characterized amount of tracer (typically a solution
enriched in one of less abundant isotopes; *"Sr isotope
for Sr) is added to a sample of known weight. By ac-
quiring certain isotope ratios involving e.g. the **Sr
isotope, the concentration of Sr in the sample can be
obtained. The actual mass spectrometric analysis al-
lows both the isotope ratios of the sample to be ob-
tained, as well as the element concentration — if the
sample was spiked prior to analysis.

A TIMS instrument is based on the thermal
ionization effect obtained through heating of a sample
containing a single element until ionization of its at-
oms is achieved. The method requires that a chemical
purification of the selected element, often obtained by
ion chromatography, is applied prior to mass spec-
trometry. The TIMS technique is suitable for elements
with relatively low first ionization potentials such as
Sr or Pb but can be used for other elements as well.
The instrument is composed of three main compo-
nents: (1) the ion source (ion producer/accelerator), (2)
the mass analyzer (discriminating isotopes by their
mass/charge ratios) and (3) the detector (recording ion
beams). Initially the purified sample is dissolved in an
acid and mounted on a clean and outgassed filament.
The latter is a thin ribbon often made of rhenium met-
al. The mounted sample is then carefully dried and
loaded in the vacuum chamber of the mass-
spectrometer. The sample is ionized by gradual heat-
ing of the filament by inducing an electric current. The
operator can carefully monitor and regulate the ioniza-
tion process by controlling the strength of the current
(i.e. the heat of the filament). The filament emits excit-
ed species of the element that are focused into a single
beam through a series of electrostatically charges
plates. The ion beam is directed through an electrostat-
ically induced magnetic field where mass discrimina-
tion occurs and the species are dispersed into multiple
beams depending on their mass to charge ratio. For
instance, if a strontium sample is loaded the detector
system is set up to analyze single charged ions of the
masses 84, 86, 87 and 88. Each ion beam is collected
by a Faraday cup collector which converts the ion in-
tensity to voltage that yield precise isotope ratios when
signal ratios are compared to each other.

One of the main advantages with TIMS is the
stability of the ion beam, which enables the precise
measurement of isotope ratios. However, as the lighter
masses ionise more efficiently than the heavier, the
ratio between two isotopes of different masses changes
over time. This effect results in mass dependent frac-
tionation, which needs to be corrected for before plot-
ting the data.



5.2 Purpose of Rb-Sr isotope analysis
The purpose of the analyses was to obtain an age for
the formation of the Laisvall and Granberget ores by a
direct-dating approach on sphalerite grains using the
¥Rb-*’Sr isotope system. Rubidium and strontium
incorporated in the sphalerite crystal lattice should
theoretically represent a closed system since the min-
eral crystallized, providing a suitable geochronometer.

A potential problem is that fluid inclusions pre-
sent in sphalerite crystals may also contain strontium
and rubidium. Fluid inclusions (from a few microns up
to typically 50 microns) are small volumes of gas +
liquid, foreign mineral inclusions and salts that have
become trapped in minerals. Some fluid inclusions
may have been trapped at the same time as the host
mineral crystallized, this type of fluid inclusion is not
likely to present any analytical challenge as they, hy-
pothetically, contains the same initial type of strontium
as the component bound to voids in the crystal lattice.
However, there may also exist other fluid inclusion
types of a secondary origin that were introduced at a
later event. Thus, in case a sphalerite sample is directly
dissolved in acids, there is risk that Sr from mixed
sources is analyzed, which would generate misleading
age information. Thus, in order to date the mineraliz-
ing processes forming the sphalerite, the solid sphaler-
ite material needs to be separated and liberated from
possible interfering fluid inclusions.

Isotope analysis of elements contained within
fluid inclusions may yield valuable geological infor-
mation about e.g. the fluid composition and hydrother-
mal system, fluid source, ore forming stages and possi-
ble relations to other deposits. For these reasons, both
a residual phase (referred to as the R-fraction and cor-
responding to strontium and rubidium related to voids
in the sphalerite structure and therefore assumed to
reflect the situation at the primary crystallization), and
leachates (referred to as the L-fraction and correspond-
ing to strontium and rubidium in fluid inclusions) may
be analyzed separately. Thus, there is a need to split a
sample into two sub-fractions, which is done by very
careful grinding of the sphalerite sample (weighing
from a few milligrams to about 30 milligrams in this
study) using a specially designed boron carbide mortar
comprising a very hard surface. Further details of this
procedure are given below — see section 5.3 below.

As noted earlier, the mass spectrometry re-
quires pure samples and there is thus a need to sepa-
rate Rb and Sr from the other elements making up
sphalerite. Therefore, the samples need to undergo an
ion exchange procedure in order to separate and purify
each element. The principle is to treat R and L frac-
tions individually, and separate the specified elements
in columns filled with an ion exchange resin. Stronti-
um and rubidium can be separated through passing the
dissolved samples through an ion exchange resin. Cer-
tain resins have affinity for specific elements, which
will form a strong complex with the resin, while other
elements flow through. For a given resin type, the mo-
larity and choice of acid determines if a specific ele-
ment forms a complex with the resin and remain there
or travels (slowly or rapidly) through the resin and can
be collected.

The concept of “spiking” was introduced earli-
er, and in the clean lab the spiking procedure takes
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place prior to the ion exchange step. Since the calcula-
tion of a Rb-Sr date requires that the concentration of
both Sr and Rb are known, a mixed **Sr/*’Rb tracer
was added to the R and L fractions selected for analy-
sis. The sample-spike mixture is analyzed in a mass-
spectrometer, yielding the mixed isotopic composition
expressed in abundance ratios, which can subsequently
be utilized for calculating the element concentrations
in the sample solution.

5.3 Step-by-step description of sample

preparation

Washing and grinding of samples were done in a clean
lab with atmospheric overpressure. Crucial steps with
high risk for contamination were carried out in air-
flow secured fume hoods. Acids used were of high
purity and the water used was of MilliQ quality
(resistivity about 18.2 MQ cm). Containers and pi-
pettes were thoroughly pre-cleaned in acid.

5.3.1 Crushing of samples and separation of
sphalerite

A stainless-steel hammer and solid metal anvil block
were covered in thick aluminum foil for avoiding cross
-contamination of samples. The samples were crushed
to fine sand-sized particles and the material was in-
spected in stereo-microscope for determining its char-
acter and to define the pureness, grain size and color of
the sphalerite. Grain size separation was required after
the samples had been crushed for obtaining a grain
size suitable for sphalerite separation. For most sam-
ples, gravitational separation through carefully shaking
of the sample on a white paper in conjunction with
sieving using 350-100 pm mesh size was sufficient.
The actual picking of sphalerite grains was also done
under a stereo-microscope. Only pure sphalerite grains
were selected to obtain aliquots of 10-20 mg sphaler-
ite.

