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Introduction

The evolution of the Norwegian Caledonide orogen was 
preceded by a series of Archaean and Proterozoic crust-
forming events including creation of the palaeocontinent 
Baltica and fringing seas and oceans, later collision of 
Baltica with other plates, and a chain of contractional 
and extensional tectonic events. The history of Baltica, 
spanning c. 850–400 Ma, has been marked by a sequence 
of magmatic, biological and climatic events including 
several inferred Snowball episodes between c. 760 and 
560 Ma (Hoffman & Schrag, 2002). 

The timing of magmatic and metamorphic events 
has been reasonably well constrained. However, a 
large part of the detailed history of the Caledonides 
imprinted in metamorphosed sedimentary complexes 
has yet to be deciphered and fully understood. Several 
marble formations that were originally deposited in 

seas apparently located between ancient continents 
represent missing links relative to shelf areas that once 
fringed Baltica and Laurentia. Assessing their age and 
provenance is crucial for a better understanding of the 
palaeogeographic evolution of Baltica and its interaction 
with Laurentia and Siberia. 

Establishing the timing of various surface processes 
and basinal, biological and climatic events is seriously 
hampered by a scarcity of fossils and, until fairly recently, 
a general lack of methods which can be employed for 
the dating of sedimentary rocks. During the last decade, 
however, a concept of ‘carbon and strontium isotope 
stratigraphy’ has been employed for indirect dating of 
sedimentation of the carbonate protoliths of high-grade 
metamorphic terranes in the Scandinavian (Melezhik 
et al., 2001a, b, 2002a, b, 2005a; Slagstad et al., 2006), 
Scottish and Irish (Thomas et al., 2004; Prave et al., 
2009a, b) Caledonides, in the Pan-African Mozambique 
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of several areas that are known to show similar geological 
and tectonic developments. In 2003, for example, a 
chemostratigraphic investigation together with 1:20,000 
scale geological mapping in the Ofotfjorden area proved 
to be successful in distinguishing different age groups 
of non-fossiliferous marble units and defining cryptic 
thrust-faults, and was considered to represent a novel 
approach for reconstructing the geological history 
and for exploration strategy in a high-grade marble-
dominated terrane (Melezhik et al., 2003).

The current contribution presents a new 1:20,000 
map of the Rognan area (Figs. 1 & 2) and has several 
objectives: (i) to discuss the probable limitations of 
strontium isotope stratigraphy; (ii) to demonstrate 
the applicability of carbon and strontium isotope 
stratigraphy for constraining apparent depositional 
ages, and for subdividing and correlating barren, high-
grade marble successions; (iii) to illustrate our further 
progress in the production of a new generation of 
maps of non-fossiliferous, high-grade metamorphic 
terranes by combining detailed mapping with carbon 
and strontium isotope chemostratigraphy; and (iv) 
to utilise chemostratigraphy in palaeotectonic and 
palaeogeographic reconstructions.

Regional geology, metamorphism, 
deformation and isotopic ages
Geographically (Fig. 1), the studied and mapped area 
represents the western part of the 1:50,000 Rognan 
map-sheet 2129 III (Kollung & Gustavson, 1995), and 
the easternmost part of the 1:50,000 Misvær map-sheet 
2029 II (Solli et al., 1992). The northern boundary of 
the mapped area is limited by Skjerstadfjorden and 
its eastern limit is defined by Saltdalsfjorden and the 
Saltelva valley (Fig. 2, fold-out map in back pocket).

In terms of tectonostratigraphy, the rocks of the studied 
area constitute part of the Fauske Nappe. The term was 
introduced by Nicholson (1974, p. 184) for the medium-
grade, marble-rich successions lying structurally above 
the high-grade Gasak Nappe of the Upper Allochthon, 
and below rocks of the Rödingsfjället Nappe Complex 
(including the Beiarn Nappe) which are part of the 
Uppermost Allochthon (e.g., Roberts & Gee, 1985). The 
designation Fauske Nappe has been retained in most 
later map compilations (Solli et al., 1992; Gustavson et al., 
1999; Kollung & Gustavson, 1995; Gustavson, 1996), and 
it is used in this contribution.

The Fauske Nappe includes several, formally-defined, 
lithostratigraphic units with the rank of formations. 
Three such formations, namely the Rognan, Øynes 
and Kjerktinden, have been adopted in the current 
contribution, although all are used informally. There 
are two reasons for this informal usage. Firstly, their 
boundaries and lithological contents remain poorly 

Belt (Melezhik et al., 2006, 2008a), and in East Antarctica 
(Satish-Kumar et al., 2008; Otsuji et al., 2013). 

Previous chemostratigraphic studies in the Norwegian 
Caledonides have yielded results of fundamental 
significance including the recognition of: (i) new age-
group rocks (Melezhik et al., 2002a); (ii) a Laurentian 
ancestry for several marble formations (Melezhik et al., 
2002b; Roberts et al., 2002); (iii) a much more complex 
tectonic development and an additional orogenic event in 
the history of the Norwegian Caledonides (Roberts et al., 
2001, 2002; Melezhik et al., 2002a, b); and (iv) some links 
between the tectonostratigraphy and commercial marble 
deposits (Melezhik et al., 2002a, b). A robust test of the 
applicability of isotope stratigraphy for indirect dating, 
stratigraphic subdivision, correlation and reconstruction 
of the geological history of barren, high-grade marble 
complexes can only be achieved by a comparative study 

Figure 1. Simplified outline map of the Rognan–Fauske district sho-
wing the extent of the Fauske Nappe and adjacent nappe complexes. 
Areas in red represent granite and/or diorite plutons, in some places 
with minor gabbro and ultramafic rocks. The boxed area west of Rog-
nan is the study area, shown in detail in Figure 2.

Figure 2 – enclosed on the inside of the back cover. 
Detailed geological map (1:20,000 scale) of the Rognan area, with 
three geological profiles; A–A’, B–B’ and C–C’.
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Yoshinobu et al., 2002; Barnes et al., 2007; Augland et 
al., 2013; McArthur et al., 2013). These features are more 
noticeable within the Uppermost Allochthon over a 
wider, regional scale (Roberts et al., 2007).

Structural geology of the area
The new geological map and profiles (Fig. 2) reveal a 
particularly complex structural development of the study 
area. Five thrust sheets are recorded, four of which are 
overlain unconformably by the conglomerates of the 
Øynes formation. Early, mesoscopic, tight to isoclinal 
folds are found throughout the tectonostratigraphic 
successions and are mostly coeval with the local, main 
schistosity, although some such folds are slightly later and 
deform the schistosity (e.g., Nicholson & Rutland, 1969). 
Larger-scale sub-isoclinal folds are also represented, 
as shown on the profiles B–B’ and C–C’. As will be 
explained later, these early folds and foliation are likely to 
have been generated during an inferred Early Ordovician 
deformation episode on the Laurentian side of the Early 
Palaeozoic Iapetus Ocean. The only exception to this 
are the structures and main schistosity in the Rognan 
formation which, by virtue of the apparent age of the 
carbonate rocks in this formation, i.e., Early Silurian, 
were evidently produced during the Silurian, Scandian 
orogeny. Evidence for early NW–directed thrusting, as 
reported from the Øynes formation in the Løvgavlen 
quarry near Fauske (Roberts et al., 2001, 2002), has not 
been detected in the study area.

Structures that clearly deform the early schistosity and 
folds vary in scale from the microscopic to regional-
scale antiforms and synforms (see profiles) with steep 
to vertical axial surfaces. These folds also deform the 
unconformity at the base of the Øynes formation as well 
as the internal early folds and metamorphic fabric in this 
same formation, and are therefore likely to be part of the 
Scandian cycle.

In addition to these diverse, polyorogenic, contractional 
structures, mesoscopic extensional shear bands and 
down-dip verging folds occur along or in the vicinity 
of several west-dipping surfaces, including original 
thrusts. Such extensional structures are now widely 
recognised throughout the western, central and north-
central Norwegian Caledonides as far north as Lofoten, 
and developed during a late-Scandian, extensional 
‘collapse’ of the nappe pile (e.g., Hossack, 1984; Norton, 
1986; Andersen, 1998; Fossen, 2000; Roberts, 2003), 
now isotopically dated to Devonian age (Terry et al., 
2000; Nordgulen et al., 2002; Osmundsen et al., 2003, 
2006; Kendrick et al., 2004; Steltenpohl et al., 2011). The 
nearest, documented, major extensional shear zone is the 
Breivika shear zone (Braathen et al., 2002), of inferred 
Devonian age, which forms the southwestermost limit 
of the study area near Ljøsnehammaren. This shear 
zone represents a late-Scandian reactivation of the basal 

defined, and secondly, the content of the originally 
defined Rognan Formation has been changed by 
subdividing it into three discrete units with different 
apparent ages (for an explanation, see section Apparent 
depositional ages of carbonate formations in the Rognan 
area), namely the Fjellengflåget and Leivset units, whilst 
for the third unit we will retain the name Rognan. 
Hence, five informal formations are now recognised 
within the geographic limits of the study area - Rognan, 
Øynes, Fjellengflåget, Leivset and Kjerktinden (Fig. 2). 
The Rognan, Leivset and Kjerktinden formations are 
composed mainly of calcite and dolomite marbles with 
minor mica, quartz and calcareous schists. In addition, 
graphite-bearing schists are present in the Rognan 
and Kjerktinden formations. In contrast, garnet-mica 
schists comprise the bulk of the Fjellengflåget formation 
where dolomite, calcite marbles and quartzites are 
minor lithologies. The Øynes formation is composed of 
polymict conglomerates and calcareous schists. 

No fossils have been found in the carbonate formations, 
and no radiometric ages have been reported from the 
study area, hence the actual depositional ages of the 
studied units are unknown. Earlier workers (e.g., Vogt, 
1927) considered that some of the Fauske Nappe marbles 
(the Fauske limestone of Vogt (1927), Strand (1972)); the 
Fauske marble of Rutland & Nicholson (1965); the Fauske 
conglomerate of Melezhik et al., 2000; part of the Øynes 
formation in the current contribution) could be extended 
southwards and then eastwards along the margin of the 
Nasafjellet tectonic window into the supposedly Middle 
Ordovician Pieske limestone of Sweden (Kulling, 1972, p. 
263). Later mapping has not supported this interpretation. 
Strand (1972) suggested another long-distance correlation 
of the Fauske limestone and its structurally overlying 
Øynes conglomerate with the Evenes limestone and 
Evenskjær conglomerate (the Evenestangen thrust sheet 
of Melezhik et al., 2003) of the Ofoten district of southern 
Troms. Chemostratigraphic studies, however, indicated a 
likely Mid Cambrian maximum depositional age for the 
Fauske conglomerate (Melezhik et al., 2000), whereas the 
Evenes limestone includes several imbricated marble units 
with apparent depositional ages ranging from Ediacaran to 
Silurian (Melezhik et al., 2002a, b, 2003, 2008b).

Detailed sedimentological, isotope-geochemical and 
structural investigations on the Fauske conglomerate 
have shown that the tectonic deformation sequence in 
the Fauske Nappe is both polyphase and polyorogenic 
(Melezhik et al., 2000; Roberts et al., 2001, 2002). These 
studies have provided the first direct indications that 
most of the lithostratigraphy now composing the Fauske 
Nappe originated on a shelf and continental slope on the 
Laurentian side of Iapetus (Roberts et al., 2001, 2002). 
Although isotopic dating is lacking in the Fauske Nappe, 
the above-mentioned studies suggest that the rocks 
experienced both Taconian (Early to Late Ordovician) 
and Scandian (Late Silurian to Early/Mid Devonian) 
deformation and metamorphism (James et al., 1993; 
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evolution through the Late Tonian, Cryogenian and 
Ediacaran (e.g., Halverson & Shields-Zhou, 2011). The 
currently available reference curve (Fig. 3A) shows 
frequent δ13Ccarb fluctuations with prominent magnitudes. 
Superficially, although the curve looks robust it is not all 
based on radiometrically constrained data, as some parts 
involve a significant measure of intercontinental litho- and 
chemostratigraphic correlation (e.g., Akademikerbreen 
Group; Halverson et al., (2007)) and can thus be disputed, 
and may consequently experience future amendments. 
Other details of the compilation of the Neoproterozoic 
δ13Ccarb record have been discussed in numerous 
publications (e.g., Kaufman et al., 1996; Hayes et al., 1999; 
Walter et al., 2000; Melezhik et al., 2001b; Halverson 
et al., 2005; Prave et al., 2009a, b). Despite its several 
shortcomings, the main structure of the Neoproterozoic 
δ13Ccarb record is now fairly clear. It is distinguished by 
generally high average δ13C values (~ +5‰) during the 
Late Tonian, and >+5‰ values throughout the Cryogenian 
punctuated by several, sharp, high-amplitude negative 
departures (e.g., Halverson et al., 2010) whose precise 
timing is not always constrained (for a detailed discussion, 
see Halverson & Shields-Zhou (2011)). 

