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U–Pb SHRIMP ages of detrital granulite-facies rutiles:
further constraints on provenance of Jurassic sandstones

on the Norwegian margin
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Abstract – Electron microprobe analyses of 128 detrital rutile grains from two Jurassic sandstone
samples (Hettangian and Bajocian–Bathonian in age) from hydrocarbon exploration wells on the
Norwegian margin confirm that more than 85 % of the rutiles were derived from metapelitic rocks.
Zr-in-rutile geothermometry confirms that about 83 % of the rutile was formed under high-grade
metamorphism (>750 ◦C). Sixty-two rutile grains, including 60 of the identified high-temperature
rutile population, were also analysed for U–Pb geochronology using SHRIMP. The 206Pb–238U
rutile ages range from approximately 485–292 Ma, with a major cluster between 450 and 380 Ma.
These data suggest that the detrital rutile was predominantly derived from a felsic source that
experienced granulite-facies metamorphism about 450–380 Ma ago. This conclusion is consistent
with derivation from high-grade Caledonian metasedimentary rocks, probably the Krummedal
sequence in central East Greenland, as previously suggested by an earlier provenance study using
conventional heavy mineral analysis, garnet geochemistry and detrital zircon age dating. The
present study underscores the importance of rutile geochemistry and geochronology in quantitative
single-mineral provenance analysis of clastic sedimentary rocks.

Keywords: sediment provenance, rutile, geothermometry, U–Pb geochronology, Norwegian margin.

1. Introduction

The Norwegian margin contains several major oil
and gas fields and is therefore of great interest for
hydrocarbon exploration. Sedimentary rocks on the
Norwegian margin were deposited during multiple rift
events through the late Palaeozoic to the Paleogene,
before the opening of the northern Atlantic Ocean in
the Paleogene (e.g. Brekke et al. 1999). Understanding
these rift events, and especially their sediment fill, in
space and time is crucial for hydrocarbon exploration.
Five different sand types (termed MN1, MN2, MN3,
MN4 and MN5) have been distinguished in the
Jurassic–Paleocene strata of the Norwegian margin and
East Greenland on the basis of variations in specific
conventional heavy mineral ratios, mineral geochem-
istry and detrital zircon ages (Morton, Whitham &
Fanning, 2005; Morton et al. 2009). Heavy mineral
ratios that best reflect provenance characteristics are
apatite:tourmaline, garnet:zircon, rutile:zircon, mon-
azite:zircon and chrome spinel:zircon, which are
expressed as index values ATi, GZi, RuZi, MZi and CZi
respectively (Morton & Hallsworth, 1994). The MN4
sand type, which has been identified in parts of the
Jurassic succession, has especially distinctive features,
with high rutile:zircon indices (RuZi > 60), high mon-
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azite:zircon indices (MZi > 8) and high abundances
of high-Mg, low-Ca garnet (Morton et al. 2009). MN4
sandstones are also characterized by high abundances
of granulite-facies rutile, which, in conjunction with the
other heavy mineral characteristics, suggests derivation
from granulite-facies metasedimentary rocks (Morton
& Chenery, 2009). Detrital zircons have Archaean,
early Palaeoproterozoic, Mesoproterozoic and early
Palaeozoic ages (Morton et al. 2009). Based on the
available data, the source for the MN4 sand type is
suggested to lie in central East Greenland (Morton &
Chenery, 2009; Morton et al. 2009).

Rutile is similar to zircon in that it is chemically
and physically stable, and is therefore not prone to de-
struction during the sedimentary cycle. Consequently,
it can provide important information about source area
lithologies even in sandstones that have undergone
severe modification during both surficial weathering
and burial diagenesis. Since the studies of Zack, Moraes
& Kronz (2004) and Zack, von Eynatten & Kronz
(2004), rutile has received much attention regarding
its application in sedimentary provenance analysis, as
outlined by Meinhold (2010).