5.3.2 Heavy liquid separation

Some samples comprised a fine-grained mix of differ-
ent mineral phases, requiring heavy liquid separation
in order to separate the sphalerite. Such samples were
initially washed with water, dried and then centrifuged
in test-tubes filled with the heavy liquid LST
(approximate density is 2.95 g/cm?®), separating the
grains into a heavy, sphalerite rich fraction and a
gangue fraction. The sphalerite-dominated fraction
was separated by freezing the heavy fraction in liquid
nitrogen, and subsequently thawn and isolated from
the light liquid. The heavy liquid was removed from
mineral grains in a glass system equipped with a filter
and a vacuum pump. The sphalerite fraction was trans-
ferred to a Petri dish and prepared for further sphaler-
ite separation and picking.

5.3.3 Washing and grinding of samples

The samples were washed with water and leached in
2M HCI and 2M HF while being ultrasonicated. The
samples were then washed repeatedly with water to
remove as much as possible of traces of acids that may
contain minor concentrations of the elements of inter-
est. The clean separates were added, one by one in a
small volume of clean water, to the pre-cleaned boron
carbide mortar. The samples were grinded thoroughly



for ca. 3 minutes in deionized water. The intention is
to produce a sample that is fine-grained enough to en-
sure that all fluid inclusions were liberated. The sam-
ples, now in the form of very fine-grained solid mate-
rial as well as a fluid part carrying elements liberated
from fluid inclusions, were transferred to centrifuge-
tubes when completely grinded.

The mortar and pestle was cleaned repeatedly
by ultrasonicating it in water for a few minutes be-
tween handling each sample. The mortar and pestle
were further cleaned by placing them in concentrated
HNO:; for 15 minutes and then rinsed repeatedly.

5.3.4 Separation of leachate from residual spha-
lerite

The centrifuge-tubes containing the grinded samples
were shaken, rinsed with water and centrifuged repeat-
edly. The solid, fine-grained residual sphalerite was
kept in the bottom of the test-tube while the leachate
was extracted to other containers. The R-samples were
washed repeatedly with 2M HCL and 2M HF under
ultrasonification for 10 minutes respectively. The sam-
ples were then centrifuged and washed with deionized
water repeatedly to minimize the effect from traces of
acids may have on the relevant isotopic compositions.
Finally, the R-samples were transferred to clean and
pre-weighed Teflon vials, and after drying they were
weighed once again to produce the weight of the resid-
ual fraction. The weight of the L-samples cannot be
estimated as the size or number of liberated fluid in-
clusions remain unknown, which will make concentra-
tion estimates highly uncertain while isotopic ratios
are unaffected.

5.3.5 Addition of #*Sr/*’Rb mixed spike to the
sample

A few drops of spike solution were added to each sam-
ple respectively and the Teflon vial was weighed be-
fore and after spike addition. The spiked samples were
put in aluminum cases and left on hot plates at ca. 130
°C to dry, after which 6M HCI was added to each sam-
ple. The containers were repeatedly opened to avoid
pressure build-up of H,S in the containers and then
allowed to cool overnight. A large part of sample Lv
04-09 was accidently lost, possibly due to H,S build-
up. Because no smell of H,S was present during a pre-
vious inspection, the sample-spike equilibration reac-
tion was assumed to be complete. This, in conjunction
with element concentrations within the normal range
provide further justification for the assumption that the
spike had equilibrated with the sample prior to volume
loss and that the isotopic results from this sample are
trustworthy.

5.3.6 lon exchange procedure: collecting Rb, -Sr
and -Pb eluates
A combination of different ion exchange steps are re-
quired in order to produce element solutions that are
clean enough to yield good results during the mass
spectrometric analyses. Two types of resin (True-Spec
+ Sr-Spec that help to isolate e.g. iron and strontium,
respectively, from the elements of interest) were
mixed and added to pre-cleaned Teflon micro-
columns. The columns were repeatedly washed with
6M HCI and FC31 (0.3 M HF — 0.1 M HCI) and then
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conditioned with 6M HCI. Next, each sample
(dissolved in 6 M HCI) was added to separate micro-
columns and a combined Rb and Sr solution, free from
elements such as U and Fe, was collected. Subsequent-
ly, Rb was collected from each sample, and the respec-
tive solution was allowed to dry. Following this, Sr
was collected through adding heated 0.05M HNO;to
the micro-columns.

Any Ba present was separated from the Sr frac-
tion in the following step, and the previously collected
Rb fractions had to go through a second purification
step. Basically, these separation steps followed the
principles outlined above. These final steps also in-
volved the collection of Pb from the R-samples, which
made it possible to also analyze Pb isotopes in sphaler-
ite. However, these type of analyses were not part of
the present work and will be discussed elsewhere.

5.3.7 Measurement of isotope ratios

The Rb-samples were dissolved and loaded on a dou-
ble-filament setup. The Sr-samples were loaded on a
single-filament setup and a BTA-activator solution
was added to offset the high ionization potential of
strontium. All isotope ratio measurements were done
on a Thermo-Fisher Triton Mass-Spectrometer. The
process is semi-automated, but the operator needs to
monitor the behavior of each sample, as the ionization
may take place at different rates and is dependent on
e.g. variable sample sizes. The general idea is to start
the measurements when signal intensities are high
enough to produce stable and precise isotope ratios
and then collect data for a time period long enough to
allow the implementation of statistical treatment of
data.

5.4 Age calculations and error conside-

rations

Radiometric ages can be calculated following the pro-
cedures discussed when the general equations for radi-
ogenic decay were previously introduced (see section
‘Ore geochronology’). Once Rb and Sr concentrations
and the appropriate Rb and Sr isotope ratios are availa-
ble, Rb-Sr isochron ages can be calculated with a soft-
ware program. However, it is important to realize that
such an age has uncertainties. There are a number of
errors involved in the treatment of data and these are
briefly mentioned below.

5.4.1 Estimation of blank

There may be minor traces of e.g. Sr and Rb in the
acids, water, resins and Teflon ware etc. that are used
during the course of lab treatment. Their effect on the
final isotopic results obtained when the samples are
analyzed can be corrected for by carrying out a blank
measurement. This means that the very small effect of
the laboratory contamination is quantified by treating a
“blind” sample, i.e. a complete analysis (dissolution,
spiking, isotope measurements, etc.) is carried out us-
ing a Teflon vial without any added mineral sample.
Eventually, the blind sample is ready for mass spec-
trometry and ideally (zero contamination) the meas-
ured ratios will fully resemble those of the added
spike. In reality, the deviation between measured ratios
and known spike ratios are used to quantify the effect
of the lab contamination. Generally, the ion exchange



procedure used for separating Rb and Sr in
“conventional” mineral and rock samples (normally
much larger sample sizes are involved) implies very
low blank (contamination) levels in the picogram
range. However, it is hard to fully quantify the abso-
lute blank levels for crush-leach samples as it is diffi-
cult to mimic the procedures involved in the crush-
leach step. Nevertheless, reasonable total blank levels
for Rb (2 pg) and Sr (10 pg) were used in the software
program utilized for the data reduction.