Obtaining reliable and well-constrained 87Sr/86Sr data 
through the Neoproterozoic represents an even more 
serious challenge. The Sr-isotope system is more 
prone to post-depositional resetting during diagenesis 
and metamorphism in comparison to the C-isotope 
system. Radiometrically-dated sections do not always 
contain high-Sr limestones, which are resistant to post-
depositional alteration of 87Sr/86Sr, whereas high-Sr 
marine limestones are not always located within dated 
successions (e.g., Melezhik et al., 2009). The complexity 
of the issue is reflected in several of the reference 
curves that are available in the published literature. The 
earliest composite curve was presented in Melezhik et al. 
(2001b). This has been later modified (Fig. 3A; Melezhik 
et al., 2008a) by involvement of new data obtained by 

thrust of the Rödingsfjället Nappe Complex. Another 
comparable extensional shear zone has recently been 
reported from just northeast of Bodø, with preliminary 
isotopic indications of a Devonian age for these late-
Scandian movements (Steltenpohl et al., 2013).

Secular variations of δ13Ccarb and 
87Sr/86Sr in the Neoproterozoic and the 
Early Palaeozoic 

Secular variations of δ13Ccarb and 87Sr/86Sr in the 
Neoproterozoic and the Early Palaeozoic have been 
reconstructed by using diverse geological material 
(e.g., fossils, whole-rock samples) and by employing 
different methods for placing constraints on the age of 
deposition (e.g., radiometric dating, biostratigraphy, 
chemostratigraphy). For the Cambrian and younger 
time, the isotopic evolution of seawater is based on 
analyses of fossils composed of aragonite or high-Mg 
calcite (e.g., brachiopods, conodonts, foraminifera) and, 
hence, measured C- and Sr-isotope values represent close 
approximations to the seawater composition (e.g., Veizer 
et al., 1999), whereas radiometric and biostratigraphic 
ages provide robust time constraints on the deposition. 
Neoproterozoic and older rocks commonly do not 
contain fossils suitable for C- and Sr-isotope analyses, 
and the reconstructed evolution of seawater at that 
time is based on whole-rock samples which are prone 
to diagenetic overprints of both C- and, in particular, 
Sr-isotope systems (e.g., Derry et al., 1992; Kaufman et al., 
1993). However, the most important shortcoming for the 
Precambrian world is the dearth of reliable radiometric 
ages constraining the time of deposition of the measured 
successions (see discussion in Melezhik et al., 2001b). 

Significant progress has been made in recent years in 
constructing the δ13Ccarb reference curve for seawater 

Figure 3. Temporal trends of 87Sr/86Sr and δ13Ccarb in seawater through the Neoproterozoic and Early Palaeozoic. 
(A) 87Sr/86Sr and δ13Ccarb reference curves based on compilations made by Melezhik et al. (2001b) and Halverson & Shields-Zhou (2011). 
(B) Two 87Sr/86Sr reference curves (red dots after Halverson & Shields-Zhou (2011); rectangles after Kuznetsov et al. (2013)) which differ bet-
ween 680 and 660 Ma. The data, which are considered as the proxy to original Proterozoic seawater, are taken from: (1) Member I-6, Atar 
Group (Veizer et al., 1983); (2) Little Dal Group (Halverson et al., 2007); (3) Gillen Member, Bitter Springs Formation (Walter et al., 2000); 
(4) Inzer Formation, Karatau Group (Kuznetsov et al., 2003, 2006); (5) Minyar Formation, Karatau Group (Kuznetsov et al., 2003, 2006); (6) 
Shaler Group (Asmerom et al., 1991); (7) Akademikerbreen Group (Derry et al., 1989, 1992; Halverson et al., 2007); (8) Coates Lake Group 
(Halverson et al., 2007); (9) Rasthof Formation, Otavi Group (Yoshioka et al., 2003); (10) Uk Formation, Karatau Group (Kuznetsov et al., 
2003, 2006); (11) Keele Formation, Windermere Supergroup (Narbonne et al., 1994; Halverson et al., 2007); (12) Ombaatjie Formation, Otavi 
Group (Halverson et al., 2007); (13) Hayhook Formation, Windermere Supergroup (James et al., 2001; Halverson et al., 2007); (14) Maieberg 
Formation, Otavi Group (Halverson et al., 2007); (15) Doushantuo Formation (Yang et al., 1999; Sawaki et al., 2010); (16) Blueflower For-
mation, Windermere Supergroup (Kaufman et al., 1993; Narbonne et al., 1994); (17) Witvlei Group (Kaufman et al., 1993); (18) Wonoka 
Formation (Calver, 2000; Walter et al., 2000); (19) Huqf Group (Burns et al., 1994); (20) Nama Group (Kaufman et al., 1993); (21) Tinnaya 
Formation (Gorokhov et al., 1995); (22) Ust-Yudoma Formation (Semikhatov et al., 2003); (23) Pestrotsvet Formation (Nicholas, 1996); (24) 
Tommotian, Atdabanian, Botomian and Toyonian type sections, Early Cambrian (Derry et al., 1994; Kaufman et al., 1996); (25) Macha and 
Tolbacha formations, Early Cambrian (Gorokhov et al., 1995).
(C) δ13Ccarb and combined 87Sr/86Sr reference curves based on compilations made by Kuznetsov et al. (2013) and Halverson & Shields-Zhou 
(2011). Pink rectangles designate ranges in 87Sr/86Sr, which allow a unique constraint of apparent age range for the Mid-Late Cambrian and 
Cryogenian-Ediacaran. Blue rectangles designate ranges in δ13Ccarb, which allow a unique constraint of apparent age range for the Mid and Late 
Ediacaran and, in combination 87Sr/86Sr data, for three ages in the Cryogenian.
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Prave et al., 2009a,b; Otsuji et al., 2013). The reliability of 
C- and Sr-isotope chemostratigraphy clearly depends on 
(i) the precision of the reconstructed isotopic evolution 
of seawater and (ii) the potential of the tested rocks to 
preserve depositional isotopic values.

The compilation presented in Fig. 3C suggests that secular 
variation of 87Sr/86Sr in Tonian-Silurian seawater, even if 
used alone and with the conservative stance (wide 87Sr/86Sr 
band), can clearly discriminate carbonate formations 
deposited between c. 630 and 1000 Ma (87Sr/86Sr = < 0.7074) 
and in the Mid and Late Cambrian (87Sr/86Sr = >0.70895–
0.7094). The compilation presented in Fig. 3C also suggests 
that, in general, the carbonate formations deposited 
from the Tonian to the Silurian cannot currently be 
unambiguously dated indirectly by means of carbon isotope 
chemostratigraphy alone, with one exception. The exception 
is seen in the Mid Ediacaran when isotopic values suddenly 
plunge below -8.5‰. Such low values have been linked to 
the Wonoka (Halverson et al., 2005) or Shuram (Fike et 
al., 2006; Le Guerroué et al., 2006) or Shuram-Wonoka 
(Melezhik et al., 2008b) isotopic event. Since the event was 
first recognised as a global phenomenon (Halverson et al., 
2005; Melezhik et al., 2005b) there have been continuing 
debates on the origin of such extraordinary values, with 
opinions ranging from depositional (Fike et al., 2006) to 
burial-diagenetic (Derry, 2010). Recently, however, Johnston 
et al. (2012) have reported paired, organic-carbonate, 
carbon isotopic data and shown that negative excursions 
of a similar magnitude (down to -8‰) in the Cryogenian 
are almost certainly depositional. Hence, there are growing 
lines of evidence suggesting that high-magnitude negative 
excursions of δ13Ccarb in the Neoproterozoic have been 
driven by syndepositional factors. The best estimates for 
dating the Shuram–Wonoka isotopic excursion, as reported 
in the literature, are either at around 551 Ma (Condon et al., 
2005), between c. 600 and 550 Ma (Le Guerroué et al., 2006), 
or from c. 580 to c. 550 Ma (Fig. 4; Fike et al., 2006); hence, 
all point to the Mid–Late Ediacaran. Strontium isotope data 
from highly Sr-enriched marine limestones from southern 
Siberia apparently provide the most reliable constraint on 
87Sr/86Sr for Mid-Late Ediacaran seawater. At about the level 
of the nadir in the Shuram–Wonoka excursion, 87Sr/86Sr 
= 0.7082, and it gradually increases to 0.7086 up-section 
where it is still within the range of very low δ13Ccarb < -8‰ 
(Pokrovskii et al., 2006; Melezhik et al., 2009). The compiled 
seawater 87Sr/86Sr reference curve suggests a somewhat 
wider range of 0.7078–0.7089 (Fig. 3C). The combined 
application of δ13Ccarb < -8.5‰ and 87Sr/86Sr = 0.7082–
0.7089 for the Shuram-Wonoka seawater (Fig. 3C) can thus 
provide a reliable constraint on the apparent depositional 
age of sedimentary carbonates accumulated during the 
Mid-Late Ediacaran (c. 600–580 Ma). A similar range of the 
strontium isotopes combined with δ13Ccarb ranging between 
-8.5‰ and -5‰ now appears to be a characteristic feature 
for 580–570 Ma (Mid–Late Ediacaran) seawater.

Three other negative excursions of δ13Ccarb (down to -6 
or -8.5‰), which have been imprecisely constrained at 

Kuznetsov et al., (2003, 2005, 2006). Recently, Halverson 
& Shields-Zhou (2011), and Kuznetsov et al. (2013) 
published two new accounts on the evolution of 87Sr/86Sr 
in the Neoproterozoic (Fig. 3B). The 87Sr/86Sr curves of 
Halverson & Shields-Zhou (2011) and Kuznetsov et al. 
(2013) show some similarities as well as clear differences. 
The differences occur at around 830–810 and 670–660 
Ma, and they are caused by far too low 87Sr/86Sr ratios 
measured from the Uk and Inzer formations of the 
Karatau Group in the Urals with respect to those obtained 
from supposedly correlative sections in the Shaler 
Supergroup in Canada and the Akademikerbreen Group 
in Svalbard (Fig. 3B). None of the groups and formations 
involved in these conflicting measurements has been 
precisely dated radiometrically. The depositional age of 
the Akademikerbreen Group remains radiometrically 
unconstrained. The depositional age of the Inzer 
Formation has been constrained by a Pb–Pb dating 
technique on carbonates (836 ± 25 Ma, Ovchinnikova 
et al., 1998) and the age of the Uk Formation has been 
constrained by a K–Ar (669 ± 16 Ma) and Rb-Sr (663 ± 9 
Ma) dating of glauconite (Zaitseva et al., 2008). Moreover, 
no other measured sections which are correlative with 
the Uk Formation, are currently known. The overall 
disagreement between the two curves will apparently 
remain until the disputed and measured formations 
are radiometrically and precisely dated. Here, we take a 
conservative stance, by accepting the 87Sr/86Sr reference 
curve for Neoproterozoic seawater as a wide band (Fig. 
3C) enveloping all reliable Sr-isotopic data reported 
in the recent compilations by Halverson & Shields-
Zhou (2011), and Kuznetsov et al. (2013). For the Early 
Palaeozoic, the reference curve is more accurate especially 
where analytical data have been obtained from several 
fossiliferous limestone formations worldwide (e.g., Derry 
et al., 1994; Denison et al., 1994; Veizer et al., 1999).