In the present study, we analysed detrital rutiles
from two Jurassic sandstone samples with MN4
characteristics (Fig. 1) to obtain further constraints
on their provenance. Trace-element geochemistry was
used to distinguish rutile derived from metamafic
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Figure 1. (a) Best-fit reconstruction of the Norwegian margin prior to final opening of the northeast Atlantic (magnetic anomaly
24), adapted from Scott (2000), showing the location of the two wells discussed in this paper. Data source for distribution of the
Krummedal sequence in East Greenland is Thrane (2002). Note that the Payer Land paragneisses and the Smallefjord metasedimentary
sequence may be an equivalent of the Krummedal sequence (e.g. Strachan, Nutman & Friderichsen, 1995; Gilotti & Elvevold, 2002).
Metamorphic facies distribution for the East Greenland Caledonides is discussed in Gilotti, Jones & Elvevold (2008). The inferred
source areas for sand types MN1 to MN5 are according to Morton, Whitham & Fanning (2005), Morton & Chenery (2009), Morton
et al. (2009) and results of this study. Note that this map does not take Jurassic and Cretaceous extension on the Norwegian margin into
account. COB – continent–ocean boundary. (b) Jurassic stratigraphy of the Halten Terrace on the Norwegian margin (after Dalland,
Worsley & Ofstad 1988). The black stars indicate the stratigraphic location of the samples.

and metapelitic rocks. Zr-in-rutile geothermometry
was applied to calculate formation crystallization
temperatures (Watson, Wark & Thomas, 2006). Finally,
the main focus was given to U–Pb rutile geochronology
in order to constrain the time of formation of the
high-temperature rutile grains. This study is the first
to present detrital rutile U–Pb ages from Mesozoic
sediments on the Norwegian margin.

2. Sample description

The two samples used in this study come from the
Jurassic succession on the Halten Terrace (Fig. 1),
which comprises the main hydrocarbon reservoir in
this part of the Norwegian margin (e.g. Martinius et al.
2005).

Sample 1 is a fine–medium-grained sandstone from
the Åre Formation (Hettangian) at 2258.95 m depth
in well 6507/8–4 (Fig. 1). The Åre Formation was

deposited in a fluvial to deltaic environment (Dalland,
Worsley & Ofstad, 1988). The provenance-sensitive
heavy mineral ratios of this sample are ATi ∼ 0,
GZi ∼ 88, RuZi ∼ 75, MZi ∼ 13, and CZi ∼ 1, and
the garnet population is dominated by high-Mg,
low-Ca types (Morton et al. 2009). The detrital
zircon age spectrum in a different Åre Formation
sample from 6507/8–4 has major clusters in the early
Palaeozoic (500 to 350 Ma), Neoproterozoic to late
Palaeoproterozoic and Archaean (Morton et al. 2009).

Sample 2 is a medium-grained sandstone from the
Garn Formation (Bajocian–Bathonian) at 4429.85 m
depth in well 6406/2–1 (Fig. 1). The Garn Formation
was deposited in fluvial, delta top and shallow marine
environments (Dalland, Worsley & Ofstad, 1988).
The provenance-sensitive heavy mineral ratios of
this sample are ATi ∼ 37, GZi ∼ 94, RuZi ∼ 59,
MZi ∼ 9, and CZi ∼ 2 and the garnet population is
dominated by high-Mg, low-Ca types. The detrital
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zircon age spectrum in a Garn Formation sample from
6507/8–1 has major clusters in the early Palaeozoic
(500 to 400 Ma), early Mesoproterozoic to late
Palaeoproterozoic and Archaean (Morton et al. 2009).

3. Analytical methods

3.a. Sample preparation

Samples were gently disaggregated by use of a pestle
and mortar, immersed in water and by using an
ultrasonic probe so that any clay adhering to grain
surfaces was dispersed and removed. The samples were
then washed through a 63 μm sieve and re-subjected
to ultrasonic treatment until no more clay passed into
suspension, followed by wet sieving through the 125
and 63 μm sieves. The resulting > 125 μm and 63–
125 μm fractions were dried in an oven at 80 ◦C. The
63–125 μm fraction was placed in bromoform with a
measured specific gravity of 2.8. Heavy minerals were
allowed to separate under gravity, with frequent stirring
to ensure complete separation. Rutile was separated
from the heavy mineral concentrate by hand picking
under a binocular microscope, mounted in epoxy resin
on a glass slide, sectioned and polished.

3.b. Rutile geochemistry

Rutile grains were analysed for Ti, Zr, Nb, Cr, Fe and
Si with an electron microprobe (EMP) Cameca SX100
at the Department of Earth Sciences, University of
Cambridge, UK. Natural and synthetic standards were
used. Operating conditions were 40 kV acceleration
voltage with a beam current of 100 nA and a beam
diameter of 5 μm. The exception was Ti, which was
analysed with a beam current of 40 nA. The counting
times for the various elements were 50 s (Ti, Si), 100 s
(Fe, V), 150 s (Al), 200 s (Zr, Cr) and 300 s (Nb).
The detection limits for the various elements were
650 ppm (Ti), 75 ppm (Zr), 70 ppm (Nb), 65 ppm (Cr),
85 ppm (Fe) and 45 ppm (Si). Areas devoid of cracks
or inclusions were chosen for spot analyses.