Also, the *Sr s;)ike is not totally clean in the
sense that it contains “*Sr atoms exclusively. Such a
spike has, however, been thoroughly calibrated with
respect to the concentration of various Sr isotopes, but
there are yet uncertainties in these estimates.

5.4.2 Mass-spectrometry

A large range of smaller and larger uncertainties are
introduced during a run. The most important effect,
which was mentioned before, is mass fractionation.
This concept is quite complicated and involves issues
such as normalization and standardization. In this con-
text it is enough to stress the importance of analyzing
primary standards (having known isotopic composi-
tions) along with secondary standards which yield an
estimation of the accuracy of the results. There are
also a number of other sources of errors such as back-
ground noise and isobaric interferences which are nor-
mally not of any major concern when running Rb and
Sr samples as the software is taking account of their
influence on obtained ratios.

5.4.3 Calculations
Certain Excel spread-sheets (Ludvig 2001) are tailored
for calculating Rb-Sr isochron ages. The operator en-
ters estimated errors for each of the parameter values
that are required as input data. These individual errors
are propagated such that a total, combined error in the
x- (*'Rb/*Sr) and y-values (*’Sr/*Sr), respectively, is
defined. The net effect is that a regression with the
purpose of aligning sample points will be character-
ized by a slope value that also has errors, which reflect
the errors of individual points. The very final result is
that the software can calculate an isochron age with an
assigned error that matches the overall uncertainties in
fitting individual data points to a line.

The older decay constant for *’Rb of 1.42*10°
"a! (Steiger & Jager 1977) was used for the isochron
calculations in this paper in order to enable a compari-
son between the isotope data obtained in this paper and
older data such as Saintilan et al. (2015a). When using
the decay constant of Villa et al. (2015), all obtained
ages become ca. 2 % older which should be kept in
mind when interpreting the results.

6 Analytical results

6.1 Rb-Srisotope data

Analytical Rb-Sr isotope data obtained in this study
have been combined with previous Rb-Sr data from
Laisvall and Granberget performed on residual sphal-
erite by Saintilan et al. (2015a) and is presented in Fig.
11 and Table 2. The data represent five series based on
location and mineralization style as follows: (1)
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“Laisvall Upper sandstone disseminated sphalerite”,
(2) “Laisvall Lower sandstone disseminated sphaler-
ite”, (3) “Laisvall Upper sandstone sphalerite veinlet”,
(4) Laisvall Lower Sandstone sphalerite veinlet” and
(5) “Granberget disseminated sphalerite”. In general,
the isotope data for the residual sphalerite from Lais-
vall and Granberget ore bodies are scattered. *’Rb/*Sr
isotope data for disseminated sphalerite in the Laisvall
Upper Sandstone range between 0.082—13.15, Laisvall
Lower Sandstone range between 0.49-7.25 and Gran-
berget ranges between 0.14-30.15, respectively. In
contrast, the *'Rb/*Sr isotope data from Laisvall Up-
per Sandstone Veinlet and Laisvall Lower Sandstone
Veinlet range between 0.16-0.26 and 0.26-0.47 re-
spectively. The majority of the *’Sr/**Sr isotope values
are moderately radiogenic, ranging between 0.718 and
0.776, with four samples yielding highly radiogenic
¥7Sr/*Sr values (> 0.800). As a result of the highly
variable *Rb/*Sr ratios, the variation in *’Sr/*°Sr iso-
tope data is large; with a total range for the entire da-
taset between about 0.718 and 0.949 (Fig. 11). Fur-
thermore, sphalerite residues with brown colour from
Granberget deposit tend to have higher *’Rb/*Sr val-
ues compared to their counterparts.

The leachate isotope data display significantly
less overall spread in *'Rb/**Sr (0.07 to 1.55) com-
pared to the residual sample data, with most data be-
low 0.20 (Fig. 12 and Table 3). Yet, there is a large
range in the leachate *’Sr/*Sr isotope data, from 0.718
to 0.745. Almost all leachates from the Laisvall sand-
stone veinlet series, the Granberget disseminated se-
ries, and two of the Laisvall Upper sandstone dissemi-
nated samples plot along an almost vertical array indi-
cating low and similar *’"Rb/**Sr isotope ratios. In con-
trast, the Laisvall Lower sandstone disseminated sam-
ples, in particular, have significantly higher *’Rb/**Sr
isotope ratios (Fig. 12).

Saintilan et al. (2015a) used three residual
sphalerite samples of a disseminated style from the
Lower sandstone at Laisvall to calculate their isochron
age of 467 £ 5 Ma (MSWD = 1.4). Sample LAQ 176
from the same ore horizon (this study) plots relatively
close to the 467 Ma isochron and its incorporation in a
regression (n = 4) pertaining to the Lower sandstone
yields an age of 465 + 22 Ma and an initial Sr isotope
ratio of 0.716 + 0.0011 (Fig. 11) (MSWD = 91). That
is, the added point does not significantly change the
earlier suggested age, but the precision of the age and
the quality of the “isochron” becomes lower. Addition-
al data from the present study scatter considerably and
cannot be used to constrain or support the suggested
467 Ma age, and basically no well-defined isochron
can be fitted to any of the data series. However, a
crude linear array may be fitted to four of the residual
samples from Granberget (see regression line in Fig.
11) yielding an imprecise date of 508 + 48 Ma
(MSWD = 97) and an indicated Sr isotope intercept of
ca 0.732 + 0.008. There are also other arrays that can
be constructed which, however, are based on fewer
samples and associated with very high (>1000)
MSWD values.
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Table 2. Rb-Sr isotope data for residual samples compiled from Saintilan et al. (2015a) and this study. Note that
uncertainties given by Saintilan et al. (2015a) are absolute within-run errors, whereas standardized, relative errors (+
0.5 % in *Rb/*Sr and = 0.02 % in ¥’Sr/**Sr) are used in the present study; however, the latter are recalculated to
absolute errors in the table.

