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ABSTRACT

In this study, single-grain mineral geochemistry, detrital zircon geochronol-
ogy, and conventional heavy-mineral analysis are used to elucidate sediment
transport pathways that existed in the North Atlantic region during the Trias-
sic. The presence of lateral and axial drainage systems is identified and their
source regions are constrained.

Axial systems are suggested to have likely delivered sediment sourced
in East Greenland (Milne Land-Renland) as far south as the south Viking
Graben (>800 km). Furthermore, the data highlight the existence of lateral
systems issuing from Western Norway and the Shetland Platform as well as
a major east-west-aligned drainage divide positioned adjacent to the Milne
Land-Renland region. This divide separated the catchments that flowed north
to the Boreal Ocean from those that flowed south into a series of endoreic
basins and, ultimately, the Tethys Sea. A further potential drainage divide is
identified to the west of Shetland.

The data presented and the conclusions reached have major implications
for reservoir prediction, as well as correlation, throughout the region. Further-
more, understanding the drainage networks that existed during the Triassic
can help constrain paleogeographic reconstructions and provides an important
framework for the construction of facies models in the region.

H INTRODUCTION

The Triassic basins of the North Atlantic record the initial phases of rifting,
which eventually led to the breakup of Pangea (Manspeizer, 1988; Leleu et al.,
2016). The intracontinental nature of this rift system resulted in the predomi-
nance of fluvial, lacustrine, and aeolian sedimentary systems that formed thick
continental successions. Much previous work has focused on the stratigra-
phy and sedimentology of individual basins, and a number of studies have
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investigated provenance relationships in individual regions, as summarized by
McKie and Williams (2009). However, the scale of the rift system provides an
ideal setting for an integrated investigation into how these basins were linked
by large-scale drainage networks. Understanding these drainage networks can
shed light on how the rift evolved and is key for reservoir prediction. Further-
more, understanding the drainage networks that existed during the Triassic
provides an important framework within which facies models and paleogeo-
graphic reconstructions for the region can be constrained. The provenance
data presented here also aid in regional correlation.

This study integrates conventional heavy-mineral analysis (187 samples),
single-grain mineral geochemistry (42 garnet and 23 rutile analyses) and detrital
zircon geochronology data sets (17 samples) acquired from Triassic sandstones
in the northern North Sea, west of Shetland, and the Norwegian Sea areas.
All heavy mineral data used in this study are available in the Supplemental
Material'. The ultimate aim of the study is to constrain sediment sources and
in particular to assess the role of East Greenland as a provider of detritus.

Ten wells were selected from across the region (Fig. 1), covering much of
the Triassic stratigraphy (Figs. 2 and 3): UK well 164/25-1ST, in the northern
Rockall Trough; UK wells 205/26a-3, 205/26a-4, and 204/30-2, Strathmore Field,
west of Shetland (including data from Morton et al., 2007); UK well 220/26-2,
at the northern end of the Shetland Platform; Norwegian well 6/3-1, toward
the southern end of the Viking Graben; Norwegian well 31/6-1, in the northern
part of the Viking Graben adjacent to the Norwegian landmass; Norwegian
well 6201/11-1, in the southern Mgre Basin; and Norwegian wells 6507/6-1 and
6608/8-1 from the Nordland Ridge in the Norwegian Sea (Fig. 1).

B STRATIGRAPHIC FRAMEWORK

Considerable challenges exist when working on the Triassic of the North
Atlantic on a regional scale. Correlation is often problematic due to poor
biostratigraphic constraints and regionally variable lithostratigraphy. The
stratigraphic determinations and correlations made here (Fig. 3) are based on
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Goldsmith et al. (2003), McKie and Williams (2009), and original interpretations
of wireline data alongside completion logs. The Norwegian lithostratigraphic
nomenclature (Lervik, 2006) has been used where possible, due to its greater
regional consistency. A composite section from the Jameson Land Basin (East
Greenland) is included in the well correlations to fill the data gap that exists
between the northern North Sea and Mid-Norway and to allow tentative cor-
relation between these two regions.

B GEOLOGICAL BACKGROUND

Basin formation in the North Atlantic region was initiated in the Devo-
nian (Stemmerik et al., 1991) as a result of the collapse of the Caledonian
orogen (McClay et al., 1986; Surlyk, 1990). The sedimentary rift basins on the
conjugate continental margins of Norway and Greenland and the adjacent
North Sea developed as a result of a series of post-Late Permian rift epi-
sodes until the Early Cenozoic, when complete continental separation took
place (Surlyk et al., 1986; Stemmerik et al., 1991; Price et al., 1997; Whitham
et al., 1999). Basins containing up to 8 km of Triassic fill have been reported
(Doré, 1992). During the Triassic, the North Atlantic region was positioned
in the northern arid belt, and deposition largely took place in dryland con-
tinental settings (McKie, 2014). Red bed sandstones and mudstones were
deposited in a range of environments, including large perennial rivers and
more ephemeral systems associated with aeolian, playa, lacustrine, marginal
marine, and evaporite facies (McKie and Williams, 2009). Triassic sandstones
from the northern North Sea and Mid-Norway Continental Shelf have proved
to be major hydrocarbon reservoirs, usually in tilted fault blocks (Fisher and
Mudge, 1998; McKie, 2014).

B ANALYTICAL METHODS
Sample Preparation

Core samples were disaggregated, immersed in water, and cleaned by
ultrasonic probe to remove and disperse any clay adhering to grain surfaces.
It was not necessary to disaggregate cuttings samples since these are already
broken down by the action of the drill bit. The disaggregated samples were
washed through a 63 pm sieve and resubjected to ultrasonic treatment until
no more clay passed into suspension, followed by wet sieving through the
125 and 63 pm sieves. The resulting >125 ym and 63-125 uym fractions were
dried in an oven at 80 °C. The 63-125 pm fractions were placed in bromo-
form with a measured specific gravity of 2.8. Heavy minerals were allowed
to separate under gravity, with frequent stirring to ensure complete separa-
tion. Heavy-mineral residues were mounted under Canada balsam for optical
study using a polarizing microscope, with additional separates retained for
single-grain analytical work.
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Figure 1. Map of the Norway-Greenland Sea region, prior to the onset of sea
floor spreading in the Paleogene, showing the distribution of studied wells from
Mid Norway, the North Sea, and the West of Shetland. Reconstruction based on
the best-fit prior to final opening of the North Atlantic (magnetic anomaly 24).

Conventional (Petrographic) Heavy-Mineral Analysis

Heavy-mineral proportions were estimated by counting 200 non-opaque
detrital grains using the ribbon method described by Galehouse (1971). Iden-
tification was made on the basis of optical properties, as described for grain
mounts by Mange and Maurer (1992). Provenance-sensitive mineral ratios
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Figure 2. Triassic stratigraphy of the study area: Mid Norway, East Greenland (Jameson Land Basin), The North Sea, and West of Shetland.
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Figure 3. Correlation of sampled offshore Triassic well penetrations. Correlations and stratigraphic determinations based on Goldsmith et al. (2003), Lervik (2006), McKie and Williams (2009),
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(Morton and Hallsworth, 1994) were also determined using the ribbon counting
method. Previous studies of the Triassic in the central North Sea have revealed
the importance of heavy-mineral grain textures for stratigraphic analysis and
provenance interpretations (Mange-Rajetzky, 1995). Variations in tourmaline,
zircon, and apatite morphology were considered by Mange-Rajetzky (1995) to
have greater stratigraphic value than heavy-mineral abundances in this region.
In recent studies of the central North Sea Triassic, apatite morphology, and in
particular the apatite roundness index (ARi), has proved to be a reliable and
stratigraphically significant textural measurement (Mouritzen et al., 2017),
and hence this index has been determined for the new wells analyzed in the
course of this study. ARi is determined as % rounded apatite in the total apatite
population, following Morton et al. (2010).