The rutile grains were geochemically discriminated
into those derived from metamafic and metapelitic
rocks (see review by Meinhold, 2010), based on their
Cr and Nb concentrations (Fig. 2). The formation
temperature of each rutile grain was calculated by
applying Zr-in-rutile geothermometry (Fig. 3), based
on the fact that incorporation of Zr into rutile coexisting
with zircon or other Zr-rich phases has a strong
dependence on temperature (Zack, Moraes & Kronz,
2004; Watson, Wark & Thomas, 2006). Tomkins,
Powell & Ellis (2007) have clearly demonstrated that
pressure also has an effect on the uptake of Zr in
rutile. However, their geothermometer is applicable
only if the pressure during rutile crystallization is
known, which is generally not the case for detrital rutile.
Therefore, we follow Meinhold (2010) and use here
the Zr-in-rutile geothermometer of Watson, Wark &
Thomas (2006), which is based on experimental data

Table 1. Summary of EMP results for detrital rutile from the Garn
Formation (6406/2–1, 4429.85 m)

Ti (ppm) Cr (ppm) Fe (ppm) Nb (ppm) Zr (ppm) Si (ppm)

n 61 61 61 60 60 7
Min 584 924 288 406 223 138 45
Max 605 721 5866 9293 10 679 3057 91
Med 598 652 657 1177 1516 1433 57
Avg 598 191 811 1574 2134 1446 61
Std 3785 730 1464 1903 688 15

n – number of data; Min – minimum value; Max – maximum
value; Med – median; Avg – average (arithmetic mean); Std –
standard deviation (1σ ).

Figure 2. Cr–Nb plots and relative abundance of metamafic
and metapelitic rutiles (pie charts) showing rutile provenance
in the two MN4 sandstone samples discussed in this paper.
Discrimination of metamafic and metapelitic rutile follows
Meinhold et al. (2008). n = number of rutile grains analysed.
Note that in the pie charts pale grey and dark grey colours
represent metapelitic and metamafic grains, respectively.

and constrained by natural rutiles from metamorphic
rocks. Summarized EMP data are given in Tables 1
and 2. Full sets of EMP data referred to in this paper
are given in online Appendix Tables A1 and A2 at
http://www.cambridge.org/journals/geo.

3.c. Rutile geochronology

Zircon is the major accessory mineral that is refractory
and so U–Pb dating of detrital grains is commonly
used in sedimentary provenance analysis (e.g. Fedo,
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Table 2. Summary of EMP results for detrital rutile from the Åre
Formation (6507/8–4, 2258.95 m)

Ti (ppm) Cr (ppm) Fe (ppm) Nb (ppm) Zr (ppm) Si (ppm)

n 67 64 66 67 67 15
Min 586 188 261 155 540 159 50
Max 604 319 2068 7270 11 932 3370 190
Med 600 088 702 1256 1679 1513 63
Avg 599 501 789 1606 2021 1518 72
Std 2871 353 1215 1661 635 35

n – number of data; Min – minimum value; Max – maximum
value; Med – median; Avg – average (arithmetic mean); Std –
standard deviation (1σ ).

Figure 3. Frequency histograms (bin width = 50 ◦C) showing
rutile formation temperatures for the two MN4 sandstone
samples, calculated using the Zr-in-rutile geothermometer of
Watson, Wark & Thomas (2006). Note that the Zr content of one
metamafic grain from the Garn Formation is below the detection
limit of the EMP, and thus this grain is not included here. Pale
grey and dark grey colours represent metapelitic and metamafic
grains, respectively.

Sircombe & Rainbird, 2003). U–Pb ages can also be
determined for rutile, but is not widely used owing to
the low U concentration and relatively high common
Pb. Detrital metamorphic rutile is also a candidate
for U–Pb dating and several studies have shown that
metamorphic rutile incorporates uranium in the crystal
lattice (e.g. Mezger, Hanson & Bohlen, 1989; Mezger
et al. 1991; Möller, Mezger & Schenk, 2000; Vry
& Baker, 2006). A few studies have already shown
the successful application of U–Pb geochronology on
detrital rutile, as outlined by Meinhold (2010). Most
of these studies were performed by laser ablation
inductively coupled plasma mass spectrometry (LA–
ICP–MS) (e.g. Allen & Campbell, 2007; Birch et al.
2007; Taylor, 2008). Applications using secondary ion
mass spectrometry (SIMS) have been presented by
Sircombe (1995, unpub. Ph.D. thesis, Austral. Nat.
Univ. Canberra, 1997; as discussed in Williams, 1998
and Ireland & Williams, 2003) and Harrison et al.
(2007).