Chemostratigraphic approach for 
constrain ing apparent depositional 
ages  of carbonate successions – general 
consider ations

Secular variations of δ13Ccarb and 87Sr/86Sr in the 
Neoproterozoic and Early Palaeozoic have already 
been widely used for the purpose of ‘isotope 
chemostratigraphy’ and indirect dating of carbonate 
sedimentation where no additional biostratigraphic 
or geochronological control could be provided (e.g., 
Melezhik et al., 2001b and references therein). With 
the task in hand, it is fair to state that the method 
has shown great promise for obtaining approximate, 
apparent depositional constraints when applied to high-
grade metamorphic complexes. Even marbles that have 
experienced multiphase metamorphism and deformation 
may retain their depositional carbon-isotope values and 
preserve near-primary 87Sr/86Sr ratios (e.g., Melezhik et 
al., 2001a; Slagstad et al., 2006; Satish-Kumar et al., 2008; 
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660, 730 and 750 Ma within the Cryogenian (Fig. 3C; 
for details see Halverson & Shields-Zhou (2011)), can 
be also applied for deciphering apparent depositional 
ages when δ13Ccarb values are used together with 87Sr/86Sr. 
However, no discrimination is possible between these 
three separate Cryogenian ages. The applications of the 
combined δ13Ccarb and 87Sr/86Sr data for reconstruction 
of their apparent depositional ages are presented in 
Table 1. In addition, Fig. 3C demonstrates that isotope 
chemostratigraphy does not allow us to discriminate 
confidently between Silurian and Ordovician, and some 
Cambrian and Ediacaran ages. 

Analytical techniques and data
Samples obtained from marbles from various formations 
have been analysed for major and trace element 
concentrations at the Geological Survey of Norway 
(NGU), Trondheim. Measurements of carbon and 
oxygen isotopes have been carried out at the Scottish 
Universities Environmental Research Centre (SUERC), 
Glasgow. Rubidium and strontium isotope analyses 
have been performed at the Institute of Precambrian 
Geology and Geochronology of the Russian Academy 
of Sciences, St. Petersburg. Analytical techniques for 
all measurements are specified in the Appendix. The 
obtained analytical data are presented in the Electronic 
Supplement.

Geochemical screening against post-
depositional alteration of C, O and Rb–Sr 
isotope systems in high-grade marbles

Diagenetic and metamorphic alterations affect carbonate 
material in a similar way (Nabelek, 1991). These processes 
usually lower δ13C and δ18O, and introduce radiogenic 
strontium. In general, during post-depositional, open-
system recrystallisation, the δ13C of calcite and dolomite 
would be buffered by the dissolving precursor, while 

Table 1.  Range of δ13Ccarb and 87Sr/86Sr or combination of both ratios (shown in bold), which have a unique age resolution and can be confidently 
applied for indirect age constraints when projected on to the seawater reference curve through the Neoproterozoic-Cambrian.

δ13Ccarb
87Sr/86Sr Apparent age, Ma Comment

Any values between -8.5 and +9‰ 0.7052–0.7074 1050–630 Mostly Tonian–Cryogenian

-5 to -8.5‰ 0.7062–0.7074 c. 750, c. 730 or c. 660,
No discrimination is possible  between these 
three Mid–Late Cryogenian ages in 'blind' 

experiment

<-8.5‰ 0.7078–0.7089 600–580 Mid Ediacaran  
(Shuram–Wonoka excursion)

-5 to -8.5‰ 0.7078–0.7089 580–570 Late Ediacaran  
(Shuram–Wonoka excursion)

0 ± 3‰ 0.7091–0.7094 530–485 Mid to Late Cambrian

Isotope data shown in bold are specific for designated time intervals.

Figure 4. Detailed δ13Ccarb profiles through the Ediacaran period (after 
Fike et al., 2006) showing the apparent age projection of the Leivset 
marbles based on the observed δ13Ccarb range. Formational names are 
from Oman.
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the δ18O, Mn and Sr contents would be partially shifted 
towards equilibrium with the ambient diagenetic fluids. 
In order to alter oxygen, trace elements and carbon by 
diagenetic/metamorphic fluids, it would require a water/
sediment ratio of 101 : 102–103 : 104, respectively (Banner 
& Hanson, 1990; Land, 1992).

As the rocks studied are polymetamorphosed, normal 
petrographic screening and cathodoluminescence are 
of very limited use as they can only detect the alteration 
associated with the last geochemical transformation. 
Hence, the discrimination technique has been based 
essentially on geochemical criteria.

In general, depending on metamorphic conditions and the 
chemical composition of the carbonate rocks, their pre-
metamorphic carbon, oxygen and strontium isotopic values 
could either be overprinted (Nabelek, 1991; Romer, 1994; 
Bickle et al., 1995, 1997; Lewis et al., 1998) or preserved 
even under amphibolite-facies conditions (Ghent & O’Neil, 
1985; Baker & Fallick, 1988, 1989a, b; Wickham & Peters, 
1993; Boulvais et al., 1998; Melezhik et al., 2001a, 2003; 
Satish-Kumar et al., 2008; Otsuji et al., 2013). 

The common geochemical assessment of post-
depositional alteration of carbonate is largely based on 
the relative abundances of Mn, Fe, Rb and Sr (e.g., Brand 
& Veizer, 1980). Several elemental ratios (Mn/Sr, Fe/Sr, 
Ca/Sr and Rb/Sr), as well as carbon and oxygen isotopes, 
are widely used as geochemical criteria for detecting 
the least disturbed carbon, oxygen and Rb–Sr systems. 
Different authors, however, have suggested and use not 
only dissimilar values of the same ratios, but also very 
variable combinations of these ratios (Asmerom et al., 
1991; Derry et al., 1992; Kaufman et al., 1993; Semikhatov 
et al., 2002; Kuznetsov et al., 2003). In all cases the choice 
of the elemental ratios and their values is empirical and 
to some extent arbitrary (Table 2). 

Conventional geochemical assessment of post-
depositional alteration of carbonate has been 
specifically refined for high-grade rocks (Melezhik et 
al., 2001a, 2002a, 2003). Table 2 shows that the levels 
of empirically established screening criteria that have 
been used in our studies for the high-grade rocks is 
commonly significantly tighter than those used for non-
metamorphosed rocks. In addition, the Mg/Ca ratio was 
found to be a very sensitive parameter for identifying 
any disturbance of the Rb–Sr system in high-grade 
marbles, although the application of this parameter to 
non-metamorphosed limestones has been very rarely 
discussed in the published literature. Oxygen isotopes, 
being sensitive indicators of even minimal alteration in 
non-metamorphosed limestones, do not always appear 
to be useful parameters for screening disturbances of the 
more resistant strontium isotope system in both non-
metamorphosed limestones (Bickle & Chapman, 1990; 
Bickle, 1992; Jones et al., 1994; Montañez et al., 1996) and 
high-grade marbles (Melezhik et al., 2001a, 2002a, b). Ta
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for major and trace elements. Two hundred and fifty-
nine selected samples were measured for carbon and 
oxygen isotopes; and 87Sr/86Sr ratios were measured on 
150 selected samples. The ‘least altered’ carbon, oxygen 
and strontium isotope ratios, selected by using multiple 
geochemical criteria (Table 2, high-grade marbles) with 
the additional aid of different cross-plots, are presented 
in Table 3 and discussed in some detail below.

Apparent depositional ages of 
 carbonate formations in the Rognan area

The analysed rocks represent mainly calcite and variably 
dolomitised calcite marbles (Fig. 5A). Dolomite and 
partially calcitised dolomite marbles are also present 
but are less abundant (Fig. 5A). Most of the analysed 
samples show Sr contents below 500 µg g-1 although 
high-Sr marbles are also common throughout the 
tectonostratigraphy (Fig. 5B, Electronic Supplement). 
The overall carbon, oxygen and strontium isotope ratios 
show large variations. The δ13C values range between 
-13.7 and +8.0‰ (V-PDB), δ18O fluctuates between 
15.6 and 30‰ (V-SMOW), whereas 87Sr/86Sr ratios 
vary between 0.70662 and 0.71087. When all the δ13C, 

Table 3 summarises the geochemical characteristics of 
the studied high-grade marbles in the Rognan area and 
illustrates that most of them show a level of preservation 
of many of the geochemical parameters that is much 
higher than even in comparative non-metamorphosed 
limestones (Table 2). Quite surprisingly, Sr abundances 
in six out of nine, and Mn in all studied calcite marble 
formations correspond to those reported in non-
metamorphosed brachiopods. In all studied calcite 
marble formations, the Sr and Mn contents, and Mg/
Ca and δ18O ratios fall within the range of Cambrian 
limestones (Table 3). Tentatively, all marble formations 
having a Sr content above 1000 µg g-1 are assigned to an 
aragonitic protolith.

In high-grade, amphibolite-facies marbles, a limited 
number of analyses are considered to be insufficient 
for recognising alteration trends, even if all necessary 
geochemical, mineralogical and petrological 
precautions have been taken to identify alteration 
effects. Consequently, databases with a small number of 
analyses (<10) should not be used for the reconstruction 
of δ13C values, and particularly 87Sr/86Sr ratios, in both 
low- and high-grade carbonate rocks. In our study, 300 
samples of calcite and dolomite marbles, representing all 
major marble units of the Fauske Nappe, were analysed 

Figure 5. Various 
cross-plots illus-
trating the pre-
sence of several 
distinct C- and 
Sr-isotopic mar-
ble groups in the 
Fauske Nappe.

V.A. Melezhik et al NORWEGIAN JOURNAL OF GEOLOGY 
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group. All analysed samples (n = 41) are calcite marbles 
(Mg/Ca = 0.02–0.04) with low Al2O3 (<0.01–2.3 wt.%) 
and moderate SiO2 (0.15–15.3 wt.%) contents. The rocks 
have high Sr abundances (970–2540 µg g-1) and show 
a low Mn/Sr ratio (0.004–0.11). All analysed samples 
(except five) contain organic matter (0.11–0.28 wt.%) 
in the form of graphite. 87Sr/86Sr ratios range between 
0.70669 and 0.70786 (Electronic Supplement).

Despite the geochemical homogeneity, the Kjerktinden 
marbles plot on a δ13C–δ18O diagram as two discrete 
subsets (Fig. 6A). The precise field relationship between 
Subset 1 (δ13C = -0.4–+2.5‰ and δ18O = 24.1–30.4‰) 
and Subset 2 (δ13C = +5.4–+7.7‰ and δ18O = 16.9–
24.4‰) marbles remains to be defined; however, in 
several outcrops throughout the mapped area, both 
geochemical types occur close to the contact with 
schists where they appear to be interbedded or tightly 
infolded. Various discrimination cross-plots do not 
suggest that the two subsets are the result of obvious 
post-depositional alteration processes. On the contrary, 
δ13C–δ18O, δ13C–Mn/Sr and δ18O–Mn/Sr cross-plots (Fig. 
6A–C) show that each subset exhibits its own alteration 
trend. The cross-plots suggest that the least altered δ13C 
values for Subset 1 and 2 marbles are +2.3 to +2.5‰ 
and +7.3 to +7.7‰, respectively, whereas for δ18O the 

δ18O and 87Sr/86Sr data are plotted together, they appear 
as several distinct, non-overlapping subsets (Fig. 5C, 
D). This might have been the combined result of post-
depositional alteration and the presence of different 
age-group marbles. The discrimination between these 
two alternatives is considered below for each individual 
formation.