Garnet Geochemistry

Garnet major-element mineral chemistry was undertaken by electron micro-
probe analysis (EMPA) following the method originally described by Morton
(1985). Grains were extracted from heavy-mineral separates during optical
examination under the polarizing microscope and analyzed at Aberdeen Univer-
sity using a Link Systems AN10000 energy-dispersive X-ray analyzer attached
to a Cambridge Instruments Microscan V electron microprobe. The quality of
each result was monitored to ensure that the stoichiometrically determined
formulae corresponded to ideal garnet compositions. Fifty single-grain analyses
were made per sample. Garnet compositions are expressed in terms of the rel-
ative abundance of the Mg, Fe?*, Ca, and Mn end members. The compositions
of garnet assemblages were plotted on ternary diagrams with proportions of
Fe#*+Mn, Mg, and Ca in the garnet formula as poles, calculated assuming all
Fe is present as Fe?. Relative proportions of Types A, B, and C garnets (Morton
et al., 2004; Mange and Morton, 2007) are shown as pie charts to aid clarity.

Rutile Geochemistry

Rutile trace-element geochemistry was carried out by laser ablation-induc-
tively coupled plasma mass spectrometry (LA-ICP-MS). Samples were selected
on the basis of the results of the conventional optical analysis. Grains were
extracted from heavy-mineral separates during optical examination under
the polarizing microscope and analyzed either in the School of Earth, Ocean
and Planetary Sciences at Cardiff University, UK, or at the Central Analytical
Facility (CAF), Stellenbosch University, South Africa.

The analysis at Cardiff was carried out by a Thermo Elemental X(7) series
ICP-MS coupled to a New Wave Research UP213 Nd:YAG 213 nm UV laser.
Laser beam diameter was 30 um, and laser repetition rate was set at 4 Hz.
Helium gas was used for ablation initial transport from the laser cell, and this
was combined with argon outside the cell as the sample was transported to
the ICP-MS. Thermo Elemental Plasmalab time-resolved analysis (TRA) data

acquisition software was used with a total acquisition time of 60 s per analysis,
allowing ~30 s for background followed by 25 s for laser ablation. PlasmalLab
was used for initial data reduction with post-processing in Excel. The rutile
calibration employed BIR-1G, BHVO-2G, and BCR-2G (U.S. Geological Survey
[USGS] basalt glass standards) to produce a 4 point (including the origin)
calibration curve. The data were normalized to Ti (98% TiO,) and adjusted
accordingly. Instrumental drift was monitored by repeat analysis of BHVO-2G
after every 25-30 grains.

The LA-ICP-MS system used at the Central Analytical Facility (CAF), Stellen-
bosch University (South Africa), consists of an excimer laser system emitting
at 193 nm (Resonetics Resolution SE50 utilizing an ATL Atlex laser source)
coupled to an Agilent 8800 triple quadrupole ICP-MS. Trace-element data were
obtained by single-spot analysis using a 70 pm beam diameter. Ablation was
performed using a S155 double-helix ablation cell (Laurin Technic, Canberra,
Australia) in helium (325 ml/min) that was mixed in a conical ablation cup
into the argon sample gas (950 ml/min) and N, (4.1 ml/min) and transferred
in Nylon 10 tubing to the mass spectrometer. The isotope used for internal
standardization was 49Ti, and National Institute of Standards and Technology
(Standard Reference Material) NIST SRM 610 standard reference glass (values
from Pearce et al., 1997) was used as external calibration standard. In a typical
analytical sequence, one standard was analyzed, followed by 10-15 unknowns,
then one standard, and so on. For each analysis, an ablation time of 20 s was
applied. Background was measured for 20 s prior to ablation. Data acquisition
was performed by peak hopping measuring 1 sample per peak. Reduction of
time-resolved data and concentration calculations were subsequently per-
formed off-line using the GLITTER software package. Regular analysis of the
BCR-2 standard reference glasses were performed for quality control, and the
results are consistently within 2o of the average concentrations reported by
Jochum and Nehring (2006). The detection limit for most of the elements is
in the lower ppb to mid ppt range.

Rutile trace-element compositions are sensitive both to host-rock lithol-
ogy (metamafic and metapelitic rocks) and to metamorphic grade (Meinhold,
2010). Discrimination of rutiles from metamafic and metapelitic provenances
was achieved using Cr and Nb contents as described by Meinhold et al. (2008),
with metamorphic temperatures estimated on the basis of Zr contents using
the formula proposed by Watson et al. (2006).

U-Pb Zircon Age Determination

U-Pb age data were obtained by laser ablation—-magnetic sector field—induc-
tively coupled plasma-mass spectrometry (LA-SF-ICP-MS) at the CAF, employing
a Thermo Finnigan Element2 mass spectrometer coupled to a New Wave UP213
laser ablation system. All age data presented here were obtained by single-spot
analyses with a spot diameter of 30 ym and a crater depth of ~15-20 ym, corre-
sponding to an ablated zircon mass of ~150-200 ng. The methods employed for
analysis and data processing are described in detail by Gerdes and Zeh (2006)
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and Frei and Gerdes (2009). For quality control, the PleSovice (Slama et al., 2008)
and M127 (Nasdala et al., 2008; Mattinson, 2010) zircon reference materials
were analyzed, and the results were consistently in excellent agreement with
the published isotope dilution-thermal ionization mass spectrometer (ID-TIMS)
ages. Full analytical details and the results for all quality control materials ana-
lyzed are reported in Table 1. Plotting of concordia diagrams was performed
using Isoplot/Ex 3.0 (Ludwig, 2003), with probability density distribution and
histogram diagrams generated by AgeDisplay (Sircombe, 2004).

B HEAVY-MINERAL PROVENANCE CHARACTERISTICS
UK Well 164/25-1ST

The heavy-mineral assemblages in 164/25-1ST are dominated by garnet and
apatite, which form up to 86% and 33% of individual samples, respectively. In
the shallowest cuttings samples, clinopyroxene is abundant (up to 80%), and is
found together with minor epidote and titanite. These minerals are considered
to represent contamination from the overlying Paleogene basaltic succession.

Provenance-sensitive, heavy-mineral parameters (Fig. 4) indicate the suc-
cession is characterized by very high GZi (93-99), very high ATi (89-100), and
very low ARi (0-5). RuZi shows a downhole increase, with values of 22-40 in the
upper part (3420-3629 m inclusive) and 40-61 in the lower part (3674-4040 m
inclusive). Other parameters (MZi and CZi) remain consistently low throughout.

The extremely high GZi and ATi, together with the very low ARi, suggest
the sandstones are of first-cycle origin, since recycled material is normally
characterized by lower apatite and garnet due to the relative instability of
these minerals during weathering, and prolonged sediment transport is likely
to result in increased ARi. The upward decrease in RuZi indicates a change
from rutile-rich to rutile-poor (relative to zircon) sources with time.

Garnet assemblages (Fig. 5) are dominated by high-Mg, low-Ca types (Type
A) throughout. Garnets in the shallowest sample (3520 m) have generally
lower Mg contents than in the rest of the succession, where Type Ai garnets
(those with Xy;>30%) are dominant. This change in garnet composition coin-
cides with the upward decrease in RuZi noted above and suggests a change
in source area characteristics.

Rutile compositions (Fig. 6) also indicate a change in provenance character-
istics through the succession. The two deeper samples have high proportions
of granulite-facies rutiles (crystallization temperatures >750 °C), whereas the
shallowest sample (3520 m) has a much higher proportion of amphibolite-facies
grains. In addition, there is a change in relative proportion of rutiles of metamafic
and metapelitic parentage in the interval dominated by high-grade metamorphic
detritus, with metamafic grains being more prevalent in the younger sample.