Table 3. Summary of SHRIMP U–Pb analytical data for detrital
rutiles from the Garn Formation (6406/2–1, 4429.85 m)

U (ppm) 206Pb∗ (ppm) f206 (%) 206Pb–238U age (Ma)

n 29 29 29 29
Min 11 0.7 1.96 276
Max 154 10.6 29.59 485
Med 26 1.7 9.23 422
Avg 37 2.4 10.86 417
Std 31 2.0 6.94 13

f206 – percentage of 206Pb that is common Pb; n – number of data;
Min – minimum value; Max – maximum value, Med – median;
Avg – average (arithmetic mean); Std – standard deviation (1σ ).

Table 4. Summary of SHRIMP U–Pb analytical data for detrital
rutiles from the Åre Formation (6507/8–4, 2258.95 m)

U (ppm) 206Pb∗ (ppm) f206 (%) 206Pb–238U age (Ma)

n 33 33 33 33
Min 3 0.3 0.62 292
Max 68 4.1 53.40 466
Med 19 1.1 3.98 406
Avg 24 1.4 7.27 401
Std 16 0.9 9.90 20

f206 – percentage of 206Pb that is common Pb; n – number of data;
Min – minimum value; Max – maximum value; Med – median;
Avg – average (arithmetic mean); Std – standard deviation (1σ ).

For this study, we used the sensitive high-resolution
ion microprobe (SHRIMP RG) facility at the Re-
search School of Earth Sciences, The Australian
National University, Canberra, Australia. The analysis
concentrated on those rutile grains with formation
temperatures exceeding 750 ◦C in order to constrain
the timing of granulite-facies metamorphism in the
sediment source region. Each analysis consisted of
six scans through the mass range, with a reference
rutile MTP analysed for every four unknown rutile
analyses. The SHRIMP analytical method is similar
to that described in Williams (1998, and references
therein). The data have been reduced using the SQUID
Excel Macro of Ludwig (2001). The U–Pb ratios
have been normalized relative to a value of 0.0728
for the MTP reference rutile, equivalent to an age of
453 Ma (C. M. Fanning, unpub. TIMS data). Correction
for common Pb for the U–Pb data has been made
using the measured 238U–206Pb and 207Pb–206Pb ratios
following Tera & Wasserburg (1972) as outlined in
Williams (1998). Concordia diagrams and combined
probability density distribution–histogram plots were
produced using the Isoplot/Ex (Ludwig, 2003) and
AgeDisplay (Sircombe, 2004) programs respectively.
Ages reported in the text are given at the 1-sigma level.
Summarized isotopic data are given in Tables 3 and
4. Full sets of isotopic data referred to in this paper
are given in online Appendix Tables A3 and A4 at
http://www.cambridge.org/journals/geo.

An important factor to be considered when inter-
preting rutile geochronology data is the closure or
‘blocking’ temperature for Pb diffusion in rutile, which
is strongly dependent on grain size (Mezger et al.
1991; Cherniak, 2000). For example, Mezger, Hanson
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& Bohlen (1989) analysed Archaean and Proterozoic
high-grade metamorphic rocks in North America and
recognized that within a single hand specimen, larger
rutile grains give older ages than do smaller ones. They
explained this observation as being due to a direct
relationship between volume diffusion and dimensions
of the rutile crystal. The closure temperature is around
600 ◦C for rutile grains larger than about 0.2 mm
in diameter (Cherniak, 2000; Vry & Baker, 2006).
Although this is much higher than previously thought
(370–500 ◦C: Mezger, Hanson & Bohlen, 1989), it is
about 300 ◦C less than for zircon.

4. Results

4.a. Rutile geochemistry

In total, 128 detrital rutiles from the two MN4 sand
samples were analysed by EMP, 67 from sample 1 (Åre
Formation) and 61 from sample 2 (Garn Formation). In
both samples, the rutiles vary in colour from yellowish
to reddish-brown.