Ore body 8" Rb sy 26 89Sy 26 Rb (ppm)  Sr(ppm)  1/Sr Reference

Upper Sandstone dissemination

Lv 04-09 brown 0.8803 440E-03 07297 1.46E-04 0.0799 0.2632 3.7995  This study

Lv 04-09 yellow 0.0823 412E04 07189 1.44E-04 0.0879 3.0915 0.3235  This study

Lv 05-09 brown 13.1552 6.58E-02  0.8227 1.65E-04 2.0138 0.4479 22328 This study

Lv 06-08 veinlet 23510 1.IBE-02  0.7336 1.47E-04 0.1416 0.1747 57228 This study

Lv 06-09 matrix brown 0.7645 382E-03 07252 1.45B-04 04055 15374 06505  This study

Lv 06-09 matrix yellow 03514 1.76E-03 07371 1.47B-04 02285 1.8863 05301  This study

LAQ 32 02073 1.04E-03  0.7229 1.45E-04 0.0872 12184 0.8208  This study

LAQ 158 04959 248E-03  0.7239 1.45E-04 0.1454 0.8496 1.1770  This study

LAQ 258 0.1698 R49E-04  0.7265 1.45E-04 0.0741 1.2645 0.7908  This study
12LAI12R 02572 3.80E-03  0.7261 2.00E-06 0.1339 1.5090 0.6627  Samntlan etal 2015a
12LAI52R 13503 1.93E-02 0.7272 4.00E-06 0.1677 03600 27778 Santlanetal 2015a

Lower Sandstone dissemination

12LAIO3R 0.4949 7.10E-03  0.7192 4.00E-06 0.0973 0.5695 1.7559 Saintilan et al. 2015a
11LAI33R 49883 715E-02  0.7489 1.70E-05 03194 0.1860 53763 Saintilan et al. 2015a
12LAIS3 R 72453 1.17E-01  0.7645 6.00E-06 2.6007 1.0443 0.9576 Saintilan et al. 2015a
LAQ 176 02777 1.39E-03  0.7183 1.44E-04 0.0700 0.7300 1.3699 This study

Upper Sandstone veinlet

12LAI43R 0.1570 2.50E-03 0.7264 2.00E-06 0.1149 2.1211 0.4715 Saintilan et al. 2015a
12LAI44R (1) 0.2600 3.80E-03  0.7263 2.40E-05 0.1025 1.1426 0.8752 Saintilan et al. 2015a
12LAI44 R (2) 0.1699 240E-03 07253 3.00E-06 0.1624 27714 0.3608 Saintilan et al. 2015a

Lower Sandstone veinlet

12LAT14R 04654 520E-02 07391 1.00E-05 0.0303 0.1892 52854 Saintilan et al 2015a
12LAI84 R 02626 3 80E-03 07373 8 00E-06 0.0323 03568 28027 Saintilan et al 2015a
Granherget dissemination

BRB3SOR 0.4991 3.70E-03  0.7468 4.45E-05 02243 13051 0.7662 Saintilan et al. 2015a
BRB36R 0.1420 1.00E-03  0.7298 2.50E-06 0.0154 0.3144 3.1807 Saintilan et al. 2015a
BRB5&R 0.2667 190E-03  0.7444 7.00E-06 02771 3.0170 0.3315 Saintilan et al. 2015a
BRB 74 brown 3.4482 1.72E-02  0.7765 1.55E-04 1.5402 1.3010 0.7686 This study

BRB 105 brown 13.2122 6.61E-02  0.8402 1.68E-04 22453 0.4981 2.0078 This study

BRB 115 (see Fig. 11 mnterpolation) 30.2589 1.51E-01  0.9494 1.90E-04 16318 0.1597 6.2610 This study

BRB 118 brown 110117 551E-02 08150 1 63E-04 02229 0.0592 16.9005  This study

BRB 119 54539 273E-02 07723 1. 54E-04 0.1529 0.0816 122504  This study

Table 3. Rb-Sr isotope data for leachate samples compiled from Saintilan et al. (2015a) and this study. Note that uncertainties
given by Saintilan et al. (2015a) are absolute within-run errors, whereas standardized, relative errors (£ 0.5 % in *’"Rb/*Sr and +
0.02 % in ¥Sr/*Sr) are used in the present study; however, the latter are recalculated to absolute errors in the table.

Ore body STRL/A%Sr 26 87g /0y 26 Reference

Upper sandstone dissemination

Lv 04-09 15510 776E-03  0.7196 144E-04 This study
12LAT12L 0.1025 1.50E-03  0.7238 4.00E-06 Saintilan et al. 2015a
12LATS2L 0.1290 1.90E-03  0.7222 3.00E-06 Saintilan et al. 2015a

Lower sandstone dissemination

12LATO03L 0.1265 1.80E-03  0.7179 3.00E-06 Saintilan et al. 2015a
11LAI33L 1.2249 229E-02  0.7276 2.00E-05 Saintilan et al. 20
12LAIS3L 1.1512 1.65E-02  0.7326 5.00E-06 Saintilan et al. 2015a

Upper Sandstone veinlet

12LAT43L 0.0959 140E-03  0.7273 6.00E-06 Saintilan et al. 2015a
12LAT44 L (1) 0.2635 3.80E-03  0.7230 4.00E-06 Saintilan et al. 20
12LAT44L (2) 0.1130 1.60E-03  0.7259 3.00E-06 Saintilan et al. 2015a

Lower Sandstone veinlet

12LAT14L 0.1736 250E-03  0.7406 3.00E-06 Saintilan et al. 2015a
12LAT84L 0.1508 220E-03 07386 3.00E-06 Saintilan et al. 2015a
Granberget

BEBS0L 0.1133 1.70E-03  0.7457 2.40E-05 Saintilan et al. 2015a
BRB356L 0.1177 1.70E-03  0.7335 4.00E-06 Saintilan et al. 2015a

BEB 115 0.0679 3 40E-04 07238 1.45E-04 This study



7 Discussion

The Rb-Sr isochron data obtained in this study, and
others (e.g. Billstrom et al. 2012; Saintilan et al.
2015a), highlight the complexity commonly associated
with sphalerite Rb-Sr isotope data from the study area,
and the interpretation of potential isochrons is ambigu-
ous. Scatter around an isochron (i.e. a straight line of
data of equivalent age) can be caused by a number of
processes: (1) the sphalerites crystallized during mix-
ing of fluids with varying (initial) isotope composition;
(2) the sphalerites were affected by post-
mineralization perturbation leading to gain or loss of
Rb and Sr, resulting in rotation or partial resetting of
the isochron; (3) sphalerite crystallized over an extend-
ed time period (relative to the analytical precision); (4)
contamination of the crystal lattice bound Rb and Sr
from unopened micro-inclusions; (5) contamination in
the laboratory environment.

Considering the last two of these hypothetical
explanations, a small effect cannot be totally ruled out.
However, data are blank-corrected in order to remove
the effect of contamination of samples in the chemistry
laboratory and since the samples were thoroughly
grinded (allowing the content of fluid inclusions to be
liberated), it is assumed that their effect on the Rb-Sr
sphalerite system, defined by residual samples, can be
neglected. When considering possible age differences
among samples, these may exist as specimens repre-
sent different sampling locations and textural settings.
On the other hand, the observation that a scatter is also
seen for samples representing a single ore type hosted
within a specific ore horizon (e.g. disseminated-style
samples from within the Upper sandstone) is strongly
suggesting that age differences is not the main cause
for the overall scatter.