Zircon age determinations were made on the same three samples as for
rutile geochemistry (Fig. 7). The three samples share certain common features,
with all having a major peak at ca. 1900 Ma together with a wider-ranging
Archean group mainly falling in the 2600-2900 Ma age range. However, the

shallowest sample is distinctive in showing a major peak at ca. 2100 Ma, which
is poorly represented in the deeper section. Furthermore, the two deeper sam-
ples contain a group of Permian zircons (ca. 258-299 Ma) not represented in
the upper sample. The abundance of this group decreases with time, with
the deepest sample containing 12 grains of this age (22% of the zircons with
<10% discordance), whereas the overlying sample has only six grains (8% of
the zircons with <10% discordance). The presence of this group indicates a
maximum depositional age of mid-Permian for the succession, defined by
the presence of three zircons at 266 + 5 Ma, 267 + 5 Ma, and 267 + 5 Ma. The
youngest zircon (258 + 6 Ma) has more doubtful significance owing to its lower
concordance (93.4% compared with 96.8%-99.5%).

Strathmore Field (UK Blocks 204/30 and 205/26, West of Shetland)

Heavy-mineral, garnet geochemistry, and U-Pb zircon age data from Trias-
sic sandstones of the Strathmore Field published by Morton et al. (2007) have
been supplemented by rutile geochemical data and by an additional zircon age
determination acquired during the current study. The succession in the Strath-
more Field includes the Otter Bank Formation, of probable Scythian age, and
the Foula Formation, of probable Ladinian—-Carnian age (Swiecicki et al., 1995).
There is a distinct change in heavy-mineral characteristics between these two
units (Fig. 4). The Otter Bank Formation is characterized by relatively low RuZi,
high GZi, and ATi that is moderate in the lower part and high approaching the
top. The Foula Formation has extremely high GZi and ATi, with RuZi generally
high but with lower values in at least two zones. These variations have been
used for field-scale correlation purposes (Morton et al., 2007).

Evidence for a major change in provenance between the Otter Bank and
Foula formations is also given by garnet and rutile compositions (Figs. 5 and
6) and zircon U-Pb data (Fig. 7). The Otter Bank Formation is characterized
by low-Mg, variable-Ca garnet populations that correspond to Type B (Fig. 5),
with minor representation of Types A and C, whereas the Foula Formation has
assemblages dominated by the Type Ai component.

Rutile assemblages in the Otter Bank Formation from 205/26a-4 are diverse
but dominated by amphibolite-facies grains, whereas the Foula Formation is
characterized by abundant granulite-facies rutile. Rutile compositions within
the Foula Formation from the same well show more variation than the asso-
ciated garnets, which are consistently rich in the Type Ai component (Fig. 5).
The variability in rutile composition is manifested by fluctuations in the relative
proportion of grains of metamafic and metapelitic parentage (Fig. 6), as well
as variations in the crystallization temperature distribution. Most notably, the
deepest Foula Formation sample has a high proportion of upper-amphibolite
rutiles than the overlying samples, possibly suggesting progressive unroof-
ing of high-grade lithologies. It is also notable that the shallowest sample in
205/26a-4 shows the reappearance of lower-grade (amphibolite-facies) detritus
associated with a slight fall in RuZi (Fig. 4). This may be a precursor to the larg-
er-scale cyclicity in RuZi seen higher in the Foula Formation in 204/30a-2 (Fig. 4).
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GEOSPHERE | Volume 17 | Number 2

Laboratory and sample preparation

Laboratory name

Sample type and mineral

Sample preparation

Imaging

Laser ablation system

Make, model, and type

Ablation cell and volume

Laser wavelength

Pulse width

Fluence

Repetition rate

Spot size

Sampling mode and pattern

Carrier gas

Pre-ablation laser warm-up
(background collection)

Ablation duration

Wash-out delay

Cell carrier gas flow

IGP-MS Instrument
Make, model, and type
Sample introduction
Radio frequency power
Make-up gas flow
Detection system
Masses measured
Integration time per peak
Total integration time per reading
Sensitivity

Dead time

Data Processing

Gas blank
Calibration strategy

Reference material info
Data processing package used

Correction for LIEF
Mass discrimination

Common-Pb correction, composition,

and uncertainty
Uncertainty level and propagation

Quality control and validation

Central Analytical Facility, Stellenbosch University

Detrital zircons

Conventional mineral separation, 1 inch resin mount, 1 pm polish to finish
Cathodoluminescence, Zeiss Merlin, 10 nA, 15 mm working distance

Resonetics Resolution S155, ArF Excimer

Laurin Technology S155 double Helix large volume cell

193 nm

20 ns

~2 Jlem=2

5.5 Hz

30 ym

30 pum single-spot analyses

100% He, Ar make-up gas combined using a T-connector close to double Helix sampling funnel
Three cleaning shots followed by 20 seconds background collection

15 seconds
15 seconds
300 ml/min He and 0.06 mi/min N,

Thermo Finnigan Element2 single collector HR-SF-ICP-MS
Via conventional tubing

1350 W

1.0 I/min Ar

Single-collector secondary electron multiplier

202, 204, 206, 207, 208, 232, 233, 235, 238

4 ms

1 sec (represents the time resolution of the data)

30,000 cps/ppm Pb

6 ns

20 second on-peak

GJ-1 used as primary reference material; M127 and 91500 used as secondary reference material
(Quality Control).

M127 (Nasdala et al., 2008; Mattinson, 2010), 91500 (Wiedenbeck et al., 1995), GJ-1 (Jackson
et al., 2004).

In-house spreadsheet data processing using intercept method for LIEF correction.

Standard-sample bracketing with 2°7Pb/2%Pb and 2°°Pb/2*®U normalized to reference material GJ-1.

204Pp method, Stacey and Kramers (1975) composition at the projected age of the mineral, 5%
uncertainty assigned.

Ages are quoted at 2 sigma absolute; propagation is by quadratic addition. Reproducibility and
age uncertainty of reference material and common-Pb composition uncertainty are propagated.

91500: Concordia age = 1072.9 + 6.2 (26, n = 10, MSWD = 0.28)

M127: Weighted concordia age = 528.8 + 2.1 (26, n = 15, MSWD = 0.32)

Note: For detailed method description, see Frei and Gerdes (2009). Abbreviations: CAF—Central Analytical Facility; HR-SF—high-
resolution sector field; LA-SF-ICP-MS—Ilaser ablation-magnetic sector field inductively coupled plasma-mass spectrometry; LIEF—laser
induced elemental fractionation; MSWD—mean square of weighted deviates.
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Figure 4. Compilation of key conventional heavy-mineral parameters from the studied wells. Well locations are provided in Figure 1, and the lithological key is provided in Figure 3. All heavy
mineral data used in this study are available in the Supplemental Material (see text footnote 1). 4000
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Figure 6. Compilation of relative abundance of metapelitic and metamafic rutile and their peak metamorphic temperatures from the studied wells. For the well locations, see Figure 1. Note that
where data density is high, representative plots have been included, and sample positions are not exact. The key to the lithologies is given in Figure 3. 4000
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Figure 7. Compilation of probability-density distributions of detrital zircon ages from the studied wells. Well locations are provided in Figure 1, and the key to the lithologies is given in Figure 3. el
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Zircon age data confirm a marked difference in provenance between the
Otter Bank and Foula formations (Fig. 7). The zircon spectrum in the Otter Bank
sample has a large Archean group between 2600 Ma and 3000 Ma, together
with a range of mid-Proterozoic grains mostly in the 1000-2000 Ma range, and
a very small early Paleozoic component. The Foula Formation samples also
have large Archean components but differ in having a single, well-defined
Paleoproterozoic peak at ca. 1900 Ma, together with a group of Permian zircons
(255-301 Ma). The Permian group forms 25% of the near-concordant zircon
population in the basal Foula Formation sample from 205/26a-3 and 23% of a
sample some 150 m above the base in 205/26a-4 (Fig. 7).