In the Garn Formation sample, Cr and Nb con-
centrations range from 288 to 5866 ppm and 406 to
9293 ppm, respectively (Fig. 2). One rutile grain has
a Nb value below the detection limit of the EMP.
According to the Cr–Nb discrimination diagram of
Meinhold et al. (2008), about 11 % of the rutiles were
derived from metamafic and 89 % from metapelitic
rocks. Zr concentrations in the metapelitic rutiles range
from 295 to 2967 ppm. Zr-in-rutile geothermometry
using the equation of Watson, Wark & Thomas (2006)
reveals rutile formation temperatures ranging from 641
to 877 ◦C (Fig. 3), with a mean value of 784 ◦C.
About 83 % of the metapelitic rutile grains of the Garn
Formation sample were formed above 750 ◦C.

In the Åre Formation sample, Cr and Nb concentra-
tions range from 261 to 2068 ppm and 540 to 11932
ppm, respectively (Fig. 2). Three rutile grains have Cr
concentrations below the detection limit of the EMP.
According to the Cr–Nb discrimination diagram of
Meinhold et al. (2008), about 15 % of the rutiles were
derived from metamafic and 85 % from metapelitic
rocks. Zr concentrations in the metapelitic rutiles range
from 159 to 3370 ppm. Zr-in-rutile geothermometry
using the equation of Watson, Wark & Thomas (2006)
reveals rutile formation temperatures ranging from 594
to 893 ◦C, with a mean value of 789 ◦C. About 84 %
of the metapelitic rutile grains of the Åre Formation
sample were formed above 750 ◦C.

4.b. Rutile geochronology

In total, 62 rutile grains from the two MN4 sand
samples were used for U–Pb SHRIMP analysis. This
includes 60 grains of the identified high-temperature
(T > 750 ◦C) rutile population (55 metapelitic and
5 metamafic rutiles) and two rutile grains with T <

750 ◦C. The latter comprises a metamafic rutile (grain
no. 116) from the Åre Formation sample (T ∼ 673 ◦C)

Figure 4. Frequency histograms (bin width = 10 ppm) showing
uranium contents of the rutile grains from the MN4 sandstone
samples used for U–Pb rutile geochronology. Pale grey and
dark grey colours represent metapelitic and metamafic grains,
respectively.

and a metapelitic rutile (grain no. 29) from the Garn
Formation sample (T ∼ 694 ◦C).

The 29 rutiles from the Garn Formation sample
analysed by SHRIMP show U contents ranging from
11 to 154 ppm (Fig. 4). The 206Pb–238U ages range from
∼ 485 to 275 Ma (Fig. 5), with the main cluster between
480 and 400 Ma. Rutiles from the Åre Formation
sample show similar results. The 33 analysed grains
have U contents of 3 to 68 ppm (Fig. 4) and the 206Pb–
238U ages range from ∼ 465 to 290 Ma (Fig. 5), with
the main cluster between 440 and 380 Ma. Combining
both samples gives a main rutile population between
450 and 380 Ma. Note that the 206Pb–238U ages do not
show any relationship with the type of rutile, although
the few analysed metamafic rutiles have ages less
than 415 Ma. The analysed rutiles have relatively high
common Pb. About 7 % of the measured 206Pb in the
Garn Formation sample and 11 % in the Åre Formation
sample is common Pb; a few higher values were also
observed (see online Appendix Tables A3 and A4 at
http://www.cambridge.org/journals/geo).

5. Discussion and conclusions

The rutile geochemical data of this study fit well with
those of a previous study by Morton & Chenery (2009),
which was undertaken on the same samples by LA–
ICP–MS. EMP analysis indicates that 85–89 % of the
rutiles were derived from metapelitic rocks, compared
with 76–89 % determined by LA–ICP–MS. EMP data
indicate that 83–84 % of the rutiles were formed under
high-grade metamorphism (temperatures exceeding
750 ◦C), compared with 84–89 % as determined by
LA–ICP–MS. The data suggest derivation from a felsic
metasedimentary source that experienced granulite-
facies metamorphism. Because rutile is mainly formed
in metamorphic rocks, U–Pb rutile geochronology
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Figure 5. (a, b) Tera-Wasserburg and (c, d) probability density distribution and frequency histogram plots (bin width = 20 Ma) for
the set of U–Pb analytical rutile data from the MN4 sandstone samples of the Norwegian margin. Pale grey and dark grey colours
represent metapelitic and metamafic grains, respectively. n = number of rutile grains analysed.

can yield the age of metamorphism. The analysed
rutiles have 206Pb–238U ages ranging from ∼ 485
to 290 Ma, with a major cluster between 450 and
380 Ma. Together with the rutile geochemical data
and provenance data from previous studies (Morton &
Chenery, 2009; Morton et al. 2009), it is suggested that
the detrital rutiles were predominantly derived from
metasedimentary rocks that experienced granulite-
facies metamorphism at about 450–380 Ma. However,
the large spread of the 206Pb–238U ages does not
necessarily mean that granulite-facies metamorphism
persisted over 70 Ma. The age range may simply reflect
the cooling history of each individual rutile grain.
Larger rutile grains give older ages than do smaller
ones (e.g. Mezger et al. 1991; Cherniak, 2000).