The Kjerktinden formation

The Kjerktinden formation is composed of interbedded, 
pale-grey, garnet-mica schist (locally with staurolite), 
dark-grey, graphite-bearing mica schist, calcareous 
schist, dark-grey, graphite-bearing, calcite marble and 
quartzite (# 34–391). The formation occurs mainly in 
Kvanndalen–Kjerktinden and at Storvika, from where 
it continues along the western part of the mapped area. 
Apparent Kjerktinden marbles also appear as a thin sliver 
in the  Dverset area, extending farther south to western 
Nestbyfjellet (Fig. 2). In the study area, the structurally 
lower contact of the Kjerktinden formation is juxtaposed 
against marbles of the Leivset formation (# 24, 25, 26). 
At Kvanndalen, a steeply dipping calcareous schist of the 
Kjerktinden formation is overlain unconformably by flat-
lying Øynes formation conglomerates. The Kjerktinden 
marbles (# 38) represent a geochemically homogeneous 

Figure 6. Various cross-
plots illustrating appa-
rent alteration trends in 
C-, O- and Sr-isotopic 
systems in the calcite 
marbles of the Kjerktin-
den formation. The 
apparent alteration 
trends are indicated by 
blue and pink arrows for 
Subset 1 and Subset 2, 
respectively.
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1  Here and in the following text, these numbers refer to those in the legend of the geological map presented in Fig. 2.
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Subset 1 marbles are known from a previous study as a 
prominent chemostratigraphic marker horizon in the 
north-central Norwegian Caledonides. Melezhik et al. 
(2008b) reported that its extremely 13C-depleted primary 
nature (-7.9 ± 1.2‰ on average, n = 93) together with a 
high Sr content (up to 8740 µg g-1) that buffered 87Sr/86Sr 
ratios between 0.70802 and 0.70872, strongly suggests 
correlation with the worldwide Shuram-Wonoka 
isotopic event (Halverson et al., 2005; Melezhik et al., 
2008b) occurring within the 600–550 Ma time interval 
during the Ediacaran (Vendian) period (Fig. 4). Subset 
1 marbles (δ13C = -13.7 to -6.1‰) apparently record the 
nadir of the Shuram-Wonoka isotopic excursion. These 
13C-depleted marbles occur over a great lateral extent in 
the Scandinavian Caledonides. A unique combination 
of variegated colour, 13C-depletion and Sr enrichment 
of the marker horizon combined with its apparent 
depositional ages and wide geographic distribution 
meet the requirements for a chronostratigraphic marker 
(Melezhik et al., 2008b). In several places, including the 
study area, isotope chemostratigraphy has identified 
a prominent, cryptic, stratigraphic discontinuity and 
suggests that the 13C-depleted Ediacaran marble was 
tectonically juxtaposed above Llandovery-age marbles 
during the Scandian orogeny. These Llandovery-age 
carbonate rocks occur in places as low-grade, fossiliferous 
limestones, as, for example, in the Sagelvvatnet area of 
Troms (Melezhik et al., 2008b). In the study area, the 
Llandovery-age fossiliferous marbles correspond to the 
Rognan formation (# 11; for details, see the Nestbyfjellet 
road section in Fig. 10). Figure 10 presents a C-isotopic 
cross-section through tectonically stacked, Llandovery 
and Ediacaran marble units.

The preservation potential of carbon and strontium 
isotope systems in the 13C-depleted marbles has been 
discussed in great detail in Melezhik et al. (2008b), 
including some data from the study area (the Leivset, 
Brenne and Ljøsenhammaren quarries and the 
Nestbyfjellet road section). The newly obtained and 
analysed material shows no major geochemical and 
isotopic differences from  previously analysed material. 
The marbles do not show a significant correlation of 
the Mn/Sr ratio with δ18O or δ13C, hence no obvious 
resetting of the δ13C and δ18O values can be readily 
identified (Fig. 9B–E). 87Sr/86Sr ratios tend to correlate 
positively with Mn abundances and Mg/Ca ratios, 
hence suggesting some alteration (Fig. 9G, H). Fifteen 
samples with Sr contents ranging between 1000 and c. 
7000 µg g-1 have 87Sr/86Sr fluctuating between 0.70798 
and 0.70889 (Fig. 9F). Such high Sr contents suggest an 
aragonitic precursor and should provide a robust buffer 
for post-depositional alteration of the Sr isotope system. 
Moreover, these 15 samples with high Sr content meet all 
empirically derived selection criteria for the ‘least altered’ 
strontium isotopic values established for high-grade 
marbles with an aragonitic precursor (Table 2). The 
average contents of SiO2 (4.4 wt.%) and Al2O3 (0.5 wt.%) 
are low. Mn/Sr (0.03) and Mg/Ca (0.02) ratios, as well 

values are 30‰ and 24‰ (Table 3). Similarly, 87Sr/86Sr–
Mn/Sr and 87Sr/86Sr–δ13C cross-plots (Fig. 6D, E) identify 
alteration trends for Subset 2 marbles and indicate a 
least altered 87Sr/86Sr ratio of 0.70675. In contrast, in 
Subset 1, neither the used cross-plots (Fig. 6D, E) nor the 
empirically obtained discrimination criteria (Table 2) can 
assist in the reconstruction of the least altered Sr ratio. 
Consequently, taking the conservative stance, the lowest 
value of 0.70669 has been accepted as the best proxy for 
the seawater composition.

When the least altered strontium isotope ratios 
of Subsets 1 and 2 are projected onto the 87Sr/86Sr 
reference curve for seawater, both suggest an apparent 
depositional age within the 800–660 Ma time interval, 
i.e., Cryogenian (Fig. 3C). The carbon isotope values 
provide further constraints for Subset 2 marbles because 
the δ13C > +7.7‰ combined with 87Sr/86Sr of 0.70675 is 
a characteristic feature of the Mid Cryogenian, 775–
750 Ma (Fig. 3C). The δ13C of +2.3 to 2.5‰ and 87Sr/86Sr 
of 0.70669 of Subset 1 marbles is a typical feature of 
the Early Cryogenian (800–785 Ma) although such 
a combination has also been registered in the Mid 
(745–735 Ma) and Late Cryogenian (c. 660 Ma; Fig. 
3C). Further work is required to resolve the precise 
tectonostratigraphic relationship between Subset 1 and 
Subset 2 marbles.

The Leivset formation

The Leivset formation is composed of interbedded white, 
pale-grey and variegated calcite marbles (Fig. 7A–F), grey 
and white dolomite marbles (Fig. 7G–J), calcareous mica 
schist, and a minor, thin, matrix-supported conglomerate 
unit resembling diamictite (# 22–33). The formation 
occurs in the northern, western and eastern parts of 
the mapped area, and appears in a series of tightly 
folded, dismembered slivers in its central part (Fig. 2). 
Carbon, oxygen and strontium isotope systematics (Fig. 
8) suggest that three distinct groups (hereafter Subsets 
1, 2 and 3) of calcite marble (Fig. 8A) and one group of 
dolomite marble (hereafter Subset 4) can be identified 
in the Leivset formation (Fig. 8D-F). At Kvanndalen, all 
three subsets of calcite marble are erosively overlain by 
the Øynes formation conglomerate (Fig. 2).

Subset 1 includes banded, variegated and white calcite 
marble (# 33, Fig. 7A–F) passing into white and pale-
grey, coarse-grained, calcite marble (# 32), both of which 
have low δ13C ranging between -13.7 and -6.1‰ with one 
exception at -3.7‰ (n = 52), and δ18O =15–24‰ (with 
one exception at 27‰) (Fig. 9). Although the marbles 
crop out throughout the mapped area, they occur mainly 
at Nestbyfjellet. Subset 1 marbles have been sampled and 
studied from quarries at Leivset and Brenne, and from 
several natural outcrops in the Vensmoen, Nestbyfjellet 
and Dverset areas (Fig. 2). 
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Shuram-Wonoka excursion is correct, then the second 
subset (δ13C =-6.4 to -4.1‰) apparently documents the 
recovery period towards near-zero values (Fig. 4).

Subset 3 includes white, grey and dark-grey, massive 
to weakly banded, coarse-grained calcite marbles   
(# 26, 27). This group of marbles is characterised by 
very homogeneous δ13C values fluctuating around zero 
(ranging between -0.9 and +1.2‰ with one exception at 
-2.5‰; n = 23) and by δ18O values varying between 19 
and 26‰ but mainly clustering around 21.5‰. Subset 3 
rocks are rather pure (SiO2 = 0.12–4.4 wt.%; Al2O3 <0.01–
0.39 wt.%; n = 26) calcite (Mg/Ca = 0.005–0.03) marbles 
with low to moderate Sr abundances (255–910 µg g-1), 
and Mn/Sr ratios ranging between 0.02 and 0.07. Subset 3 
marbles occur throughout the mapped area from north to 
south and appear as a tightly folded unit showing pinch-
and-swell structures and isoclinal folds. In general, a 
robust control on the stratigraphic base or top of this unit 
is not yet available, and the unit is in contact with various 
rocks including Leivset formation calcareous schist, 
isotopically light, white and variegated marbles (Subsets 
1 and 2) of apparent Mid (600–580 Ma) and Late (c. 550 
Ma) Ediacaran ages, and mica schist of the Fjellengflåget 
formation. At Kvanndalen, the marbles are erosively 
overlain by the Øynes formation conglomerate (Fig. 2). 
Here, a thin unit of matrix-supported conglomerate with 
calcareous schist matrix, resembling diamictite, occurs 
at the structural and stratigraphic base of the Subset 3 
marble. Where the conglomerate wedges out, the marble 
is in direct contact with the Kjerktinden formation 
of Neoproterozoic age (800–650 Ma). Interestingly, 
carbonate clasts in the diamictite at Kvanndalen are 
mainly calcite marble with low δ13C (-5.5 to -4.9‰) and 
high δ18O (>24‰, Electronic Supplement), hence their 
source has no connection with the Kjerktinden marbles 
(δ13C = +0.7 to +7.7‰; Electronic Supplement).

Various cross-plots do not suggest any immediately 
recognisable alteration affecting the carbon and oxygen 
isotope systems in the Subset 3 marbles. δ13C and δ18O 
ratios do not show any significant correlation (Fig. 11A). 
Similarly, neither δ13C nor δ18O shows any correlation 
with Mg/Ca or Mn/Sr (Fig. 11B–C). Intriguingly, the 
most negative δ13C (-2.5‰) is coupled with the highest 
δ18O of 26.3‰ (Electronic Supplement, Fig. 11A). 
Consequently, we assume that the entire δ13C range 
from -2.5 to +1.2‰ may represent a proxy for seawater 
composition. 

In contrast, several cross-plots do suggest a fairly 
pronounced alteration of the 87Sr/86Sr ratios that fluctuate 
between 0.70881 and 0.70963 (Fig. 11D–H). 87Sr/86Sr 
shows a significant positive correlation with Mn (r = 
0.68, n = 16, >99%) and Mg/Ca (r = 0.84, n = 16, >99.9%), 
and hence was altered to a certain extent by Mn-bearing, 
dolomitising fluids. Cross-plots of 87Sr/86Sr versus Mn 
abundance and Mg/Ca ratio offer a better guidance, and 
suggest that 0.70881 represents the least altered ratio 

as the Mn content (67 µg g-1), are close to the required 
limits (Table 2). The average Sr content is >3000 µg g-1. 
Consequently, the whole 87Sr/86Sr range of 0.70798–
0.70889 could be considered to represent the least 
altered ratios and represent the best proxy to seawater 
87Sr/86Sr. When these ratios are combined with the δ13C 
of -13.7 to -6.1‰ and projected onto the reference curve 
of seawater evolution, they agree within the 600 and 565 
Ma time interval (Fig. 3C). However, the 87Sr/86Sr ratios 
correlate positively with the Mg/Ca ratios (r = +0.77, 
n = 18, >99.9%), strongly suggesting alteration of the 
Sr-isotope system by dolomitising fluids (Fig. 9G). Based 
on the 87Sr/86Sr–Mg/Ca cross-plot, the lowest 87Sr/86Sr 
ratio of 0.70798 is proposed to represent the best proxy 
to seawater composition. This ratio, combined with 
the δ13C value of -13.7 to -6.1‰, thus suggests a much 
narrower apparent depositional age range of 600–580 
Ma (Fig. 3C). 

Subset 2 includes grey calcite marble (# 24, 25) showing 
a higher though also negative δ13C (-6.3 to -4.1‰), 
but a generally higher δ18O (26–30‰) (Fig. 9). The 
marbles occur as a rather thick unit throughout the 
mapped area forming a large, complex, antiformal 
structure. They have been studied and sampled in a 
quarry at Ljøsenhammaren as well as in several natural 
exposures in the Gullurda, Dverset and Kvanndalen 
areas (Electronic Supplement, Fig. 2). Both Subset 1 
and Subset 2 marbles may also occur in the Dverset 
area, but there they are not interbedded and separated 
by calcareous mica schist of the Øynes formation 
(Fig. 2). In Subset 2 marbles, neither δ13C nor δ18O 
correlates with Mn/Sr or Mg/Ca ratios, nor with any 
other geochemical parameter or measured elemental 
abundance. Thus, we have assumed any alteration to 
have been relatively insignificant. As in the case of the 
Kjerktinden marbles, the high δ18O values may represent 
a primary depositional feature; currently the local 
preservation of such high δ18O values remains enigmatic 
and unexplained. 