UK Well 220/26-2

The Triassic sandstones in 220/26-2 are comparable to those in 164/25-1ST
and in the Foula Formation of the Strathmore area, in that garnet is the domi-
nant heavy-mineral phase throughout, forming 61%-91% of the assemblages.
Epidote is also common, forming up to 22% of the assemblages, but only in
the lower part of the analyzed interval (3450-3975 m inclusive).

Provenance-sensitive, heavy-mineral parameters (Fig. 4) show that the
entire succession is characterized by very high ATi and GZi (94-100 and 96-99,
respectively). RuZi shows an overall upward increase, with comparatively low
values at the base, moderate through the majority of the section, and relatively
high at the top. ARi also shows a significant upward change, with the majority
of the succession having comparatively high values (up to 25), but low in the
topmost three samples (3231-3300 m inclusive). These three samples are also
distinctive in having markedly higher MZi values (19-26, compared with 0-8
in the underlying interval).

The presence of epidote at depths exceeding 3400 m is anomalous, since
this mineral is unstable during burial diagenesis. Its presence suggests that
porosity and permeability are low, thereby inhibiting pore-water movement
and decreasing the potential for dissolution of unstable minerals. The presence
of epidote cannot be attributed to contamination of cuttings samples since it
also occurs in a core sample in the same interval. The upward disappearance
of epidote suggests that reservoir quality improves higher in the succession.

The very high ATi and GZi suggest much of the detritus is first-cycle, as does
the presence of epidote in the deeper part of the well. However, it is evident
from the coincidental changes in MZi and ARi toward the top of the succession
that there was a change in provenance and transport history between 3355 m
and 3300 m. This change is coincident with a shift in garnet compositions
(Fig. 5), rutile compositions (Fig. 6), and zircon ages (Fig. 7).

Garnet assemblages (Fig. 5) are consistently dominated by the Type A
component, but in the lower part of the succession, Mg contents are gener-
ally lower than at the top. Furthermore, the assemblages in the lower part
include higher proportions of Type C (high-Ca, high-Mg) grains. Rutile pop-
ulations are likewise dominated by granulite-facies grains throughout, but
the proportion increases toward the top of the succession (54%-57% in the

lower three samples, 83% at the top of the interval). This is accompanied by
an increase in proportion of metapelitic grains at the expense of metamafic
varieties (87%-88%, rising to 98%).

Zircons were analyzed from two samples to evaluate the nature of the
change in mineralogy and mineral chemistry. Both samples are distinctive
in having a large early Paleozoic peak and an Archean group, but the lower
sample contains a range of mid-Proterozoic zircons that are poorly repre-
sented in the upper sample (Fig. 7). Archean (and earliest Paleoproterozoic)
zircons form 57% and 40% of the assemblages in the lower and upper samples,
respectively. Most of these ages lie between ca. 2600 Ma and ca. 2900 Ma,
but a substantial number are older, the oldest being ca. 3700 Ma. The early
Paleozoic group comprises 20% in the lower sample and 54% in the upper, in
both cases forming a peak at ca. 430 Ma (Fig. 7). Mid-Proterozoic zircons, which
form 23% of the population in the lower sample compared with only 6% in the
upper, are wide ranging (900-1880 Ma) and polymodal, with notable peaks in
the 1000-1200 Ma, 1600-1700 Ma, and 1800-1900 Ma intervals.

Norwegian Well 6201/11-1

Well 6201/11-1 is located in the southern part of the Mgre Basin, and is
reasonably close to UK well 220/26-2 (Fig. 1). The succession is attributed to
the Hegre Group, with the Lunde, Alke, Lomvi, and Teist formations all rec-
ognized (Fig. 3). Data quality from this well is relatively poor because most
of the samples were small-volume ditch cuttings and were heavily contami-
nated by the mud-weighting additive barite. However, reasonably good data
were acquired from the core in the topmost part of the analyzed interval. In
addition, it is evident from the samples that heavy-mineral dissolution has
been pervasive. Garnet is scarce in most cases, and where present, shows
signs of extreme corrosion. It is found in abundance in just one sample, the
shallowest core sample, and its presence indicates it is likely to have been
abundant throughout prior to burial diagenetic modification.

The downhole plot of provenance-sensitive, heavy-mineral parameters
(Fig. 4) shows that ATi is extremely high throughout, apart from sporadic cut-
tings from samples with suspect data owing to comparatively low grain counts.
GZi is generally low, but this is due to garnet depletion during burial diagene-
sis. Only one sample, at the very top of the cored section, contains abundant
garnet (high GZi). RuZi is moderate throughout, but is higher in the top two
core samples: this increase may mark a change in provenance. ARi is low in
most samples, but values are somewhat higher near the base (Teist Formation).

As with the other wells in the study, the high ATi values and originally
high GZi values indicate a likely first-cycle origin for the Triassic succession
in 6201/11-1. There is a hint of a change in provenance near the top of the well,
on the basis of the increase in RuZi, and the higher ARi values in the Teist
Formation suggest more prolonged transport history at this time.

Acquisition of further constraints on provenance of the succession is limited
by the general scarcity of garnet and by the poor recovery of heavy minerals
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from the cuttings samples. Garnet geochemistry was undertaken on the only
garnet-rich sample, with rutile and zircon data acquired from two core samples
lower down in the succession (Figs. 6 and 7).

The garnet assemblage in the sample from 2729.45 m (Fig. 5) is dominated
by low-Mg, variable-Ca grains (Type B), with minor representation of Type C
and scarce Type A. The rutile assemblages from deeper in the core (2845.6 m
and 2918.1 m) are broadly similar to one another, both having wide-ranging
crystallization temperatures including relatively high proportions of granu-
lite-facies grains (Fig. 6). The deeper sample has fewer granulite-facies grains
(24%) and high proportions of metamafic grains (31%) compared with the
shallower sample (43% and 11%, respectively).

Both analyzed zircon assemblages are dominated by the early Paleozoic
group, which forms 49%-77% of the near-concordant populations and peaks
in the 430-440 Ma range (Fig. 7). The remainder of the zircon spectra con-
tain a wide-ranging mid-Proterozoic group (ca. 870-2030 Ma), which forms
6%-24% of the populations, and an Archean group that mainly lies in the ca.
2600-2900 Ma range but extends back to 3760 Ma, which forms 17%-27% of
the populations.

There are no additional constraints on the provenance of the underlying
uncored interval, although the general uniformity of the heavy-mineral assem-
blages suggests little change. Ideally, this section should be revisited using
larger-volume unwashed ditch cuttings if they were available. Furthermore,
rutile and zircon data should be acquired from the sample with garnet geo-
chemistry, since the garnet data from this sample suggest a lower-grade
metamorphic source compared with the underlying interval with rutile geo-
chemical data. It was not possible to undertake rutile or zircon analyses from
the garnet-rich sample owing to the small size of the available sample.

Norwegian Well 31/6-1

Well 31/6-1, located in the northern North Sea adjacent to the Norwegian
landmass (Fig. 1), encountered a thick Triassic section. Most of the samples
analyzed from this well are attributed to the Hegre Group, but the topmost
sample is from the Statfjord Group (Rhaetian-Sinemurian), and the lowermost
three belong to an undefined group overlying basement (Fig. 3).