Regardless of the large spread of the 206Pb–238U ages,
the rutiles formed during the Caledonian Orogeny,
which records the destruction of the Iapetus Ocean
mainly from Ordovician to Early Devonian times,
the final closure of this ocean being associated with
continental collision of Laurentia, Baltica and Avalonia
(e.g. McKerrow, Mac Niocaill & Dewey, 2000, and

references therein). Potential source rocks for the MN4
sandstones are found in the Krummedal supracrustal
sequence of central East Greenland (Fig. 1a). Here,
sedimentary rocks have undergone first high-grade
metamorphism and anatectic melting about 930 Ma
ago and later experienced Caledonian high-temperature
metamorphism at 450–400 Ma (Kalsbeek et al. 2000).
Another source may have been Payer Land paragneisses
of central East Greenland, which record granulite-
facies metamorphism at 410–370 Ma (Gilotti &
Elvevold, 2002; McClelland & Gilotti, 2003; Gilotti,
Jones & Elvevold, 2008). Together with the Smallefjord
sequence, they may be an equivalent of the Krummedal
sequence (e.g. Strachan, Nutman & Friderichsen, 1995;
Gilotti & Elvevold, 2002). Granulite-facies rocks of
Clavering Ø (e.g. Gilotti, Jones & Elvevold, 2008)
may also be a potential sediment source. Therefore,
it is suggested that metasedimentary rocks of the
Krummedal sequence and its equivalent rocks may have
supplied prominent amounts of detritus for the Jurassic
MN4 sandstones. Besides a primary input of granulite-
facies detritus, there is also the possibility of sediment
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recycling from post-Caledonian (Devonian–Triassic)
strata, which were likely derived from high-grade
metamorphic rocks of the East Greenland Caledonides.
However, sediment provenance data are still lacking
from the Devonian–Triassic strata, and thus future work
is necessary to test the recycling hypothesis. Note that
the present-day distribution of basement exposure in
East Greenland is a young (Cenozoic) feature and thus
does not reflect the distribution of basement exposure
during Jurassic time.

Although granulite-facies metasediments are found
locally within the Caledonian Nappe Domain of
Norway and Sweden, derivation of sandstones with
MN4 characteristics from the Scandinavian margin can
be ruled out on the basis of contrasts in detrital garnet
compositions and zircon age data (Morton et al. 2009).

In conclusion, the present study shows that U–Pb
dating of detrital rutile is a potentially important tool
in sedimentary provenance analysis, since it enables
determination of the age of high-grade metamorphism
and facilitates the tracing of ancient orogenic events in
the detrital record.

Acknowledgements. Sponsors of the CASP Norwegian
Sea Provenance Project (BP, Chevron, ConocoPhillips,
Dong, ENI, ExxonMobil, Shell, StatoilHydro and Total)
are gratefully thanked for their support and permission to
use the samples discussed in this paper. Chiara Petrone is
thanked for her help with EMP analyses. Reviews by two
anonymous referees and editorial handling by Mark Allen
are appreciated.

References

ALLEN, C. M. & CAMPBELL, I. H. 2007. Spot dating of
detrital rutile by LA-Q-ICP-MS: a powerful provenance
tool. GSA Denver Annual Meeting, 28–31 October 2007,
Abstract, Paper no. 196–12.

BIRCH, W. D., BARRON, L. M., MAGEE, C. & SUTHERLAND,
F. L. 2007. Gold- and diamond-bearing White Hills
Gravel, St Arnaud district, Victoria: age and provenance
based on U–Pb dating of zircon and rutile. Australian
Journal of Earth Sciences 54, 609–28.

BREKKE, H., DAHLGREN, S., NYLAND, B. & MAGNUS, C.
1999. The prospectivity of the Vøring and Møre basins
on the Norwegian Sea continental margin. In Petroleum
Geology of Northwest Europe: Proceedings of the 5th
Conference (eds A. J. Fleet & S. A. R. Boldy), pp. 261–
74. Geological Society of London.