Excluding the aforementioned causes for the
apparent diachroneity within and between sample sets,
post-ore disturbances and heterogeneity of initial Sr
isotope ratios in the ore fluids remain as plausible ex-
planations. The independent age constraints that are
available at Laisvall are limiting ore formation to be-
tween ca. 540 and 425 Ma. The upper limit is defined
by the observation that mineralization at Laisvall to
some extent also affected Cambrian units within the
Ediacaran-Cambrian package of ore-bearing sand-
stones. The lower age limit of the Laisvall mineraliza-
tion is constrained by deformation during the culmina-
tion of the Caledonian orogeny around 425 Ma. Given
these age constraints, the linear arrays with slopes cor-
responding to an age in the approximate 540—425 Ma
interval warrant further consideration. Basically, two
ideas will be contrasted below; the effect of a post-
crystallization disturbance as discussed by Saintilan et
al. (2015a) versus the effect of syn-ore fluid heteroge-
neities in the initial Sr isotope composition (Billstrom
et al., in prep.)

7.1 The possibility of a post-
mineralization disturbance affecting
the Rb-Sr system

Saintilan et al. (2015a) argue for a post-mineralization
disturbance of the Rb-Sr isotope system by Sr-rich
fluids in the Upper Sandstone at Laisvall. These au-
thors suggest that samples within the Lower sandstone
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member were not affected by post-ore disturbance and
they interpret a three-point isochron of 467 + 5 Ma
(MSWD = 1.4) Ma to date the age of mineralization of
the Laisvall ores. Yet, they note that samples from the
Upper sandstone member were partly disturbed. One
disseminated residue sample from the Upper sandstone
(12LAI12 R), along with leachate samples, fits a steep
linear array of *'Rb/**Sr vs ¥'Sr/*Sr isotope data (Fig.
5A in Saintilan et al. 2015a). The slope of this array
yields an impossibly old age, and the array was con-
sidered to be a mixing trend. The steep linear trend
was interpreted as a result from Sr-gain through infil-
tration of radiogenic Sr-rich fluids, which are inferred
to have generated the mineralized veinlets through
remobilization (Saintilan et al. 2015a). LA-ICPMS
data of element concentrations, suggests that Upper
Sandstone samples have been disturbed, as indicated
by the scatter produced in [Sr] vs. [Rb] diagram (Fig.
7A and 7B in Saintilan et al. 2015a), whereas Lower
Sandstone samples plot relatively linear indicating
limited or no disturbance (Saintilan et al. 2015a). Oth-
er factors supporting a local post-ore disturbance is the
occasionally tectonically disrupted Upper Sandstone
and its proximity to the lowermost Caledonian nappe
thrust plane and the presence of cross-cutting steeply
dipping galena-sphalerite-calcite veinlets. The miner-
alized cross-cutting joints might have formed during
remobilization which took place after formation of the
disseminated sandstone ores, as proposed by Saintilan
et al. (2015a). Similarly, the Granberget ore body is
disrupted by sub-vertical faults, cut by mineralized
veins with an overall overprinting of low-angle thrusts
(Saintilan et al. 2015a) and thought to have been af-
fected by late Sr-bearing fluids.

In summary, Saintilan et al. (2015a) consider
that the Rb-Sr sphalerite system in the Lower sand-
stone at Laisvall closed at 467 Ma, whereas this took
place later (probably around 425-400 Ma) for veinlet
samples and samples from the Upper sandstone that
were affected by a late Sr gain.

7.2 The possibility of syn-ore processes
creating heterogenities in Sr initial

isotope values
Instead of a secondary gain as the mechanism behind
the Rb-Sr scatter, it is possible that it is due to hetero-
geneities in initial Sr isotope values. Focusing on the
Laisvall-type of ores, the latter hypothesis would as-
sume that the Rb-Sr sphalerite system in e.g. the dis-
seminated Laisvall ore bodies closed at a common
time at some point within the 540-425 Ma interval. A
reasonably good constraint on the Sr isotope values
valid at the time of Rb-Sr system closure is obtained
by focusing on samples having low Rb/Sr ratios. Such
samples have not been affected to a large extent by
¥Rb decay (producing radiogenic *’Sr and thereby
changing the Sr isotope ratio) and are as such reflec-
tors of the situation at the time designating the closure
of the Rb-Sr system. Calculations have been carried
out for samples with a Rb/Sr ratio of less than 1.0; this
is an arbitrary value, but the exact number for this pa-
rameter is not crucial for this discussion. Any calcula-
tion of an initial Sr value requires that the measured Sr
isotope composition for a single sample is back-



calculated to the value valid at the time of anticipated
starting time. However, it cannot be determined a pri-
ori when the Rb-Sr systems closed. For this discus-
sion, it is notable that the age correction is insensitive
to any age in the 540-425 Ma interval. This is due to
the relatively minor differences in slope values for
different ages within the discussed age span (slope
value for 540 and 425 Ma is 0.00753 and 0.00592,
respectively) and the associated small effect on calcu-
lated ¥St/%Sri45a1 isotope values. Thus, if a crude, in-
termediate ore forming age of 500 Ma is used for all
samples low in Rb/Sr from Granberget and Laisvall, it
can be ar%ued that disseminated samples from Laisvall
had *’Sr/*Sr isotope values between ca 0.716 and
0.725, whereas Granberget samples may define a dual
mode with values close to ca 0.732 and 0.742, respec-
tively. The observation that the initial Sr-isotope val-
ues are significantly different implies that isotopically
different ore fluids must be inferred, and also that the
observed tendency for straight-line arrays can only be
explained if a number of specimens share the same
initial Sr isotope composition.

Several circumstances provide support for the
idea that ore fluids had variable Sr isotope composi-
tions. First, fluid inclusion data that is based on ho-
mogenization temperatures and salinity from Laisvall
and Granberget show no signs of being secondary or
disturbed by Caledonian tectonics. Second, sphalerite
crystals display undisturbed, symmetric growth zon-
ing, yielding support for a low-stress growth environ-
ment (Rickard et al. 1979). These observations, in con-
junction with the absence of annealing and defor-
mation lamellas in sphalerite, suggest that sphalerite
has not been significantly altered or recrystallized.
Studies of healed fractures in quartz grains imply that
these fractures formed prior to the infilling of the inter-
stitial volumes and the mineralization of the sand-
stones at Laisvall (Lindblom 1986). The thrusts and
faults cross-cutting the mineralization are related to
clay layers in the sandstones, leaving most of the inte-
rior of the sandstone blocks unaffected from defor-
mation (Lindblom 1986). Moreover, the tectonic dis-
turbance caused by the lowermost nappe has been con-
sidered to be insignificant ca. 20 m below the thrust
plane, which corresponds to a stratigraphic position
well above the Upper sandstone member. Finally, the
metamorphic grade was below the temperature for ore
formation as shown in results from illite crystallinity
(Rickard et al. 1979).