A large range of the 87Sr/86Sr (0.70820–0.70988) ratios 
combined with a Sr content <1000 µg g-1 (Fig. 9F) is 
indicative of alteration of the Sr-isotope system. 87Sr/86Sr 
versus Mn and Mg/Ca cross-plots also suggest a certain 
measure of alteration. Moreover, 87Sr/86Sr ratios correlate 
positively with Mn abundances (r = +0.69, n = 16, 
>99%). This strongly indicates a severe alteration of the 
Sr-isotope system caused by Mn-bearing fluids (Fig. 9H). 
Based on the 87Sr/86Sr–Mn cross-plot, the lowest 87Sr/86Sr 
ratio of 0.70820 has been accepted to represent the best 
proxy for the seawater composition. This ratio matches 
with the lowest Mn/Sr (0.02) and Mg/Ca (0.003) ratios, 
and with SiO2 and Al2O3 contents below 0.01 wt.% (Table 
3). This Sr-isotope ratio and δ13C values ranging between 
-6.4 and -4.1‰ provide an apparent depositional age of 
c. 550 Ma when the data are projected onto the reference 
curve (Fig. 3C). If the inference that the Subset 1 marbles 
with δ13C = -13.7 to -6.1‰ record the nadir of the 
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Figure 7. Photographs of selected rock types from the Leivset formation.
(A, B, C) Variegated, calcite marble with a distinctive metamorphic layering enhanced by a considerable tectonic thinning. The photographs were 
taken from near-vertical, smooth walls in quarries at Leivset, Ljøsnehammaren and Brenne, respectively; the scale bar here and in all subsequent 
photographs is 10 cm. (D) Intensely folded, variegated, calcite marble with pinch-and-swell structure; the photograph was taken from a near-
vertical, smooth wall in a quarry at Storvika. (E) Detailed view of pinch-and-swell structure in variegated, calcite marble at Storvika. (F) Sheared, 
variegated, calcite marble exposed at Dverset; pen for scale is 14 cm. (G) Quarry wall with partially collapsed adit at Hammerfall illustrating 
variably banded, beige and pale grey dolomite marble; length of photograph is c. 65 m. (H) Quarry wall with adit at Løvgavlen illustrating massive, 
white dolomite marble. (I) Detailed view of thick-banded, white and pale grey, dolomite marble at the base, which gradually becomes thinner ban-
ded and platy at the top; quarry wall at Løvgavlen; the width of the photograph is c. 2 m. (J) Banded, white, beige and pale grey, dolomite marble 
forming the substrate to the pink, carbonate conglomerate of the Øynes formation. The irregular palaeorelief beneath the conglomerate has been 
affected by tectonic deformation involving folding and an associated spaced cleavage. The photograph was taken from a near-vertical, smooth wall 
in the Løvgavlen quarry at Fauske.
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Figure 8. Various cross-plots 
illustrating the presence of 
several distinct C- and Sr-
isotopic marble groups in the 
Leivset formation. A positive 
corre lation between 87Sr/86Sr 
and δ13C (excluding the hig-
hest 87Sr/86Sr value of 0.70988) 
in calcite marbles is interpre-
ted as a stratigraphic trend 
reflecting the isotopic evolu-
tion of Ediacaran seawater 
(see Fig. 3c). 

Figure 9. Various cross-plots 
illustrating apparent alter-
ation trends in the Sr-isotopic 
system in Subset 1 (variegated 
and white) and Subset 2 (white 
and pale grey) calcite marbles 
of the Leivset formation. The 
apparent alteration trends are 
indicated by grey and pink 
arrows for Subset 1 and Subset 
2, respectively. A positive cor-
relation between 87Sr/86Sr and 
δ13C (excluding the highest 
87Sr/86Sr value of 0.70988) is 
interpreted as a stratigraphic 
trend reflecting the isotopic 
evolution of Ediacaran sea-
water (see Fig. 3c).
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Figure 10. Simplified lithological sections and isotopic profiles through 
the calcite marble of the Llandovery Rognan formation (dark grey) 
and the variegated and white calcite marble of the Ediacaran Leivset 
formation showing the sharp offset of δ13Ccarb by 14‰ (from +6‰ to 
-8‰) at the contact between the two units; modified from Melezhik et 
al. (2008b).

Figure 11. Various cross-plots 
illustrating apparent alteration 
trends in the Sr-isotopic sys-
tem in Subset 3 calcite marbles 
of the Leivset formation. The 
apparent alteration trend is 
indicated by grey arrows.



124 V.A. Melezhik et al NORWEGIAN JOURNAL OF GEOLOGY 

(Electronic Supplement). The dolomite marbles have 
very homogeneous δ13C (-0.2 to +0.5‰) and δ18O (20.5–
23.2‰) values, and radiogenic 87Sr/86Sr ratios ranging 
between 0.70928 and 0.70967 with one outlier at 0.71097 
(Fig. 8D–F). Since in high-grade dolomite marbles, the 
strontium isotope system is commonly re-equilibrated 
by dolomitising fluids (e.g., Melezhik et al., 2005a), the 
only available constraint on the time of deposition of 
the dolomite marble precursor is the Early Cambrian 
to Early Ordovician Øynes conglomerate that erosively 
overlies the Leivset dolomite marbles. The homogeneous 
near-zero δ13C values and homogeneous and relatively 
high δ18O ratios are consistent with a high proportion of 
seawater in the dolomitising fluids. If such an inference 
is correct, then the least radiogenic 87Sr/86Sr ratios 
(0.70928–0.70939, n = 5) and the near-zero δ13C values 
suggest an Early to Mid Cambrian age (530–500 Ma) 
for the dolomitising fluids. This would not contradict 
the apparent depositional age of the unconformably 
overlying Øynes conglomerate which contains clasts of 
the underlying dolomite marbles, and whose other calcite 
marble clasts are not younger than 500 Ma (see section 
Øynes formation).

The Fjellengflåget formation

The Fjellengflåget formation comprises diverse 
lithologies including grey and white, banded and massive 
calcite marbles, mica schists, minor dolomite marble and 
quartzite (# 15–21). Grey, massive, calcite marble (# 18), 
calcite-mica schist and garnet-mica schist (# 21) are the 
main lithologies of the formation. This rock assemblage 
occurs as an intensely folded, pinch-and-swell unit 
stretching from the northeastern part of the area through 
its central part to its southern limit. The calcite- and 
garnetiferous mica schist also occurs in the southeastern 
part of the mapped area. From the map it appears that 
at Nestbyfjellet, the Fjellengflåget marbles and schists 
may be structurally discordant to the Leivset formation 
marbles. At Ljøsnehammaren, the Fjellengflåget schist 
is overlain unconformably by the Øynes formation 
conglomerate.

The grey, massive, calcite marbles sampled at 
Nestbyfjellet are relatively pure rocks (SiO2 = 0.33–
2.7 wt.%; Al2O3 = 0.01–0.5 wt.%; n = 11; Electronic 
Supplement) with elevated Sr contents (580–1100 µg 
g-1, n = 11), moderate Mn/Sr ratios (0.05–0.38) and 
a low degree of dolomitisation (Mg/Ca = 0.01–0.06). 
δ13C values show a limited range around zero (-2.1 
to +0.3‰, n = 7), whereas δ18O is high (24.6–29.2‰, 
with one outlier at 22‰) indicating a high degree of 
preservation. The latter inference is collaborated by the 
lack of significant correlation between δ13C and δ18O, and 
between these two parameters and the Mn/Sr and Mg/Ca 
ratios. 87Sr/86Sr ratios range between 0.70846 and 0.70907 
(n = 5). The most radiogenic value has the highest Mn/
Sr and Mg/Ca ratios among samples analysed for Sr 
isotopes (Electronic Supplement), hence suggesting an 

(Fig. 11G), and, hence, a proxy for seawater composition. 
The least altered 87Sr/86Sr ratios of 0.70881 with a limited 
fluctuation of δ13C values around zero would not appear 
to suggest a unique time resolution; such a combination 
is consistent with either Late Ediacaran (c. 560 Ma) 
or with several ages within Early Cambrian to Early 
Ordovician time (530–470 Ma, Fig. 3C). Since Subset 3 
marbles were originally mapped jointly with Subset 1 and 
2 marbles as the unit constituting the Leivset formation, 
and as they are lithologically indistinguishable from the 
adjacent Late Ediacaran (c. 550 Ma) Subset 2 marbles at 
Gullurda, we tentatively suggest that c. 560 Ma is a more 
likely apparent depositional age for the Subset 3 marbles. 
However, considering that the marbles are overlain 
unconformably by the Cambrian–Early Ordovician (520, 
510–505 or 475–470 Ma; see section Øynes formation) 
Øynes formation conglomerate, their apparent 
depositional age still remains uncertain; either c. 560 Ma 
or within the 530–470 Ma range. 

Subset 4 marbles are the next isotopically and 
lithologically distinctive rock unit in the Leivset 
formation. They are represented by white and grey 
dolomite marbles (# 22, 23; Fig. 7G–J) with δ13C ranging 
between -0.2 and +0.5‰ and with δ18O fluctuating 
between 20.5 and 23.2‰ (Fig. 8D, E). The dolomite 
marbles occur in two different stratigraphic positions. 
The oldest marble occurs as a thin continuous unit 
occurring in the central part of the mapped area where 
it rests on the structural and stratigraphic top of the 
isotopically light carbon, 600–580 Ma, Leivset marble 
(Subset 1). The younger dolomite marble occurs 
as a series of thick lenses in the western part of the 
mapped area where it appears to be associated with the 
stratigraphic top of the c. 550 Ma Leivset calcite marble 
(Subset 2). Here, these dolomite marbles also appear to 
be in tectonic contact with the Fjellengflåget formation, 
both units being overlain unconformably by the Øynes 
formation carbonate conglomerate. Thick lenses of 
Leivset dolomite marble and Øynes conglomerate also 
occur abundantly in the western part of the mapped area. 
The dolomite marbles of Subset 4 are generally fine-
grained rocks with a rather massive appearance, although 
in places retaining remnants of bedding inherited from 
their limestone precursor (Fig. 7G–J). They represent a 
valuable raw material for the agricultural industry and 
they are currently extracted from the Hammerfall and 
Løvgavlen quarries near Fauske (Fig. 1). In the Løvgavlen 
quarry, the dolomite marble is erosively overlain by the 
Fauske carbonate conglomerate of the Øynes formation, 
hence indicating an exposure surface (Melezhik et al., 
2000). 

Nineteen samples obtained from the Hammerfall and 
Løvgavlen quarries show that the dolomite marbles are 
very pure rocks with an average Mg/Ca ratio of 0.63. They 
contain only small amounts of SiO2 (<0.01–1.3 wt.%) 
and Al2O3 (<0.01–0.8 wt.%). The rocks have low Mn 
and Sr contents averaging 34 and 68 µg g-1, respectively 
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The Øynes conglomerate is both matrix- and clast-
supported and in places is rhythmically interbedded 
with calcareous greywacke and mica schist (Fig. 12B–F). 
The matrix is composed of either calcareous mica schist 
or calcite, whereas the clast composition can vary both 
laterally and vertically even within a single outcrop (e.g., 
Fig. 12D). At Kvanndalen, clasts include vein quartz, 
quartzite and subordinate dolomite and calcite marbles. 
At Øynes, in the southern part of the peninsula, the 
conglomerate is mainly matrix-supported, and contains 
boulders (up to 80 cm in size) of quartzite and igneous 
rocks together with smaller pebbles of dolomite marble 
(Fig. 12B, E). In the northern part of the peninsula, the 
conglomerate is clast-supported and contains pebbles 
and cobbles of dolomite and pink calcite marble together 
with quartzite and amphibolite in a calcite matrix (Fig. 
12D, G). In contrast, in the Ljøsnehammaren, Gullurda 
and Nestbyfjellet areas, the conglomerate contains clasts 
mainly of various dolomite and calcite marbles. This 
is also the case for a section exposed in the Løvgavlen 
quarry, just to the north of the mapped area. Here, the 
Øynes formation conglomerate (the Fauske carbonate 
conglomerate in Melezhik et al. (2000)) overlies the 
Leivset formation dolomite marble above an erosional 
contact (Fig. 12H). Although the Øynes conglomerate 
contains fragments of a dolomite marble derived from 
the eroded unit below, the bulk of the clasts (dark-
grey or ‘blue’, white and pink calcite marbles; Fig. 12J, 
K) have been transported over a long distance from 
an unidentified source (Melezhik et al., 2000). Clast-
supported conglomerates grade rapidly into gritstone 
and calcareous greywacke (Fig. 12L) both laterally and 
vertically.