CHERNIAK, D. J. 2000. Pb diffusion in rutile. Contribution to
Mineralogy and Petrology 139, 198–207.

DALLAND, A., WORSLEY, D. & OFSTAD, K. 1988. A
lithostratigraphic scheme for the Mesozoic and Ceno-
zoic succession offshore mid- and northern Norway.
Bulletin of the Norwegian Petroleum Directorate 4, 1–
65.

FEDO, C. M., SIRCOMBE, K. N. & RAINBIRD, R. H. 2003.
Detrital zircon analysis of the sedimentary record. In
Zircon (eds J. M. Hanchar & P. O. Hoskin), pp. 277–
303. Reviews in Mineralogy and Geochemistry no. 53.

GILOTTI, J. A., ELVEVOLD, S. 2002. Extensional exhuma-
tion of a high-pressure granulite terrane in Payer
Land, Greenland Caledonides: structural, petrologic and

geochronologic evidence from metapelites. Canadian
Journal of Earth Sciences 39, 1169–87.

GILOTTI, J. A., JONES, K. A. & ELVEVOLD, S. 2008.
Caledonian metamorphic patterns in Greenland. In The
Greenland Caledonides: Evolution of the northeast
margin of Laurentia (eds A. K. Higgins, J. A. Gilotti
& M. P. Smith), pp. 201–25. Geological Society of
America, Memoir no. 202.

HARRISON, T. M., TRAIL, D., SCHMITT, A. K. & WATSON,
E. B. 2007. Rutile 207Pb-206Pb ages in the Jack
Hills quartzite, Western Australia. Geochimica et
Cosmochimica Acta 71 (15, Supplement 1), A383.

IRELAND, T. R., & WILLIAMS, I. S. 2003. Considerations
in zircon geochronology by SIMS. In Zircon (eds
J. M. Hanchar & P. O. Hoskin), pp. 215–41. Reviews
in Mineralogy and Geochemistry no. 53.

KALSBEEK, F., THRANE, K., NUTMAN, A. P. & JEPSEN,
H. F. 2000. Late Mesoproterozoic to early Neo-
proterozoic history of the East Greenland Caledonides:
evidence for Grenvillian orogenesis? Journal of the
Geological Society, London 157, 1215–25

LUDWIG, K. R. 2001. SQUID 1.00, A User’s Manual.
Berkeley Geochronology Center, Special Publication
no. 2.

LUDWIG, K. R. 2003. Isoplot/Ex 3.00. A Geochronological
Toolkit for Microsoft Excel. Berkeley Geochronological
Center, Special Publications no. 4.

MARTINIUS, A. W., RINGROSE, P. S., BROSTRØM, C.,
ELFENBEIN, C., NÆSS, A. & RINGÅS, J. E. 2005.
Reservoir challenges of heterolithic tidal sandstone
reservoirs in the Halten Terrace, mid-Norway. Petroleum
Geoscience 11, 3–16.

MCCLELLAND, W. C. & GILOTTI, J. A. 2003. Late-stage
extensional exhumation of high-pressure granulites in
the Greenland Caledonides. Geology 31, 259–62.

MCKERROW, W. S., MAC NIOCAILL, C. & DEWEY, J. F.
2000. The Caledonian Orogeny redefined. Journal of
Geological Society, London 157, 1149–54.

MEINHOLD, G. 2010. Rutile and its applications in earth
sciences. Earth-Science Reviews 102, 1–28.

MEINHOLD, G., ANDERS, B., KOSTOPOULOS, D. &
REISCHMANN, T. 2008. Rutile chemistry and thermo-
metry as provenance indicator: an example from Chios
Island, Greece. Sedimentary Geology 203, 98–111.

MEZGER, K, HANSON, G. N. & BOHLEN, S. R. 1989. High-
precision U-Pb ages of metamorphic rutiles: application
to the cooling history of high-grade terranes. Earth and
Planetary Science Letters 96, 106–18.

MEZGER, K., RAWNSLEY, C. M., BOHLEN, S. R. & HANSON,
G. N. 1991. U-Pb garnet, sphene, monazite, and
rutile ages: implications for the duration of high-grade
metamorphism and cooling histories, Adirondack Mts.,
New York. Journal of Geology 99, 415–28.

MÖLLER, A., MEZGER, K. & SCHENK, V. 2000. U–Pb dating
of metamorphic minerals: Pan-African metamorphism
and prolonged slow cooling of high pressure granulites
in Tanzania, East Africa. Precambrian Research 104,
123–46.