With the exception of the Statfjord Group sample, the heavy-mineral
characteristics of the analyzed interval are remarkably uniform. Epidote is
dominant throughout, forming up to 80% of the assemblages, with titanite,
garnet, and apatite forming the majority of the rest. Provenance-sensitive,
heavy-mineral parameters are likewise uniform (Fig. 4), with extremely high
ATi (95-100), high GZi (78-96), and low-moderate RuZi (18-57). RuZi shows
an upward increase at ~2700 m. The increased scatter in RuZi toward the
base of the analyzed interval is likely to be a function of comparatively low
grain counts rather than of genuine fluctuations. Apatite roundness is also
extremely low throughout, although values are slightly higher near the base
(3840-3987 m).

These heavy-mineral characteristics suggest first-cycle derivation. The
abundance of epidote throughout suggests that porosity and permeability
are low, inhibiting dissolution of this unstable mineral (as discussed in the
section on well 220/26-2).

The single Statfjord Group sample is markedly different, with considerably
lower ATi and GZi, and an absence of epidote. It is difficult to determine on
the heavy-mineral data alone whether this change is a function of changing
provenance or to the response of the mineralogy to the changing climate
associated with the Triassic-Jurassic transition.

Further constraints on provenance of the Hegre Group and the changes
observed at the base of the Statfjord Group have been acquired using gar-
net geochemical analysis (Fig. 5). The data show uniformity of provenance
throughout the Hegre Group and into the Statfjord Group, with virtually all
samples being dominated by high-Ca, high-Mg grains that conform to Type C
of Mange and Morton (2007). The only exception is the sample at the very base
of the analyzed interval (4067 m), in which Type C garnets are subordinate to
a group of high-Mn, high-Ca grains with very low Mg contents (Type B). This
sample is from the basement underlying the Triassic interval, and indicates
that the immediately subjacent basement has a different metamorphic char-
acter to the source of the overlying sediment.

Since garnet data show uniformity of provenance throughout, rutile and
zircon analyses were carried out on just one sample. The sample chosen was
the one from the Statfjord Group, since this is much richer in zircon and rutile
compared with the apatite-epidote-garnet suites associated with the Hegre
Group. The rutile population is distinctive, being dominated by metamafic
varieties (68% of the assemblage) with formation temperatures that equate to
lower amphibolite and/or eclogite facies (Fig. 6). The zircon spectrum is dom-
inated by a group peaking between ca. 890-1130 Ma, which forms 68% of the
near-concordant zircon population. The remainder of the population is virtually
exclusively Mesoproterozoic, with a conspicuous peak in the 1400-1500 Ma
range. Early Paleozoic and Archean zircons are very scarce.

Norwegian Well 6/3-1

The heavy-mineral assemblages in the Skagerrak Formation (Triassic) of
6/3-1, located toward the southern end of the Viking Graben, are dominated
by apatite (15%-70%), zircon (4%-32%), and garnet (4%-35%). Most garnet
grains show corrosion textures, and the severity of the etching increases with
depth. Hence, the relatively low garnet contents in this well are attributed to
burial-related garnet dissolution.

The downhole plot of provenance-sensitive parameters from 6/3-1 (Fig. 4)
shows that ATi values are high through most of the succession. Values in core
are very high (96-98) and are also high (up to 95) in cuttings deeper in the well.
However, they are low immediately below the cored interval and then show a
gradual rise with increasing depth. These low values may be anomalous, due to
downhole contamination following re-entering of the well after the core was taken.
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GZivalues are comparatively low and show an overall decrease downhole.
Given the evidence for increasing garnet dissolution with depth, this trend is
interpreted as the result of progressive burial-related loss of garnet. Therefore,
GZi values in this well are not considered to be truly representative of the
source area characteristics, and are likely to have been higher prior to burial.
RuZi shows a subtle upward increase but the change takes place at the switch
from cuttings to core material and may therefore not be a reliable indicator of
achange in provenance. The only reliable change in mineral characteristics in
6/3-1 is the upward decrease in apatite roundness, which is high in the lower
part of the well (below 3300 m) and low higher up. This change takes place
within the cuttings data set and can therefore be considered genuine.

Additional provenance constraints were acquired by undertaking garnet and
rutile geochemistry on four samples, with zircon dating on three of these four
samples. The garnet and rutile data indicate that there was a change in prove-
nance character within the succession. The samples from the upper part of the
succession (3020.0 m and 3115.1 m) have garnet assemblages rich in the Type B
component, with subordinate Types A and C, whereas those from 3217.5 m and
3322.5 m are rich in Type A, with the majority of these corresponding to Type
Ai (Fig. 5). The generally low Ca content of the garnets in 6/3-1 may be partly
due to garnet dissolution, which is evident from the garnet surface textures.
High-Ca garnets are less stable than Ca-poor types (Morton and Hallsworth,
2007), and hence progressive garnet dissolution tends to result in increased
abundances of low-Ca garnets. However, the change observed in 6/3-1 cannot
be ascribed to garnet dissolution since it is expressed by differences within the
low-Ca part of the garnet populations. Furthermore, the change from Type Ai-
dominated to Type B-dominated garnet populations coincides with a change
from high-grade to lower-grade rutile assemblages (Fig. 6). Granulite-facies
rutiles comprise 40% of the assemblages in the deepest samples (32175 m
and 3322.5 m) but only 4%-6% in the upper part of the section.

The two samples from the upper part of the Triassic have closely compa-
rable zircon age populations (Fig. 7), both being dominated by wide-ranging
mid-Proterozoic zircons with distinct peaks at ca. 1000 Ma, ca. 1500 Ma, and ca.
1650 Ma, together with subordinate early Paleozoic groups (ca. 400-480 Ma),
and minor Archean representation. The deeper sample is also dominated by
mid-Proterozoic zircons with a subordinate early Paleozoic group, but the
mid-Proterozoic peaks are in slightly different positions, and there is a more
distinct representation of Paleoproterozoic grains between ca. 1900-2100 Ma.
In addition, the Archean is better represented, and there is a distinct group
of five Permian zircons (263-287 Ma) that have virtually no counterpart in the
overlying interval.

Nordland Ridge (Norwegian Wells 6507/6-1 and 6608/8-1)

Well 6507/6-1 encountered a thick Triassic section, with the Rhaetian—
Pliensbachian Are Formation overlying sandstones and mudstones that are
believed to have an Early to Late Triassic age. These have not been given

formal lithostratigraphic names (“Grey Beds” and “Red Beds"), although the
deepest unit is interpreted as equivalent to the Wordie Creek Formation (Fig. 3).

The heavy-mineral stratigraphic profile (Fig. 4) shows that the Are Forma-
tion is characterized by low ATi in association with high GZi and high RuZi,
closely comparable to features shown by the Are Formation in the Heidrun
Field, Norwegian block 6507/8-1 (Morton et al., 2009a). Garnets from this inter-
val (Fig. 5) are dominated by high-Mg, low-Ca types (Type A), as also found in
the Are Formation from Heidrun (Morton et al., 2009a). The associated rutile
populations (Fig. 6) are rich in granulite-facies grains, mainly of metapelitic
parentage. The zircon spectrum (Fig. 7) has a well-defined early Paleozoic peak
(ca. 370-500 Ma) consisting of 15 of the 73 near-concordant grains, a wide-rang-
ing mid-Proterozoic group (ca. 920-2020 Ma) comprising 48 zircons, and a small
Archean group of ten zircons between ca. 2400-3100 Ma. The mid-Proterozoic
zircons form a broad and somewhat diffuse group without well-defined peaks,
but the early Paleozoic group shows a clear peak in the 430-440 Ma bracket.
A closely comparable zircon age distribution is present in the Are Formation
of the Heidrun Field (figure 6 in Morton et al., 2009a).