Deposition of the carbonate conglomerate in the 
Løvgavlen quarry has been previously indirectly dated by 
means of isotope chemostratigraphy to a maximum age 
of c. 520 Ma (Melezhik et al., 2000). Sedimentological and 
structural studies have also shown that, at Løvgavlen, the 
dolomite marble and overlying carbonate conglomerate 
represent a rock assemblage which originated on the 
Laurentian carbonate shelf and continental slope and 
was later thrust upon nappes along the Baltoscandian 
margin of Baltica during the Baltica–Laurentia, Scandian 
collision in Siluro–Devonian time (Roberts et al., 2001, 
2002). 

In order to obtain a better insight into the provenance 
of carbonate clasts in the Øynes conglomerate, 28 new 
samples from marble pebbles and carbonate matrix 
were collected from different localities and analysed 
(Electronic Supplement). These analyses, together with 
25 clast and matrix samples analysed previously from 
the Løvgavlen quarry (Melezhik et al., 2000), form the 
current database in our study of the provenance of the 
Øynes conglomerate. The analysed clasts are represented 
by approximately equal amounts of dolomite, variably 
calcitised dolomite and variably dolomitised calcite and 
calcite marbles (Fig. 13A); the calcite marbles include 

alteration. If this single value is excluded, the remaining 
four samples are characterised by a rather limited 
87Sr/86Sr range of 0.70846–0.70856. Acknowledging 
the limitations of this database, this range is tentatively 
assumed to represent the best proxy for 87Sr/86Sr in 
seawater. 

Projection of the least altered 87Sr/86Sr (0.70846–
0.70856) and δ13C (-2.1 to +0.3‰) ratios onto the 
seawater reference curves unfortunately provides no 
unique solution for the apparent depositional age. These 
two isotope systems best agree at two age intercepts, 
namely at Early Cambrian (c. 520 Ma) or at Early to 
Mid Ordovician (485–465 Ma) (Fig. 3). The carbonate 
rocks of the Fjellengflåget formation unfortunately 
remain understudied due to their limited occurrence 
and a general lack of well exposed, continuous 
sections. Consequently, our limited database is unable 
to discriminate between Early Cambrian and Early–
Mid Ordovician ages. However, considering that the 
Fjellengflåget formation is overlain unconformably by 
the Øynes formation conglomerate, its depositional age 
cannot be younger than 470 Ma.

The Øynes formation

The Øynes formation is composed mainly of calcareous 
schist (# 12), which occupies a significant part of the 
mapped area and occurs as a wide, continuous unit 
from Dverset to Gullurda (Fig. 2). The next abundant 
lithology is a conglomerate occurring as a thick unit at 
Storvika and Kvanndalen (# 13, 14). From here, this thick 
conglomerate unit continues outside the mapped area 
farther to the north across Skjerstadfjorden to the type 
locality at Øynes (Fig. 1), and farther to the southwest 
just outside the mapped area. The conglomerate is less 
abundant in the central and southern parts of the study 
area where it occurs as numerous, thin, discontinuous 
beds and lenses at Ljøsnehammaren, and thin but 
continuous beds at Dverset and between the Gullurda 
and Nestbyfjellet areas (# 13, 14).

At Kvanndalen, the flat-lying polymict conglomerate lies 
erosively and unconformably (cf., Kollung & Gustavson, 
1995) on steeply dipping calcareous mica schist of the 
Neoproterozoic (800–660 Ma) Kjerktinden formation 
(Fig. 12A; see Fig. 2 for the geological and geographic 
location of the photograph). Here, the conglomerate 
is also in primary stratigraphic contact with various 
marbles of the Ediacaran Leivset formation. In the 
Ljøsnehammaren, Dverset, Gullurda and Nestbyfjellet 
areas, the Øynes conglomerate is in contact with diverse 
rocks of different apparent depositional ages including 
Mid and Late Ediacaran, Leivset calcite marbles and 
Fjellengflåget garnet-mica schist. At Ljøsnehammaren, 
the Øynes conglomerate lies with a primary contact 
upon Fjellengflåget calcareous and amphibole-bearing 
mica schists, and Leivset formation dolomite and calcite 
marbles. 
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Figure 12. Photographs of selected rock types from the Øynes formation.
(A) Discordance between Neoproterozoic Kjerktinden calcareous schist in the foreground (dipping steeply to the left) and overlying polymict 
conglomerate of the Øynes formation, south of Kvanndalen. Mapping has shown this contact to be an unconformity (Fig. 2). (B) Natural 
exposure of clast-supported conglomerate; the clasts are of quartzitic sandstone (white) and dolomite marble (yellowish) in a calcareous schist 
matrix. (C) Natural exposure of matrix-supported conglomerate interbedded with gritty and silty greywacke; unsorted and unevenly distribu-
ted clasts are represented by arkosic and quartzitic sandstones (white) and dolomite marbles (yellow). (D) Natural exposure of clast-supported 
conglomerate; clasts are of quartzitic sandstones (pale grey), amphibolites (black), pink calcite marble and dolomite marble (yellow) in an ➤
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arkosic matrix. (E) Natural exposure of clast-supported conglomerate; unsorted clasts are foliated intermediate volcanic rocks (dark grey), 
quartzitic sandstones (bright) and dolomite marbles (yellow) in a greywacke matrix. (F) Natural exposure of gritty and silty greywacke inter-
bedded with matrix-supported conglomerate containing unsorted and unevenly distributed clasts of arkosic and quartzitic sandstones (white) 
and dolomite marbles (yellow). (G) Natural exposure of clast-supported conglomerate; unsorted clasts are represented by foliated intermediate 
volcanic rocks (dark grey), white and beige calcite marbles, dolomite marbles (yellow) and minor quartzitic sandstones. (H) Pale yellow, banded 
dolomite marble of the Leivset formation below the base of the Øynes formation carbonate breccias which pass upwards into poorly-sorted, 
carbonate conglomerate, and then into rhythmically bedded gritstone-calcareous greywacke; note that the irregular palaeorelief beneath the 
conglomerate (marked by red arrows) is affected by the tectonic deformation involving folding and a spaced cleavage; also note an apparent 
angular discordance between the basal contact (marked by red arrows) and the bedding plane of the uppermost bed of gritstone-greywacke 
rhythmites (marked by white arrows). (I) Chaotically deposited and unsorted blocks and angular fragments of dolomite (white) and calcite 
marbles in a calcareous schist matrix from a bed located c. 2 m above the contact with the underlying Leivset formation dolomite marble. ➤➤
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Figure 12. Photographs of selected rock types from the Øynes formation. (Continued)
(J) An inner corner of two subvertical walls of the quarry at almost 90˚ to each other demonstrating stretching of the pink calcite and white dolo-
mite marble clasts. (K) Photograph illustrating that in some beds, fragments of pink calcite marbles are replaced by black and white calcite marbles 
suggesting a rapid switch in clast source. (L) Pale-grey and pink gritstone and small-pebble carbonate conglomerate interbedded with dark-grey 
greywacke. The calcareous greywacke rapidly replaces the carbonate conglomerate upwards in the succession, and becomes a major component in 
the deep basinal facies as documented in the Løvgavlen quarry; hammer handle for scale is 40 cm (arrowed). 

Photographs B–G were taken along the northern shore of Skjerstadfjorden, east of Øynes. Photographs H–L were taken from near-vertical, smooth 
walls in the Løvgavlen quarry at Fauske. Photographs C–E, J and K are from Melezhik et al. (2000). 
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because they might have been derived from different 
sources with different depositional ages, and hence 
carried originally variable δ13C, δ18O and 87Sr/86Sr ratios 
which could, in turn, have been variably modified by 
diverse post-depositional processes. 87Sr/86Sr–δ13C and 
87Sr/86Sr–Sr cross-plots (Fig. 13D, E) indicate a negative 
correlation and thus are suggestive of alteration. 
However, the correlation is driven by two different and 
unrelated subsets of samples and hence is unlikely to be 
significant. δ13C–Mn/Sr and Mg/Ca–Mn/Sr cross-plots 
corroborate this conclusion (Fig. 13F, G). 

Despite all the obstacles involved in screening against 
post-depositional alterations, it becomes apparent that 
the two clasts with the lowest 87Sr/86Sr values (0.70741 
and 0.70774) fall into the Mid to Late Cryogenian field 
(Figs. 3, 13E). If these two samples have been altered, 
then the apparent depositional age could be even older. 
One sample with δ13C < -5‰, if primary, suggests that 
this clast has been derived from rocks deposited in Mid 
Cryogenian–Ediacaran time (Figs. 3, 13B). Interestingly, 
all three clasts with δ13C values ranging between -5.4 and 
-4.8‰ and δ18O = 26.2–27.6‰ are isotopically identical 
to the Late Ediacaran Leivset Subset 2 marble (Fig. 9 
versus Fig. 13; Electronic Supplement).

high-Sr and moderate-Sr varieties. The carbonate matrix 
sampled in the Løvgavlen quarry and at Nestbyfjellet 
is a calcite marble with a Mg/Ca ratio of 0.02–0.16 
(Electronic Supplement). In both localities, the carbonate 
matrix is characterised by a limited range of δ13C (-1.2 
to +2.2‰, n = 12) and δ18O (19–23‰, n = 12) values, 
whereas the clasts show a larger range and a bimodal 
distribution in both δ13C and δ18O (Fig. 13B). The large 
mode includes both calcite and dolomite clasts and has 
δ13C values ranging between -1.9 and +5.7‰ and δ18O 
varying between 17.7 and 24‰. In contrast, the smaller 
mode has low δ13C (-5.4 to -4.8‰) and high δ18O (26.2–
27.6‰) (one sample from Kvanndalen and 3 samples 
from Ljøsnehammaren; Electronic Supplement). Three 
calcite marble clasts from Øynes and Nestbyfjellet with 
the most positive δ13C (+3.1 to +5.7‰) show the highest 
Sr content (Fig. 13C, D) and exhibit the least radiogenic 
87Sr/86Sr ratios (0.70741–0.70794), whereas the rest of the 
dolomite and calcite marble clasts have 87Sr/86Sr ratios 
varying between 0.70887 and 0.70980 (Fig. 13D, E). Two 
analysed samples of the calcite matrix show a narrower 
range (0.70910–0.70930; Electronic Supplement).

Assessing the degree of alteration of the C-, O-, and 
Sr-isotope systems in marble clasts is problematic 

Figure 13. Various cross-plots 
illustrating the presence of 
different isotopic groups of 
marbles  in clasts of the Øynes 
formation conglomerate. 

The pale-grey rectangle in (B) 
denotes the δ13C field that in 
Early Palaeozoic and Neo-
proterozoic time was unique 
for Ediacaran–Mid to Late 
Cryo genian seawater. The 
dark-grey rectangle in (E) 
denotes the 87Sr/86Sr field that 
in Early Palaeozoic and Neo-
proterozoic time was unique 
for Cambrian seawater. The 
pale-green rectangle in (E) 
denotes the 87Sr/86Sr field that 
in Early Palaeozoic and Neo-
proterozoic time was unique 
for Mid to Late Cryogenian 
seawater. 

Sr contents in (A, C) obtained 
by ICP–AES, and in (D) by 
isotope dilution.
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of Laurentia. Several different facies of the Cow Head 
Group have been described (James & Stevens, 1986), 
many of which compare well with those documented for 
the Øynes formation by Melezhik et al. (2000). 

The Rognan formation

The Rognan formation is composed mainly of white, 
grey and dark-grey calcite marbles, with subordinate 
quartz schist, calcareous mica schist, graphite-bearing 
mica schist and dolomite marbles (# 5–11); all these 
lithologies occur in the eastern part of the map area (Fig. 
2). In the southeastern area, the Rognan calcite marbles 
appear together with the less ambiguous, isotopically-
light, variegated and white marbles of the Leivset 
formation as a tectonically duplicated unit intruded by a 
large gabbro body (Fig. 2).

The currently available analytical database includes 
38 samples obtained from grey and dark-grey marbles 
(# 11). The database includes 21 new samples and 
17 samples published by Melezhik et al. (2008b). All 
analysed samples are calcite marbles (Mg/Ca = 0.006–
0.09) with low Al2O3 (<0.01–0.53 wt.%) and SiO2 (<0.01–
9.4 wt.%) contents (Electronic Supplement). The rocks 
have high Sr abundances (840 µg g-1 on average) and 
show a low Mn/Sr ratio (0.07 on average). Twenty-three 
samples contain organic matter (0.10–0.26 wt.% total 
organic matter) in the form of graphite. 