MORTON, A. & CHENERY, S. 2009. Detrital rutile geo-
chemistry and thermometry as guides to provenance of
Jurassic–Paleocene sandstones of the Norwegian Sea.
Journal of Sedimentary Research 79, 540–53.

MORTON, A. C. & HALLSWORTH, C. R., 1994. Identifying
provenance specific features of detrital heavy mineral
assemblages in sandstones. Sedimentary Geology 90,
241–56.

MORTON, A., HALLSWORTH, C., STROGEN, D., WHITHAM,
A. G. & FANNING, M. 2009. Evolution of provenance

https://doi.org/10.1017/S0016756810000877 Published online by Cambridge University Press

https://doi.org/10.1017/S0016756810000877


480 U–Pb SHRIMP ages of rutile

in the NE Atlantic rift: the Early–Middle Jurassic
succession in the Heidrun Field, Halten Terrace, offshore
Mid Norway. Marine and Petroleum Geology 26, 1100–
17.

MORTON, A. C., WHITHAM, A. G. & FANNING, C. M. 2005.
Provenance of Late Cretaceous to Paleocene submarine
fan sandstones in the Norwegian Sea: integration of
heavy mineral, mineral chemical and zircon age data.
Sedimentary Geology 182, 3–28.

SCOTT, R. A. 2000. Mesozoic–Cenozoic evolution of East
Greenland: implications of a reinterpreted continent–
ocean boundary location. Polarforschung 68, 83–91.

SIRCOMBE, K. 1995. SHRIMP ion probe provenance studies
of heavy detrital minerals in coastal sands and sediment-
ary rocks of east Australia. Abstracts, 3rd Australian
Conference on Geochronology and Isotope Geoscience,
Perth, WA, Curtin University of Technology, 32.

SIRCOMBE, K. N. 2004. AgeDisplay: an EXCEL workbook
to evaluate and display univariate geochronological
data using binned frequency histograms and probability
density distributions. Computers & Geosciences 30, 21–
31.

STRACHAN, R. A., NUTMAN, A. P. & FRIDERICHSEN, J. D.
1995. SHRIMP U–Pb geochronology and metamorphic
history of the Smallefjord sequence, NE Greenland
Caledonides. Journal of the Geological Society, London
152, 779–84.

TAYLOR, W. R. 2008. Rutile U-Pb dating in diamond
exploration – application to detrital heavy mineral
provenance studies and kimberlite age dating. 9th
International Kimberlite Conference, Extended Abstract
No. 9IKC-A-00373.

TERA, F. & WASSERBURG, G. J. 1972. U–Th–Pb systematics
in three Apollo 14 basalts and the problem of initial Pb

in lunar rocks. Earth and Planetary Science Letters 17,
281–304.

THRANE, K. 2002. Relationships between Archaean and
Palaeoproterozoic crystalline basement complexes in
the southern part of the East Greenland Caledonides:
an ion microprobe study. Precambrian Research 113,
19–42.

TOMKINS, H. S., POWELL, R. & ELLIS, D. J. 2007.
The pressure dependence of the zirconium-in-rutile
thermometer. Journal of Metamorphic Geology 25,
703–13.

VRY, J. K. & BAKER, J. A. 2006. LA-MC-ICPMS Pb–
Pb dating of rutile from slowly cooled granulites:
confirmation of the high closure temperature for Pb
diffusion in rutile. Geochimica et Cosmochimica Acta
70, 1807–20.

WATSON, E. B., WARK, D. A. & THOMAS, J. B. 2006.
Crystallization thermometers for zircon and rutile.
Contributions to Mineralogy and Petrology 151,
413–33.

WILLIAMS, I. S. 1998. U-Th-Pb geochronology by ion mi-
croprobe. In Applications of microanalytical techniques
to understanding mineralising processes (eds M. A.
McKibben, W. C. III Shanks & W. I. Ridley), pp. 1–35.
Society of Economic Geologists, Reviews in Economic
Geology no. 7.

ZACK, T., MORAES, R. & KRONZ, A. 2004. Temperature
dependence of Zr in rutile: empirical calibration of a
rutile thermometer. Contributions to Mineralogy and
Petrology 148, 471–88.

ZACK, T., VON EYNATTEN, H. & KRONZ, A. 2004. Rutile
geochemistry and its potential use in quantitative
provenance studies. Sedimentary Geology 171, 37–
58.

https://doi.org/10.1017/S0016756810000877 Published online by Cambridge University Press

https://doi.org/10.1017/S0016756810000877