The sandstones sampled between 2064 m and 2766 m have markedly dif-
ferent mineralogy to the Are Formation, with very high ATi, generally low GZi
(with a downhole-decreasing trend) and high RuZi. The downhole-decreasing
GZi pattern is probably attributable to progressive garnet dissolution with
increasing burial depth, and values were likely to have been higher at the
time of deposition. Garnet compositions (Fig. 5) are comparable to those in
the Are Formation, with Type A dominant, and a similar source is considered
possible. Rutile compositions are also similar to those in the Are Forma-
tion, although the deeper of the two analyzed samples has a more diverse
rutile population, containing granulite-facies and amphibolite-facies grains
in approximately equal proportions (Fig. 6). The contrast in ATi between the
Are Formation and the underlying sandstones is interpreted as the result of
apatite depletion through weathering related to the more humid climate during
the Rhaetian-Pliensbachian. The zircon spectrum (Fig. 7) has early Paleozoic,
mid-Proterozoic, and Archean representation, but differs from the Are Forma-
tion in that the Archean group is poorly represented, and the mid-Proterozoic
group is characterized by two well-defined peaks (ca. 1000-1200 Ma and ca.
1600-1700 Ma) rather than the broader and more diffuse grouping shown by
the shallower sample.

The lowest sand package (sampled at 3483-4011.8 m inclusive) is also char-
acterized by high ATi, but differs in having higher GZi and much lower RuZi. The
markedly lower RuZi implies derivation from a different source region, scarce
in rutile-bearing lithologies. Garnets in the lowest sand package are diverse
and include both Type B and Type C in addition to variable numbers of Type
A grains. The zircon spectrum has two clearly defined peaks, one in the early
Paleozoic and one in the late Paleoproterozoic (1600-1700 Ma). These peaks are
also evident in the sample from the middle package, but the ca. 1000-1200 Ma
peak is much more subdued and the Archean is almost completely absent.
The sample is also distinctive in containing five Permian—Triassic zircon grains
dated between 245 Ma and 262 Ma.
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In addition to the data acquired from 6507/6-1, two samples were analyzed
from a core in the “Red Beds” from 6608/8-1. These samples have high ATi
and high RuZi, similar to the middle sand package in 6507/6-1, although they
differ in having higher GZi. The garnet population is similar to that seen in
the middle package in 6507/6-1, in that it contains large numbers of Type A
garnet (Fig. 5), but it differs in that it has a larger proportion of high-Ca gar-
net. The differences in GZi and garnet compositions between the two wells
are interpreted as the result of more advanced garnet dissolution in 6507/6-1,
since high-Ca garnet is less stable than low-Ca garnet during burial diagenesis.

The rutile population in 6608/8-1 is clearly bimodal, with a group of granulite-
facies rutiles with largely metapelitic compositions and another lower-grade
group with both metapelitic and metamafic parentage. This population is very
similar to that seen in the sample at 2736 m in 6507/6-1 (Fig. 6), suggesting
that the analyzed interval in 6608/8-1 correlates with the lower part of the
middle package in 6507/6-1.

The zircon spectrum from 6608/8-1 is also comparable with that in the mid-
dle package of 6507/6-1 (Fig. 7), although it displays a peak in the 1400-1500 Ma
interval, which is poorly represented in 6507/6-1.

l DISCUSSION

The heavy-mineral evidence from these widely spaced locations in the NE
Atlantic reveals that there are major variations in provenance, both region-
ally and stratigraphically. On the basis of data collected to date, five distinct
provenance domains can be defined: the northern Rockall Trough and south-
ern Faroe-Shetland Basin; the northern margin of the Shetland Platform and
southern Mgre Basin; the northeastern part of the North Sea; the Viking Graben;
and the Nordland Ridge (Fig. 8).

Northern Rockall Trough and Southern Faroe-Shetland Basin

The provenance characteristics of the succession in well 164/25-1ST closely
match those seen in the Foula Formation of the Strathmore area, especially in
the lower part of the Rockall Trough well, and a common provenance is clearly
indicated (Figs. 4-7). The key features of these sandstones are (1) abundant
garnet with dominantly Type A compositions, (2) high rutile:zircon indices with
rutile of mainly granulite-facies origin, and (3) zircon age spectra with peaks
in the Permian, Paleoproterozoic (ca. 1900 Ma), and Archean (ca. 2700 Ma).

On the basis of these data, Morton et al. (2007) proposed derivation from the
Nagssugtoqidian belt of southern East Greenland (Fig. 8), which has a suitable
geological history comprising Archean crust reworked by metamorphism ca.
1800-1900 Ma (Kalsbeek et al., 1984; Kalsbeek et al., 1993; van Gool et al., 2002)
and also provides garnet assemblages rich in the Type A component (Sgrensen
and Kalvig, 2002; Thrane and Keulen, 2015). Detrital zircons in stream sediments
and tills derived from this area have age spectra that match those in the northern

Rockall Trough and Strathmore areas (Thrane and Keulen, 2015). Although
there are regions of Lewisian crust onshore Scotland that have some features
in common with the Foula Formation (Tyrrell et al., 2009), these have very
limited regional extent and would not be capable of supplying large amounts
of sediment with such distinct character over the relatively wide area implied
by the well data. Furthermore, sediment fed from the Lewisian has markedly
different features to that associated with the Foula Formation, both in terms of
garnet composition (Morton et al., 2004) and zircon ages (Morton et al., 2012). It
is possible that the sediment was derived from an alternative source in a more
proximal location (Morton et al., 2007), since there is a series of basement highs
in the NE Atlantic between the British Isles and East Greenland. The largest of
these, the Rockall High, can be ruled out on the basis of zircon age data that
indicate this region comprises crust formed ca. 17750-1800 Ma (Daly et al., 1995;
Scanlon and Daly, 2001; Morton et al., 2009b; Morton et al., 2014). However,
George Bligh High, located farther north, may be a more suitable candidate,
since zircons in sediment shed from the George Bligh High include both Archean
(2760-2930 Ma) and Paleoproterozoic (1760-1930 Ma) ages (Morton et al., 2014).

There is evidence for stratigraphic evolution in provenance in both 164/25-
1ST and the Strathmore area (Figs. 4-7). In the northern Rockall Trough, the
detritus becomes somewhat lower grade, and there is a coincident influx of
zircons dated ca. 2100 Ma. This is a relatively unusual age group in the NE
Atlantic but has been recorded from gneisses in the Ammassilik region of
southern East Greenland (Kalsbeek et al., 1993), which provides further support
for supply from the Nagssugtoqidian belt of southern East Greenland (Fig. 8).
In Strathmore well 205/26a-4, rutile data indicate an increase in supply from a
lower-grade metamafic terrain at the top of the Foula Formation, but at present
there are no zircon data to indicate if this is accompanied by a change in source
area U-Pb age spectra. The change in provenance character may coincide with
the boundary between the “lower” and “upper” Foula Formation as defined
by Swiecicki et al. (1995), but this requires further evaluation, concentrating
on well 204/30a-2, which is believed to penetrate both the lower and upper
Foula Formation (Swiecicki et al., 1995, their figure 6).

The other distinctive feature of the Foula Formation and similar sandstones
in 164/25-1ST is the presence of the enigmatic Permian zircon group (Fig. 6).
The origin of these zircons is discussed further below.