Calcite marbles occurring at Brenne and Nestbyfjellet 
(hereafter Subset 1) have a highly positive δ13C (+4.2 
to +8.0‰ with one outlier at +2.3‰; n = 24) and a 
moderate δ18O (17.2–25.1‰; Fig. 14A). In contrast, 
marbles occurring at Vensmoen (hereafter Subset 2) 

The majority of the clasts and matrix material in the 
current study fall, however, within a unique 87Sr/86Sr 
Cambrian field (87Sr/86Sr = 0.7091–0.7094) within the 
530–500 Ma time interval (FigS. 3C, 13E). Assuming 
that these measured values reflect the seawater signal, 
the obtained δ13C ratios also corroborate the presence 
of carbonate clasts originally deposited in Early to Mid 
Cambrian time (Fig. 13B). 

The previous sedimentological and isotopic investigation 
did not suggest a unique solution for the apparent time of 
deposition of the Øynes formation conglomerate (475–
470, 510–505 or 520 Ma), although a slight preference 
was given to the maximum age of 520 Ma based on the 
least-altered, uniform δ13C values (Melezhik et al., 2000). 
Even though the current work substantiates this result, 
both attempts have provided only the lower age limit for 
the deposition. Considering all the data, from both the 
current study and from the earlier work, and taking a 
conservative stance, the apparent depositional age of the 
carbonate rock now present as clasts range from the Mid 
to Late Cryogenian to Early Ordovician (Floian). Hence, 
the depositional age of the Øynes conglomerate cannot 
be older than Early Ordovician.

At this point it is pertinent to note that the Øynes 
carbonate conglomerate compares favourably with 
the redeposited limestone conglomerate and breccia 
debris sheets of the late Middle Cambrian to late Lower 
Ordovician Cow Head Group of the Appalachians of 
Newfoundland, Canada (Rodgers, 1968; James & Stevens, 
1986; Knight et al., 1995; Roberts et al., 2001, 2002). As 
with the Øynes formation, the Cow Head conglomerates 
accumulated on the lower continental slope seaward of 
the edge of a wide carbonate platform, along the margin 

Figure 14. Various cross-plots 
illustrating apparent altera-
tion trends in the Sr-isotopic 
systems in calcite marbles of 
the Rognan formation. The 
apparent alteration trends are 
indicated by pale-grey arrows.
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the mapped area are in agreement with the previously 
measured values (0.70807–0.70827) and fit with Early 
Silurian (Llandovery) time (Fig. 3). Comparison with the 
Phanerozoic δ13C reference curve indicates that the δ13C 
of both Rognan subsets (near-zero and 13C-rich) would 
agree with the C-isotopic composition of Early Silurian 
seawater that is characterised by a wide fluctuation 
in δ13C (Fig. 3). The Rognan formation represents the 
youngest rocks in the study area, and its Llandovery 
depositional age seems to be confidently constrained.

Apparent depositional ages of marble 
formations in the Rognan area and their 
implications 

Stratigraphic implications

The mapped area covers mainly the Fauske Nappe of 
Nicholson (1974), the rocks in which were considered to 
be of Cambro–Silurian age. The carbon and strontium 
isotope data presented here strongly suggest that the 
Fauske Nappe consists of several marble formations, 
which were deposited over a wide period of time from 
c. 800 to 440 Ma. The youngest, Llandovery-age marbles 
occur close to the structural base of the nappe, whereas 
the oldest unit, the Kjerktinden marble, of Cryogenian 
(800–660 Ma) age, occurs at its structural top (Fig. 15). 
The Fauske Nappe includes several formally established 
groups of which only the Kjerketinden, Rognan and 
Øynes, all originally assigned to the Cambro-Silurian, 
occur within the mapped and studied area (Fig. 15). 
The chemostratigraphic study suggests that the marbles 
previously assigned to the Kjerketinden Group have 
an apparent Cryogenian depositional age, whereas 
the Øynes rocks were apparently deposited in Early 
Ordovician time. 

It appears that the former, undivided, Cambro-Silurian 
Rognan Group of Gustavson (Gustavson, 1996) is 
composed of several units with different apparent 
depositional ages. The youngest marbles, which have 
been informally assigned in this study to the Rognan 
formation, have an apparent depositional age of c. 440 
Ma and form the structural base of the original Rognan 
Group (Fig. 15). The intermediate structural level is 
occupied by the Leivset and Fjellengflåget formations, 
which contain the main volume of marbles in the study 
area. As suggested by the 87Sr/86Sr and δ13C data, some of 
these Leivset calcite marbles (variegated and overlying 
white marbles, Subset 1, # 33, 32) were originally 
deposited in the Mid Ediacaran (600–580 Ma). The time 
of deposition of the two remaining lithostratigraphic 
units (with distinctly different but homogeneous 87Sr/86Sr 
and δ13C values) within the Leivset formation can be 
constrained to c. 560–550 Ma. The calcite marbles of the 
Fjellengflåget formation have an apparent depositional 
age of c. 520 Ma (Fig. 15). The upper structural level 
of the Cambro-Silurian Rognan Group of Gustavson 

exhibit slightly positive δ13C (+0.7 to +2.2‰; n = 7) and 
high δ18O (25.7–28.0‰) values. However, among the 
Vensmoen marbles there is one sample that shows both 
δ13C (+7.1‰) and δ18O (19.3‰) values identical to those 
measured in marbles at Brenne and Nestbyfjellet (Fig. 
14A), hence indicating that one marble group might have 
been infolded in another. 

The strontium isotope ratios show no difference in the 
two subsets (Fig. 14B–E). If the most radiogenic outlier 
of 0.70861, which also has the greatest Mn/Sr of 0.15 
(Fig. 14B), is excluded from further discussion, then the 
remaining eleven 87Sr/86Sr ratios range between 0.70805 
and 0.70826 (Fig. 14B–E). No correlation can be seen 
between δ13C and δ18O and Mn/Sr and Mg/Ca ratios. 
Consequently, we tentatively assume that all ranges 
observed in δ13C in both groups of marbles may represent 
a proxy for the seawater signal. Similarly, no significant 
correlation is observed between 87Sr/86Sr values and 
δ13C, Mn/Sr and Mg/Ca ratios, and Sr concentrations. 
Weak alteration trends seen in Mn/Sr–, Mg/Ca– and 
Sr–87Sr/86Sr cross-plots (Fig. 14B, D, E) do not allow 
us to make any confident discrimination against post-
depositional alterations. Hence, we tentatively assume 
that the entire range of 0.70805–0.70826 may reflect 
the seawater composition. If previously suggested 
geochemical criteria for the selection of the least altered 
Sr-isotope ratios in high-grade metamorphic marbles 
(Mg/Ca ≤0.02, Mn/Sr ≤0.02, Sr >1000; Melezhik et al. 
(2003)) are routinely used, then a somewhat narrower 
range of 0.70805–0.70818 can be considered to represent 
the proxy for the seawater signal. 

The grey and dark-grey calcite marble of the Rognan 
formation was examined in our previous investigation, 
and the Nestbyfjellet section was considered as one of 
the type sections in chemostratigraphic research in the 
Norwegian Caledonides (Melezhik et al., 2008b). It has 
been shown that this marble forms part of the ‘Tripartite 
Unit’ that occurs discontinuously over a distance of 450 
km throughout the Uppermost Allochthon in North-
Central Norway. The 13C-rich, grey calcite marble of 
the Rognan formation forms the structural base of the 
Tripartite Unit, whereas the 13C-depleted, variegated 
and white calcite marbles of the Leivset formation 
constitute its structural top (Fig. 10). Deposition of the 
13C-rich, grey calcite marbles has been constrained to 
the Llandovery (Melezhik et al., 2008), whereas the 
deposition of the structurally overlying, 13C-depleted, 
Leivset formation was linked to the Shuram–Wonoka 
isotopic event occurring between 580 and 550 Ma. 
The contact between the Rognan and the overlying 
Leivset marble is sharp. It represents a prominent, 
cryptic, stratigraphic discontinuity and suggests that the 
13C-depleted, Ediacaran Leivset marble was tectonically 
juxtaposed above the Llandovery-age, 13C-rich marbles 
during the Scandian orogeny (Melezhik et al., 2008b).

The new 87Sr/86Sr data (0.70805–0.70826) obtained in 



132 V.A. Melezhik et al NORWEGIAN JOURNAL OF GEOLOGY 

emplaced in a non-chronostratigraphic order (Fig. 
15). The oldest marble unit (800–660 Ma), constituting 
part of the Kjerktinden formation, has its structural 
base above the Leivset formation marble (# 27) which 
has an apparent depositional age of 550 Ma. Hence, the 
contact between these two formations represents either 
a thrust or a hiatus in a structurally inverted succession. 
Since the inferred non-depositional break should have 
an apparent duration of over 100 Myr, as based on the 
chemostratigraphic depositional ages, this is a very 
unlikely scenario. Consequently, a thrust contact is 
proposed to reconcile the observed age disparity. 

A major thrust contact should also be invoked in order 
to reconcile the apparent disparity in age between 

(1996) includes Cryogenian (800–660 Ma), and 
Mid (600–580 Ma) and Late (c. 550 Ma) Ediacaran, 
calcite and major dolomite marbles (Fig. 2). These are 
unconformably overlain by the Early Ordovician, Øynes 
formation conglomerate with marble clasts of Mid–Late 
Cryogenian to Early Ordovician age.

Tectonic implications

Accepting the age assignments suggested by isotope 
chemostratigraphy for the carbonate formations, it 
follows that at least the Rognan Group of Gustavson 
(1996) does not represent a coherent stratigraphic unit, 
and is instead composed of tectonically imbricated 
marble formations of diverse age groups that were 

Figure 15. A simplified tecto-
nostratigraphic column for the 
Fauske Nappe in the Rognan 
area.
The suggested depositional 
ages are based on C- and 
S-isotope chemostratigraphy, 
details of which are given in 
the text. Several thrusts are 
required in order to reconcile 
the observed disparities in age 
between several of the forma-
tions. The unconformity at the 
base of the Øynes formation 
cuts across almost all forma-
tions, the exception being the 
Llandovery Rognan forma-
tion.
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Tremadocian time, with imbricate thrusting resulting 
from loading of the margin by NW-transported oceanic 
lithosphere (Waldron & van Staal, 2001; van Staal et 
al., 2009; van Staal & Barr, 2012). It is therefore highly 
likely that the pre-Øynes thrusting recorded in the 
Rognan area is also of earliest Ordovician, Taconic-2 
age. The NW-vergent thrusts and folds documented 
from near Fauske clearly postdate deposition of the 
Øynes formation. They may date either to a late phase 
of Taconic-2 or to a Mid Ordovician component of 
Taconian accretion.

In summary, the detailed geological mapping in 
combination with the isotope study suggest that the 
Fauske Nappe preserves a complex, tectonically dissected 
package of rocks. The isotope data have helped to provide 
a crude chronostratigraphic subdivision of the marble 
units and thus allowed us to produce a chronologically-
based geological map (Fig. 2), acknowledging the 
apparent limitations of indirect dating by employing the 
chemostratigraphic approach. 

Palaeogeographic implications

Within the mapped area and farther to the north, near 
Fauske, there are a few rare localities where primary 
erosional contacts are preserved. In one such locality, 
at Fauske, rocks of the Øynes formation (the Fauske 
carbonate conglomerate in Melezhik et al. (2000a)) 
lie unconformably upon dolomite marble of the 
Leivset formation. Sedimentological research revealed 
channelling and cross-bedding in the Øynes formation 
which indicate southeast-directed palaeocurrents and 
transport of carbonate clasts, and accumulation of the 
debris on a basinal slope deepening to the southeast 
(Melezhik et al., 2000a), i.e., in an opposite direction 
with respect to the Baltoscandian margin of Baltica. This 
anomalous situation, foreign to Baltica, together with the 
evidence of NW-directed thrusting, has been interpreted 
to indicate a Laurentian palaeogeographic ancestry for 
the rocks of the Fauske Nappe (Roberts et al., 2001, 2002, 
2007). 