The main point made by these observations is
that only minor post-crystallization effects on minerals
and their isotope systems appear to have occurred, and
that all significant ore features developed at a syn-ore
stage. Therefore, there is no obvious reason to invoke
Rb or Sr mobilization as a cause for the data scatter.
On the contrary, the Rb-Sr isotope data scatter is con-
sistent with heterogeneities in the initial Sr isotopic
compositions of syn-depositional ore-bearing fluids,
and provides a better explanation given independent
geological evidence.

7.3 Fluid mixing and ore-forming pro-

cesses
Irrespective of whether post-mineralization disturb-
ance or syn-ore heterogeneities in initial Sr isotope
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ratios are invoked as an explanation for the lack of
simple isochrones, the data share one parameter; Rb-Sr
mixing or perturbation must have taken place during
or after mineralization. Certainly, the model assuming
variable initial Sr isotope compositions is consistent
with the presence of isotopically different ore fluids.
Their presence is supported by e.g. color zoning and a
variable metal distributions as noted at Laisvall, and it
has been proposed by authors (Rickard et al. 1979;
Lindblom 1986) that several, discrete ore fluids have
formed the Laisvall ore. Thus, it seems highly unlikely
that a single ore-fluid is responsible for the large
Sr/*Sr signature contrast typifying disseminated
samples from Laisvall and Granberget, ranging from
common (*’Sr/*’Sr ca. 0.718) to highly radiogenic
(*’St/*’Sr ca. 0.949) isotope values on a sampling
scale.

A similar type, and magnitude, of Rb-Sr isotope
data scatter as seen for the disseminated ores has also
been observed for the Zn-Pb vein ores in the Lycksele-
Storuman region (Billstrom et al. 2012). These authors
discussed different mixing scenarios that could explain
the observed scatter and anticipated the presence of at
least two types of fluids; 1) an isotopically homoge-
nous, un-radiogenic fluid referred to as the ‘cool flu-
id’. This fluid mainly comprises Sr from seawater and
less radiogenic meteoric water, and 2) a hot, metal-rich
fluid originating from the basement with a more radio-
genic Sr-isotope composition, referred to as a ‘hot flu-
id’. In one proposed scenario, a distinction was made
between two types of sphalerite; one population
formed from the isotopically homogeneous cool fluid
giving rise to a linear Rb-Sr array, and one scattered
population that precipitated as a result of on-site mix-
ing between the cool fluid and the radiogenic hot fluid.
Similar arguments could apply to the Laisvall and
Granberget ores, and the wide range in homogeniza-
tion temperatures and salinity of the fluid inclusions
from Laisvall provides further evidence for the ore
solution(s) being the result of mixing of two, or more,
fluids. The higher calculated *’Sr/*Sr isotope values of
0.732 and 0.742 for Granberget compared to values
between 0.716 and 0.725 for Laisvall, would suggest
that the fluids forming the Granberget ore had a larger
influx of the radiogenic, hot fluid component. Interest-
ingly, the lower end of the isotope compositional spec-
trum of the ore-forming fluids at Laisvall is close to
the value (ca. 0.716) representing the samples that
were used to calculate the ca. 530 Ma isochron age for
the vein hosted Pb-Zn ore type (Billstrom et al. 2012).

There are tendencies for residual sphalerite
samples to plot along linear arrays and, principally,
any straight line can be interpreted as either a mixing
line or an isochron. The former explanation assumes
physical mixing of two components of different Sr
concentration and Sr isotope ratios, whereas an
isochron is based on the assumption that samples of
the same age, and sharing identical initial Sr isotope
compositions would plot along a straight line. A com-
monly used approach to distinguish between mixing
and isochrons is to plot the measured Sr-isotope com-
position against the reciprocal strontium concentration
(Fig. 13). Data that define a straight line suggests the
presence of mixing, while there is no prerequisite rea-
son for isochronous data to plot along systematic
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Fig. 13. Residue Rb-Sr isotope data plotted vs. 1/Sr (ppm). Data points compiled from the literature are marked with black bor-
ders while remaining points are obtained in this study. The two linear trends are shown with dashed lines.

trends. This approach is particularly useful for modern
samples that contain no radiogenic ingrowth of daugh-
ter isotopes. However, a complexity with the present
data set is that mixing has been demonstrated to have
affected the sample data (most likely it occurred in
connection with syn-ore processes or a few tenths of
million years after the crystallization of sphalerite) and
moreover, the significant levels of Rb in in residual
samples imply that radiogenic *’Sr has been produced.
Here, ancient mixing of sources with contrasting Sr-
isotope compositions as well as variable radiogenic
ingrowth as a function of Rb/Sr controls the data in
Fig. 13, leading to a rather complex data pattern. Sam-
ples that have been previously suggested to be isochro-
nous do not form a straight line in the reciprocal Sr
diagram (Fig. 13), implying that they might indeed
have age significance. On the other hand, most sam-
ples in Fig. 13 define two linear arrays and a possible
explanation is that these arrays constitute separate bi-
nary mixing trends involving three different source
end-members (Billstrom et al., in prep.).

Saintilan et al. (2015a) presented a scenario
where the ore fluids were a mixture of highly radio-
genic *’Sr/**Sr leached from permeable Proterozoic
basement rocks and a sedimentary source with a less
radiogenic *’Sr/*Sr composition. The fluids were hy-
pothesized to originate during the development of an
early Caledonian foreland basin, which would have
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generated a mixture of basement-leached metal rich
brines with hydrocarbons and thermochemical reduced
sulfur originating from organic rich shales (Rickard et
al. 1975; Saintilan et al. 2015a). Basically, the princi-
pal development of ore-forming fluids, as outlined by
Saintilan et al. (2015a) from their studies on the Lais-
vall ore, is a realistic scenario and it is not dependent
on which model that is preferred to explain Rb-Sr iso-
tope data scatter. What may be emphasized is that it
seems likely that ore formation at Laisvall did not oc-
cur in a single static system; it probably had the nature
of a dynamic system in which different, single ore
fluids followed different paths and equilibrated with
slightly different types of host rocks.