In the Strathmore area, the older part of the Triassic (Otter Bank Formation)
has a different provenance, interpreted by Morton et al. (2007) to be recycled
Old Red Sandstone with similar characteristics to the Clair Group in the Clair
Field (in particular, the Upper Clair Group). Zircon age data from the Clair Group
succession provide further support for this suggestion, since the Upper Clair
Group zircon population is rich in Archean grains of comparable age to those
in the Otter Bank Formation and is similarly comparatively scarce in Early
Paleozoic grains (Schmidt et al., 2012). The Otter Bank Formation, however, has
a larger mid-Proterozoic zircon component than the Upper Clair Group, likely
to indicate that some Lower Clair Group detritus was also recycled. There is
no evidence for similar sourcing in the lower part of the analyzed succession
in the northern Rockall Trough.
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Figure 8. lllustration of the key characteristics of the proposed sediment sources and the inferred sediment pathways and paleodrainage for the North
Atlantic region during the Triassic. Five main depocenters and a significant N-S drainage divide are identified. The establishment of a larger axial system
resulted in sediment from East Greenland reaching the southern Viking Graben by the mid Triassic. Provenance characteristics are tied back to source

regions using information from Kalsbeek et al. (1984, 1993), Serensen and Kalvig (2002), van Gool et al. (2002), Morton et al. (2004, 2008, 2009b, 2012),
Morton and Chenery (2009), Bingen and Solli (2009), and Thrane and Keulen (2015). ORS —Old Red Sandstone.
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Northern Margin of the Shetland Platform and Southernmost
More Basin

Combined heavy-mineral, single-grain geochemistry and zircon age data
indicate that the entire succession in well 220/26-2 was derived from a broadly
similar source, but there is evidence for a change in character from base to top.
Garnet and rutile data indicate the source terrain was dominated by high-grade
metasedimentary rocks, including abundant Type A garnets, with an overall
increase in metamorphic grade with time (Figs. 5 and 6). There is also evidence
for a subtle change in lithology, with metapelitic rocks becoming more dom-
inant with time. These changes may also account for the observed increase
in RuzZi and MZi and the decrease in epidote content. Apatite roundness data
indicate the lower part of the succession underwent more prolonged transport
than the upper part. Zircon data indicate that early Paleozoic granitoids were
an important component of the source region, with supply from such rocks
increasing with time, mainly at the expense of the broad mid-Proterozoic
group. The origin of the major Archean group (present throughout) and the
wide-ranging mid-Proterozoic zircons (common in the older sample but poorly
represented at the top) is uncertain, since it is unclear if these are first-cycle
or recycled from metasediments associated with the Caledonian fold belt.

A likely source for the succession is the local northern part of the Shet-
land Platform given the proximity of this region (Fig. 8). The influx of fresh
unrounded apatite and coincident increase in MZi, together with the increase
in high-grade metapelitic detritus, decrease in apatite roundness, and changes
in the zircon spectra, marks the introduction of sediment with a different char-
acter, possibly related to an increase in run-off due to more humid climatic
conditions. A similar explanation has been proposed to account for coincident
changes in mineral morphology and provenance character of the Triassic in
the central North Sea (Mange-Rajetzky, 1995; McKie and Audretsch, 2005;
McKie et al., 2010).

East Greenland and Norway are alternative sources for the detritus. The
Milne Land-Renland region of East Greenland is interpreted as the source of
the Are Formation in the Heidrun Field, which has high-grade metasedimen-
tary provenance characteristics (Morton et al., 2009a), including abundant
Type A garnets, similar to those in well 220/26-2. However, the relatively large
proportion of Archean zircons in well 220/26-2 is not mirrored in the Heidrun
Field (Morton et al., 2009a), which argues against derivation from the same
part of East Greenland. Derivation from Norway can be unequivocally ruled
out on the basis of garnet geochemistry and the abundance of Archean zircons.

Provenance constraints on the uncored section in the adjacent well 6201/11-1
are less well established owing to poor sample quality, but the available data
suggest there is little difference between the cored and uncored sections.
With the exception of the topmost core sample, the core has similar prove-
nance characteristics to those associated with the upper part of 220/26-2, and
a similar northern Shetland Platform source is considered most likely. Garnet
compositions in the topmost sample indicate a change to a lower-grade met-
amorphic source, but at this stage, there is no additional information (such

as zircon age data and rutile compositions) to help establish the location of
the candidate source area.

Northeastern North Sea

The Triassic in well 31/6-1, located in the northeastern part of the northern
North Sea adjacent to the Norwegian landmass, has uniform provenance
character throughout, as shown by the lack of significant variation in con-
ventional heavy-mineral and garnet geochemical data (Figs. 4 and 5). The
garnet assemblages, which are dominated by the high-Ca, high-Mg (Type
C) component, are diagnostic of input from the adjacent parts of western
Norway, including the Western Gneiss Region (Morton et al., 2004). Further
support for derivation from western Norway is given by the predominantly
metamafic nature of the rutile assemblages and the zircon spectrum domi-
nated by grains formed during the Sveconorwegian (ca. 1000 Ma) orogenic
event (Bingen et al., 2008) that overprinted the earlier Gothian event in this
region (Beyer et al., 2012).

The only difference in heavy-mineral character in the succession occurs
at the very top, at the transition from the Hegre Group to the Statfjord For-
mation. At this level, assemblages change from being epidote-dominated
to epidote-poor, accompanied by decreasing ATi and GZi. However, garnet
compositions show no change across the boundary, which suggests that the
observed differences in heavy-mineral assemblages result from increased
weathering rather than from any major change in source. A similar decrease
in apatite and garnet is evident at the base of the Statfjord Group elsewhere
in the northern North Sea (for example, the Snorre Field), where it has been
attributed to a combination of increased weathering and changes in source
(Mearns et al., 1989; Morton and Hurst, 1995).

Southern Viking Graben

Norwegian well 6/3-1, located in the southern part of the Viking Graben,
displays a distinct change in provenance character approximately mid-way
through the Skaggerak Formation. The upper part of the succession comprises
sandstones with low-moderate grade metamorphic assemblages, exemplified
by Type B garnets and amphibolite-facies rutiles. Zircon age data indicate input
from a range of crustal sources with peaks corresponding to the Caledonian
orogenic cycle (ca. 400-480 Ma), the Sveconorwegian orogeny (ca. 1000 Ma),
Telemarkian magmatism (ca. 1500 Ma), and the Gothian orogeny (ca. 1650 Ma),
all of which can be matched with a southwestern Scandinavian provenance
(Bingen and Solli, 2009). The origin of the small group of Archean zircons,
which form 4%-10% of the populations, is less clear, since zircons of this age
are scarce in the basement in southern Norway and sediments in the Caledo-
nian Nappe Domain (Morton et al., 2008; Bingen and Solli, 2009; Beyer et al.,
2012). The most likely explanation is that they were derived from the source
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that dominated the lower part of the succession, either through continued but
much reduced supply, or through reworking.

The older part of the Skagerrak Formation has features that indicate greater
input from high-grade metasediments, notably abundant Type A garnet and
granulite-facies rutile. These features indicate affinities either with the Milne
Land-Renland region of East Greenland (which supplied the Are Formation in
Heidrun and, as discussed below, the equivalent on the Nordland Ridge), or with
the northern Shetland Platform, which is interpreted as the predominant source
of sandstones in wells 220/26-2 and 6201/11-1. The zircon spectrum is more closely
comparable with that of the Milne Land-Renland region, since Archean and early
Paleozoic zircons are less abundant than in wells 220/26-2 and 6201/11-1. However,
it is important to note that the zircon data from the lower part of the Skagerrak
are from a ditch cuttings sample and may be contaminated with detritus from
a higher stratigraphic level. This sample also has a small group of Permian zir-
cons similar to those present in larger numbers on the western margin of the
British Isles. It is considered most likely that the sandstones in the lower part of
the Skagerrak Formation in well 6/3-1 has an along-axis supply from the north,
either from the East Greenland area or the northern Shetland Platform (Fig. 8),
supplemented by material sourced from southwestern Scandinavia; this source
material became dominant in the upper part of the succession.

Nordland Ridge

The Triassic succession (including the Are Formation) on the Nordland
Ridge shows evidence for differences in sourcing between the three main sand
packages. The uppermost unit, the Are Formation and the “Grey Beds!” has
heavy-mineral assemblages, garnet geochemistry, and zircon age distributions
directly comparable to the equivalent Are Formation in the Heidrun Field on the
Halten Terrace to the south (Fig. 1) for which the source was traced back to the
Milne Land-Renland region in East Greenland by Morton et al. (2009a) (Fig. 8).