Another case of a preserved, primary erosional 
contact has been documented within the study area, 
at Kvanndalen (Fig. 12A). Here, the flat-lying Øynes 
polymict conglomerate lies erosively upon steeply 
dipping, calcareous mica schist of the Kjerktinden 
formation of Cryogenian age (Fig. 12A). At Kvanndalen 
and Ljøsnehammaren, this same conglomerate rests 
with an apparent unconformity upon various marbles 
of the Leivset formation of Ediacaran age (600–550 Ma). 
In these areas, the Øynes conglomerate contains clasts 
showing identical C- and O-isotopic compositions to 
those of the c. 550 Ma Leivset calcite marbles. It appears 
that the Laurentia-derived Øynes formation shows 
erosive contacts with all marble units except the Early 
Silurian Rognan formation. Since the Øynes formation 
conglomerate at Fauske was identified as part of the 

the structurally lowest Rognan formation (c. 440 Ma, 
Llandovery) and the overlying Leivset marbles (600–580 
Ma, Ediacaran). This prominent cryptic discontinuity, 
marked by a sharp break in the C-isotopic record (Fig. 
10), has been identified earlier in several places in the 
North-Central Norwegian Caledonides by means of 
isotope chemostratigraphy. Such a discontinuity has 
been resolved by inferring tectonic juxtaposition of the 
Ediacaran Leivset marbles above Llandovery-age rocks 
during the Scandian orogeny (Melezhik et al., 2008b). 

Additional tectonic contacts should also be considered in 
order to reconcile the apparent disparity in age between 
the Fjellengflåget formation (c. 520 Ma) and structurally 
subjacent (600–580 Ma) and overlying (c. 560 or 530–
520 Ma) marbles of the Leivset formation (Fig. 15). 
Consequently, all distinctive chemostratigraphic units 
considered in this article as ‘formations’, except for the 
Øynes formation, could well be redefined as thrust 
sheets.

Geological relationships indicate that most of the 
proposed tectonic contacts were comparatively early 
phenomena in the structural history of the region, 
with the exception of the thrust at the top of the 
Rognan formation, i.e., thrusting occurred prior to the 
unconformable deposition of the Early Ordovician Øynes 
formation conglomerates, and that all these faults were 
affected by later episodes of deformation and associated 
metamorphic recrystallisation. Because marbles, in 
general, have an extremely high propensity for being 
recrystallised during the latest tectonometamorphic 
episodes, they rarely retain fabrics associated with 
earlier thrusting or metamorphic events. This could, 
perhaps, have been a reason why the layer-parallel, 
conjunctive fault contacts were not recognised during 
previous mapping and structural investigations. In the 
study area, and as discussed earlier for the Ofotfjorden 
area, the tectonic emplacement of Neoproterozoic 
formations upon rocks of Early Silurian age can readily 
be related to Scandian orogenic deformation. However, 
the tectonic processes that resulted in the juxtaposition 
of Cryogenian and Cambrian rocks may well relate to 
an early deformation event in the Late Cambrian to Late 
Ordovician, Taconian orogenic cycle (Roberts et al., 
2001, 2002; Melezhik et al., 2002a; Yoshinobu et al., 2002; 
Barnes et al., 2007).

In the Løvgavlen quarry near Fauske, for example, 
NW-vergent folds and thrusts in the Øynes formation have 
been suggested to relate to Taconian orogenesis. Accepting 
an Early Ordovician age for the Øynes formation, and 
as the Early Cambrian Fjellengflåget formation is also 
delimited by thrusts, then most of the thrusts cut by the 
basal Øynes unconformity must have been generated at 
some stage between c. 520 and c. 475 Ma.

In Newfoundland, the ‘Taconic-2’ orogenic event first 
affected the carbonate shelf and adjacent slope in earliest 
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Laurentian continental margin into several promontories 
and reentrants (e.g., Lavoie et al., 2002) resulting in 
diachroneity of depositional and deformation events, 
but these features are outside the subject of our present 
contribution.

Implications for mineral exploration

There are five commercially exploited dolomite deposits 
in Norway, all located in the county of Nordland. Within 
the study area, the Fauske and Hammerfall deposits, 
hosted by the Leivset formation, are considered to be the 
most important (Karlsen, 1998). The major and thick 
dolomite strata and lenses are located immediately below 
the prominent erosional surface (Fauske) or very close 
to it (Ljøsenhammaren), and overlain unconformably 
by the Øynes formation conglomerates and schists. Such 
a stratigraphic position of the commercially exploited 
dolomite marble units suggests that the regional-
scale exposure surface and long-lasting period of 
emergence might have played an important role in their 
formation; e.g., dolomitisation of limestones by Mg-rich 
fluids. The stratigraphic position of, and inferred 
palaeoenvironmental constraint for, the major dolomite 
units provide prospectors with exploration criteria, 
namely that the search for new dolomite deposits of the 
Fauske–Hammerfall type in the Rognan–Fauske area 
should be restricted to the c. 550 Ma Leivset marble unit 
located below the unconformity at the base of the Øynes 
conglomerate.

Conclusions
Detailed geological mapping in the Fauske Nappe in 
the Rognan area of Nordland, combined with isotope 
chemostratigraphy of non-fossiliferous, high-grade, 
polydeformed marble formations, has demonstrated 
progress towards producing a new generation of 
geological maps in dissected metamorphic terranes. 
Although depositional age constraints derived by C- 
and Sr-isotope stratigraphy are comparatively imprecise, 
the method has now been tested sufficiently widely in 
different orogenic belts worldwide, also on fossiliferous 
units of known age, to demonstrate its high potential 
for quantitatively-based chronostratigraphic subdivision 
and for geological correlation of high-grade marble 
successions. 

Concerning the present study, the thick marble and 
siliciclastic succession of the Rognan area had previously 
been considered to represent a stratigraphically 
homogeneous assemblage of Cambro–Silurian age, 
spanning over 100 million years of geological time. 
However, this interpretation is inconsistent with the 
isotopic evidence presented here for diverse Cryogenian 
to Early Silurian depositional ages for these thick marble 
units, which now occur as polydeformed thrust sheets 
stacked in a complex imbricate manner.

shelf break and continental slope of the Laurentian 
margin (Roberts et al., 2001, 2002), then the entire 
tectonically-stacked, marble-schist thrust complex with 
the unconformably overlying, Early Ordovician, Øynes 
conglomerates was detached from its Laurentian roots 
and transported into the higher levels of the Caledonian 
orogenic wedge during the Scandian orogeny. The 
provenance of the Llandovery-age marbles of the 
Rognan formation is less definitive, simply because they 
are nowhere in juxtaposition with the Øynes formation. 
However, in view of the preponderance of marbles in the 
tectonostratigraphy of the Fauske Nappe, we surmise that 
the Rognan marbles, too, were formed as limestones and 
dolomites along the eastern margin of Laurentia. In this 
case, however, they probably accumulated on the shelf of 
a successor basin, postdating the Taconian orogeny. 

Interpretation of the marble-dominated tectono-
stratigraphy of the Fauske Nappe in the study area, and 
in much of the Uppermost Allochthon in other parts of 
Nordland and Troms (e.g., Melezhik et al., 2000, 2003; 
Roberts et al., 2002, 2007), as having originated along 
the Laurentian margin in Cryogenian to Ordovician 
time invites a brief comparison with successions in 
other parts of the Caledonide–Appalachian orogen. 
The Dalradian Supergroup of the Scottish and Irish 
Caledonides is one such macro-unit, ranging in age from 
Early Cryogenian (and possibly latest Tonian) to Early 
Ordovician, and deformed in the Taconian-equivalent, 
Grampian orogeny (Oliver, 2001). Several Cryogenian to 
Ediacaran limestone formations are recorded, with ages 
now supported by δ13C chemostratigraphy (Thomas et 
al., 2004; Prave et al., 2009a, b). Moreover, the c. 550 Ma 
Shuram-Wonoka, negative δ13C carbonate excursion has 
also been registered (Prave et al., 2009b), as in Norway 
(Melezhik et al., 2008b). Three glaciogenic units in the 
Dalradian succession are now regarded as equating 
with the worldwide Sturtian (750–690 Ma), Marinoan 
(c. 630 Ma) and Gaskiers (580 Ma) glacial events. In a 
palaeogeographic context, the Scottish–Irish segment of 
the Laurentian margin is inferred to have been located 
off Southeast Greenland (Leslie et al., 2008). In the East 
Greenland Caledonides, the Eleonore Bay Basin records 
deposition of the 14 km-thick, Cryogenian–Ediacaran, 
Eleonore Bay Supergroup which includes a thick 
succession of limestones and dolostones representative 
of an extensive carbonate platform (Sønderholm 
et al., 2008). The supergroup succession is overlain 
by diamictites of the ‘Tillite Group’, which are now 
considered as representatives of the Marinoan glaciations 
(Kristiansen, 2007). A return to carbonate platform 
conditions then characterised Cambrian time. Taking 
an overall view of the chrono- and tectonostratigraphy 
of the East Greenland and Scottish–Irish Caledonides 
and Canadian Appalachians, these regions clearly have 
much in common, and also show several similarities 
with features described here from the Fauske Nappe and 
from other parts of the Uppermost Allochthon. There are 
also differences, ascribed partly to segmentation of the 
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The newly obtained Sr- and C-isotopic data together 
with previously performed sedimentological, structural 
and analytical work, in conjunction with an assessment 
of carbonate platform successions elsewhere in 
the Caledonide–Appalachian orogen, supports the 
earlier suggestion of a Laurentian ancestry for the 
tectonostratigraphy of the Fauske Nappe. Diverse 
marble units within the nappe range in age from Early 
Cryogenian to Cambrian and are dissected by thrusts 
in a non-chronostratigraphic order. The package of 
thrust sheets is overlain unconformably by shelf-edge 
and continental-slope breccias and conglomerates of 
the Øynes formation, of apparent Early Ordovician age. 
Both the pre-Øynes thrusting and early NW-vergent 
folds in the Øynes formation are considered to date to 
the second and main phase of the Taconian orogeny, 
along the Laurentian margin. Just one formation - the 
Rognan formation - is younger, of Early Silurian age, 
with Sr- and C-isotopic data that are comparable to those 
in fossiliferous, Early Silurian, limestones farther north in 
Troms. These particular carbonate rocks are considered 
to have accumulated in a post-Taconian successor 
basin, prior to their ultimate incorporation during the 
Scandian orogeny into the Uppermost Allochthon of the 
Norwegian Caledonides.
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Rb-Sr analyses were carried out at the Institute of 
Precambrian Geology and Geochronology of the Russian 
Academy of Sciences, St. Petersburg, as specified in 
Gorokhov et al. (1995). The Rb and Sr concentrations 
were determined by isotope dilution. Sr concentrations 
obtained by isotope dilution are systematically 15% 
higher compared with those determined by ICP-AES 
at NGU. Rb isotopic composition was measured on a 
single-collector MI 1320 mass spectrometer. Strontium 
isotope analyses were performed in static mode on a 
multi-collector Finnigan MAT-261 mass spectrometer. 
All 87Sr/86Sr ratios were normalised to a 87Sr/86Sr of 0.1194 
and measurements of the NIST SRM-987 run with every 
batch averaged 0.710255 ± 5 (2σmean, n=36). During the 
course of the study, the value obtained for the 86Sr/88Sr 
ratio of the U.S.G.S. EN-1 standard was measured at 
0.709187 ± 6 (2σmean, n = 10).

Major and trace elements were analysed by X-ray 
fluorescence spectrometry at the Geological Survey of 
Norway (NGU), Trondheim, using a PANalztical Axios at 
4 kW X-ray spectrometer. The precision (1σ) is typically 
2% of the major oxide present. Acid-soluble Fe, Ca, Mg 
and Mn were analysed by ICP-AES at NGU using a 
Thermo Jarrell Ash ICP 61 instrument. Detection limits 
for Fe, Mg, Ca and Mn are 5 ppm, 100 ppm, 200 ppm and 
0.2 ppm, respectively. The total analytical uncertainty 
including element extraction (1σ) is ± 10% rel. 

Oxygen and carbon isotope analyses of whole-
rock marble samples were carried out at the Scottish 
Universities Environmental Research Centre, Glasgow, 
using the phosphoric acid method of McCrea (1950) 
as modified by Rosenbaum & Sheppard (1986) for 
operation at 100°C. Carbon and oxygen isotope ratios in 
carbonate constituents of the whole-rock samples were 
measured on a VG SIRA 10 mass spectrometer. Analyses 
were calibrated against NBS 19, and precision (1σ) for 
both isotope ratios is better than ± 0.2‰. Oxygen isotope 
data for dolomites were corrected using the fractionation 
factor 1.00913 recommended by Rosenbaum & Sheppard 
(1986). The δ13C data are reported in per mil (‰) relative 
to V-PDB and the δ18O data in ‰ relative to V-SMOW.

Appendix

Analytical techniques.