7.4 Age estimates and possible genetic

links between ores of different types
Two mechanisms for the scattered Rb-Sr isotope data
have been discussed in this work. Saintilan et al.
(2015a) put forward an idea of a post-addition gain of
Sr. There is no firm evidence emerging in the present
work that reject this hypothesis, but the data presented
here show that there is also a possibility that the scatter
may be due to intrinsic, isotopic properties of ore-
bearing fluids. Following the latter hypothesis, the
measured *'St/*’Sr isotope compositions is a function
of two processes; (1) the presence of several ore pulses
with variable Sr isotope signatures, and (2) the in-situ



growth of ¥'Sr due to the effect of *’Rb decay. Despite
that the former process ultimately led to a complicated
Rb-Sr data scatter, it appears that there are certain sub-
groups of samples with high *’Rb/**Sr-ratio that tend
to define straight-line relationships and, as discussed
above, such arrays are likely to have an age signifi-
cance. The immediate question to be asked is when ore
formation occurred for different ore types. Below fol-
lows a brief discussion about the timing of ore for-
mation leading to the A) main, strata-bound Pb-Zn
disseminated ores (principal ore type at Laisvall and
Granberget), the B) Pb-Zn veinlets overprinting the
disseminated ores, and the C) breccia-hosted Zn-Pb
vein-type in e.g. the Lycksele-Storuman area.

Temporal constraints that can put the Pb-Zn
mineralization events into a geological framework are
poor. As discussed earlier, field evidence infer dissem-
inated mineralization to be restricted to an approxi-
mate 540-425 Ma interval. Rb-Sr isotope sphalerite
data of disseminated Laisvall samples (Saintilan et al.
2015a; this study) do not provide any unequivocal
evidence, and the significance of the precise 467 + 5
Ma isochron offered for the Laisvall mineralization
(Saintilan et al. 2015a) can be questioned as it relies on
three data points (Billstrom et al. in prep.). There is a
tendency for certain samples from Granberget to plot
on a linear array (this study), which could be interpret-
ed as a crude 500 Ma isochron age, but no firm con-
clusions can be made. Similarly, Rb-Sr sphalerite data
from deposits in the Lycksele-Storuman area
(Billstrom et al. 2012), tentatively indicating a ca. 530
Ma age, are not particularly robust. There are also Ar-
Ar data for late rim over-growths on K-feldspars sam-
pled in Laisvall sandstones which argue for two hydro-
thermal events at ca 567-528 and 453-403 Ma, re-
spectively (Sherlock et al. 2005). These age intervals
are interpreted as two separate periods with the older
age(s) being a result of burial diagenesis and the
younger age(s) being a result of tectonically induced
fluid flow caused by the orogenic collapse of the Cale-
donides and development of intra-orogenic basins
(Sherlock et al. 2005; Saintilan et al. 2015a). It ap-
pears possible that either or both of these periods cor-
respond with fluid flow events connected to mineraliz-
ing processes.

On the other hand, mineralogy, fluid inclusion
data and textural relationships may help to set up prob-
able models for ore formation. Saintilan et al. (2016b)
proposed that, based on isotope data (6"°C, §'°0 and
5**S) from studies on calcite-fluorite-sulphide vein
deposits along the erosional Caledonian front at Aker-
landet and in the granitic basement at Laisvall, the
gangue minerals calcite and fluorite were precipitated
from mixing of an evolved and basement-interacted,
near-neutral (pH 5-6), metal-poor, reduced fluid and
H,S-rich fluids originating from organic rich layers
such as the Alum shale formation. Comparable fluids
were likely involved in the disseminated style of ore
formation, and it is also possible that the veinlets cross
-cutting the disseminated sandstone ores formed more
or less simultaneously with the disseminated ore. The
latter scenario is supported by results from homogeni-
zation temperatures and melting temperatures for
sphalerite in the mineralized joints and in the dissemi-
nated ore, indicating an identical bulk composition and
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temperature for the fluids precipitating the disseminat-
ed ores and different veinlet mineralization (Rickard et
al. 1979). Another important observation is that brec-
cia vein deposits at Akerlandet, Jirvsand and in the
Lycksele-Storuman district share several characteris-
tics in mineralogy and fluid inclusions with the Lais-
vall disseminated ore. This is indicating common, re-
gionally driven processes, which raises the option that
breccia- and disseminated ore types actually formed by
synchronous processes. That is, there remains a possi-
bility that regional-scale hydrothermal cells affected
large areas, and that metal-bearing fluids during ascent
deposited sulphide ore in veins in the basement as well
as filled up pores in sandstones.

The paleogeographic setting at e.g. Akerlandet
and Laisvall was similar during the 540-425 Ma inter-
val, i.e. a package of autochtonous sedimentary rocks
overlaid an old Proterozoic basement which is con-
sistent with a coeval deposition of different ore types.
This is in opposition to the idea put forward by Sainti-
lan et al. (2015a) who interpreted the basement hosted
calcite-fluorite-sulphide veins to post-date the for-
mation of the Pb-Zn mineralized sandstones at Laisvall
and suggested that these veins have been active at mul-
tiple intervals and possibly acting as a conveying sys-
tem for the metal-rich fluids precipitating the Laisvall
sandstone hosted Pb-Zn ore. The uncertain temporal
relationship between vein deposits and disseminated
ores is reinforced by the way Rb-Sr sphalerite isotope
data for these ore types plot in diagrams. Saintilan et
al. (2015a) did not conclude whether or not the vein
deposits actually formed more or less simultaneously
with the disseminated ores at ca 467 Ma, or if their
formation preceded the event leading to disseminated
ores by ca 70 million years. Determining a precise and
accurate age for mineralization is fundamentally im-
portant as it has bearing on our understanding of the
mineralizing processes. For instance, if the age of min-
eralization is ca. 540 Ma, it would be related to far-
field effects in response to tectonic activity during the
Timian orogeny along the north-eastern margin of Bal-
tica, whereas a younger 467 Ma event would be con-
sistent with early Caledonian compressive tectonic
activity (Saintilan et al. 2015a).

8 Conclusion

The nature of the Rb-Sr sphalerite isotope data pre-
sented in this study is complex and any interpretation
is ambiguous. Two main hypotheses have been dis-
cussed for the cause of the observed scatter; (1) late Sr
-gain caused by post-mineralization disturbance
(Saintilan et al. 2015a), and (2) mixing of fluids with
heterogeneous *’Sr/*Srisotope values and ¥'Sr growth
due to *’Rb in-situ decay (Billstrom et al in prep.).
Both models assume mixing to have occurred. Howev-
er, the data presented here is consistent with varying
S/ S mitial isotope values that can be constrained
when back-calculating from measured Sr isotope val-
ues. Even though no precise age for the ore-forming
processes at Laisvall and Granberget can be presented
here, our data support the model of a regional-scale
hydrothermal fluid flow, driven by far-field orogenic
tectonics (either by older Timian or by younger Cale-
donian tectonics). Moreover, the highly variable
S /% S mitial isotope data obtained in this study further



support a model of syn-ore formation mixing of fluids
with varying Sr-isotope compositions. It is quite likely
that these processes formed several types of Pb-Zn
deposits at different locations in the vicinity of the
Caledonides during a relatively short time interval.
The duration of a large-sized hydrothermal ore is nor-
mally in the range of hundreds of thousands of years to
a few million years, and may involve several short-
lived pulses. If hypothetically, in the current context,
one major hydrothermal event led to the deposition of
different ore types distributed over a large geograph-
ical area it is believed that the life-time of such an
event is within the analytical uncertainty of any age
based on radiogenic decay schemes.
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11 Appendix
Laisvall NADOK Lv 04-09

Thin section description: Mineralization is composed
of fine grained honey-yellow sphalerite occupying the
pore-spaces between quartz grains. Distinguishing for
this sample is that the sphalerite is honey-yellow to
greenish. The sandstone is well-sorted compared to the
Granberget breccia sandstones. The sphalerite distribu-
tion appear to be disseminated to a higher degree.
Main mineralogy: Quartz, sphalerite, galena

Grain size: Medium grained.

Grain shapes: Rounded to sub-rounded quartz grains
compose the matrix. Honey-yellow sphalerite is inter-
grown in interstitial spaces.

Sorting: Well-sorted

Intergrain relationships: Grain supported. Quartz
compose matrix. Mainly sphalerite is occupying pore-
spaces.

Textural maturity: Mature to supermature.

Laisvall 05-09 Nadok ort 807 Upper
sandstone

Thin section description: Rich on fine grained dark,

brownish sphalerite and local galena mineralizations.

This Laisvall sample display sphalerite with a darker

tint compared to Laisvall 04-09 sample. Still, the

sphalerite is more disseminated compared to Granber-

get samples. Additionally, the Laisvall samples have

more rounded quartz grains, are well-sorted and tex-

turally mature. Galena content seem to be relatively

low compared to Granberget breccia-type of minerali-

zation.

Main mineralogy: Quartz, sphalerite, + galena

Grain size: Fine grained.

Grain shapes: Sub-rounded quartz grains compose the

matrix.

Sorting: Well-sorted

Intergrain relationships: Grain supported. Quartz

compose matrix. Sphalerite £+ local galena is occupy-

ing pore-spaces.

Textural maturity: Mature.




Laisvall LAI Bh1020

Thin section description: Rich on dark sphalerite and
galena. Similar to the other Laisvall sample, the sand-
stone is relatively well-sorted and the ore is coating the
quartz grains.

Main mineralogy: Quartz, sphalerite, + galena

Grain size: Medium to coarse grained.

Grain shapes: Sub-rounded quartz grains compose the
matrix. Sulphides are cementing the rock.

Sorting: Moderately sorted.

Intergrain relationships: Grain supported. Quartz
compose matrix. Galena + sphalerite is occupying pore
-spaces.

Textural maturity: Submature to mature.

Laisvall LAl Bh 1243 43.25 — 43.48 m
Thin section description: Sample is richly mineral-
ized on brownish sphalerite and locally accessory
shiny greyish galena. Sorting is less pronounced com-
pared to Lv 04-09 and Lv 05-09. Galena mineraliza-
tions are only local and clustered. Sphalerite occur as
cement network in the interstitial spaces throughout
the sample.

Main mineralogy: Quartz, sphalerite, galena

Grain size: Medium to coarse grained.

Grain shapes: Sub-rounded to rounded quartz clasts
are the dominating phase. Sphalerite and minor galena
form a pore-space filling cement.

Sorting: Poorly to moderately sorted

Intergrain relationships: Grain supported. Quartz
compose matrix. Sphalerite and/or galena is occupying
pore-spaces.

Textural maturity: Submature (mix of quartz grain

sizes)




Granberget 02-09

Thin section description: Darkish sulphide minerali-
zations along fractures. Sub-litharenite.

Main mineralogy: Quartz, galena, sphalerite

Grain size: Equigranular, medium sized.

Grain shapes: Sub-rounded grain size.

Sorting: Well sorted.

Intergrain relationships: Quartz grains are occasion-
ally cemented together. Mineralizations of galena oc-
cur between quartz grains and along fractures and
brownish sphalerite are present in pore spaces locally.
Textural maturity: Mature.
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Granberget BRB 115

Thin section description: Coarse grained sandstone.
Brownish sphalerite and dark grey galena mineraliza-
tions occur in fractions and as cement between the
large quartz grains. Sample is richly mineralized as
cement is predominantly sphalerite + galena. Quartz
grains are fractured. Thin section image is absent.
Main mineralogy: Quartz, galena, sphalerite

Grain size: Coarse grained.

Grain shapes: Sub-angular to sub-rounded.

Sorting: Well-sorted.

Intergrain relationships: Quartz grains are cemented
by sphalerite and galena.

Textural maturity: Moderate.




Granberget BRB 119

Thin section description: Large grain size variations,
breccia type-sandstone. Sample is richly mineralized
by dark grey-metallic luster galena and light brown
shimmering sphalerite. Mineralization are present in
large pore-spaces but also in breccia-induced fractures
occasionally cross-cutting large quartz grains.

Main mineralogy: Quartz, sphalerite, galena.

Grain size: Coarse to fine grained.

Grain shapes: Angular to sub-angular.

Sorting: Poorly sorted.

Intergrain relationships: Large quartz breccia-clasts
of quartz cemented with sphalerite and galena.
Textural maturity: Submature to mature.

Granberget BRB 15

Thin section description: Brecciated quartz-
sandstone which is mineralized by predominantly dark
-grey metal-luster galena and minor dark brownish
sphalerite occurring in veins. Galena is of a dissemi-
nated nature. Occasionally the ore minerals are occur-
ring in calcite-veinlets.

Main mineralogy: Quartz, sphalerite, galena, calcite.
Grain size: Coarse to fine grained.

Grain shapes: Angular (brecciated).

Sorting: Poorly sorted.

Intergrain relationships: Brecciation, fractures cross-
cutting through and between large quartz grains. Frac-
tures are filled with galena, sphalerite and calcite.
Textural maturity: Submature to mature.




Granberget BH 74

Thin section description: Poorly sorted quartz-rich
sandstone with light brownish sphalerite mineralized
in a network of interstitial spaces. Galena mineraliza-
tions are more sparsely distributed as dark metallic
aggregations.

Main mineralogy: Quartz , sphalerite, galena.
Grain size: Coarse to medium grained.

Grain shapes: Sub-angular.

Sorting: Moderately sorted.

Intergrain relationships: Quartz grains cemented by
predominantly sphalerite and minor galena.
Textural maturity: Moderate.
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