The middle package (“Red Beds”) contains high-grade metasedimentary
detritus similar to that forming the Are Formation, implying sourcing from
East Greenland. However, rutile assemblages indicate additional involvement
of lower-grade metamorphic rocks including both metamafic and metapelitic
lithologies, and the zircon spectrum indicates increased supply from rocks
dated as ca. 1000 Ma and ca. 1500-1700 Ma. A similar provenance is seen in the
short section analyzed from 6608/8-1. These data suggest that East Greenland
sediment was augmented by detritus sourced from western Norway (Fig. 8).

The lower package in 6507/6-1 (Wordie Creek Formation equivalent) was
derived from a generally rutile-poor source, with garnet data indicating con-
siderable heterogeneity in composition. Lower-grade (Type B) garnets are
most common, but Types A and C grains are also present. The zircons are
closely comparable to those in the middle package, and dual sourcing from
East Greenland and western Norway is considered likely. However, the origin
of the additional small Permian group of zircons, similar in age to those found
farther to the south, remains uncertain.

Permian Zircons

Permian (strictly speaking, latest Carboniferous to early Triassic) zircons
have been found in a number of locations in the study area. They are most
abundant in the northern Rockall Trough and west of Shetland area, but are
also found in the southern Viking Graben and in the Nordland Ridge. They are
also observed in the Triassic of the Corrib Field, west of Ireland (Franklin et al.,
2019), where they range from 313 Ma (latest Carboniferous) to 243 Ma (Ani-
sian) (Fig. 9). They are most common in the 290-300 Ma range, with younger
grains tending to progressively decrease in abundance (Fig. 9). Nevertheless,
in most areas, there is representation across the full Permian age range. The
zircons on the Nordland Ridge, however, appear to be younger than those
farther south, with no grains older than ca. 262 Ma having been identified in
this area. Those from the southern Viking Graben form the oldest population
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(310-270 Ma). There is no clear relationship between the presence of Permian
zircons and the heavy-mineral character of the sands in which they are found.

The origin of these Permian zircons is unclear. It is unlikely that they could have
been derived from the British margin, since magmatic rocks of this age are com-
paratively scarce and generally have basaltic or lamprophyric compositions (Fig. 9)
that are unlikely to yield significant volumes of zircon. Furthermore, where garnet
compositions suggest a more significant sediment input from the UK landmass
(such as the Otter Bank Formation), Permian zircons are absent (Figs. 5 and 7).

The more likely possibilities are (1) that the zircons are related to rifting
along the NE Atlantic margin, or (2) that they were supplied from the Arc-
tic, where magmatism was associated with the Uralian orogeny followed by
extrusion of the Siberian Traps. The distribution of the zircons suggests an
Arctic origin is unlikely, except perhaps for the zircons on the Nordland Ridge,
which are younger and possibly unrelated to the occurrences farther south.

If the end-Carboniferous intracontinental rifting along the line of the Rockall
Trough, the Faroe-Shetland Basin, and the Norwegian-Greenland Sea proposed
by Smythe et al. (1995) was associated with magmatism, it is possible that
this could have generated the zircons now found in the Triassic. As outlined
above, magmatic rocks of broadly consistent ages to the zircon age ranges
reported here are described widely from across the west of the UK, the central
North Sea, and into the Oslo Graben (Fig. 9), apart from the earliest Triassic
ages, which are absent aside from a K/Ar age of 250 Ma from the Orkney dike
swarm (Baxter and Mitchell, 1984). These rocks are predominantly basic in
composition and therefore have low zircon fertility. However, the Danish North
Permian Basin (Stemmerik et al., 2000) and the Oslo Graben (Sundvoll et al.,
1990) do include significant acidic components. Given the widespread nature of
the magmatic rocks of this age in the west of the UK, similar rift-related basic
and acidic magmatism to that recorded in the Oslo Graben may be expected in
the offshore and therefore provide a source for the Permian zircons recorded
in the Corrib, northern Rockall Trough, and Strathmore regions. The Permian
zircons recognized in the south Viking Graben may have originated locally
from magmatism related to the Oslo Graben.

Position of Drainage Divides

Drainage from the North Atlantic region ultimately ended in the Boreal
Ocean to the north and the Tethys Sea to the south, implying that a drainage
divide must have existed between these two catchments. The data presented
here provide evidence for the position of this major drainage divide during the
Triassic. Sediments with a provenance signature consistent with East Greenland
(Milne Land-Renland region), characterized by abundant Type A garnets, are
found in both the Nordland Ridge region and at times as far south as 6/3-1in the
northern North Sea (Fig. 5). This suggests that the Milne Land-Renland source
region straddles the drainage divide (Fig. 8). On the basis of the presented
zircon data, a further potential drainage divide has been identified, separating
the northern margin of the Shetland Platform from the Northern Rockall Trough

and the southern Faroe-Shetland Basin. Further analysis would be required to
provide confidence in the positioning of this second drainage divide.

As rifting proceeded through the Triassic, it seems probable that the associ-
ated drainage divides varied in their influence, and perhaps their exact position,
but the evidence presented suggests sediment sourced from East Greenland
was transported southward to the Viking Graben, and northward to the Boreal
Ocean throughout the Triassic. It seems likely that the drainage divides were
not defined by pronounced relief but rather displayed similarities to the subtle
drainage divides described from the North Sea by McKie and Williams (2009).
Ascertaining the structural controls on the positioning of the identified drain-
age divides is complex with Triassic features often overprinted by structures
related to later phases of rifting. However, inherited Caledonian structures have
been shown to exert a major influence on subsequent rifting throughout the
North Atlantic (e.g., Fazlikhani et al., 2017) and therefore are considered below.

The NE-SW-oriented Triassic structural grain recognized in East Green-
land and the Mid-Norway Margin (Guarnieri et al., 2017; Stoker et al., 2017)
contrasts markedly with the N-S-oriented rift structures of the North Sea.
The Mgre-Trgndelag fault complex forms the boundary between these two
domains. Undoubtably this zone of structural complexity would have had
some effect on rifting during the Triassic and may have contributed to the
development of the N-S watershed proposed here, potentially controlling a
narrowing in the rift system and the development of associated topography.
It should, however, be considered, that the Mgre-Trgndelag fault complex
runs northeastwards from Shetland to Norway and therefore must have been
breached to allow drainage southwards from East Greenland.

A further large-scale tectonic feature that may have impacted rifting in the
north Atlantic and therefore the position of the identified drainage divides is
the Central Fjord structure and Flannan reflector. These features mirror the
Caledonian front, which runs through western Scotland and then northwards
through East Greenland and are interpreted to be underpinned by a fossil
subduction zone (Schiffer et al. 2019). A series of highs depicted by Stoker et
al. (2017), and inferred by McKie and Williams et al. (2009) to run between
Shetland and Greenland'’s Blosseville Kyst, appears to follow this alignment
and may therefore be an inherited expression of this underlying structural
complexity. This would be consistent with the second drainage divide tenta-
tively identified here to separate the northern margin of the Shetland Platform
from the Northern Rockall Trough and the southern Faroe-Shetland Basin.

B CONCLUSIONS

Major regional and stratigraphic variations in provenance are recorded
across the Triassic of the North Atlantic regions. Five distinct provenance
domains have been recognized: the northern Rockall Trough and southern
Faroe-Shetland Basin; the northern margin of the Shetland Platform and south-
ern Mgre Basin; the northeastern part of the North Sea; the Viking Graben;
and the Nordland Ridge (Fig. 8).
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During the Early Triassic in the southern Faroe-Shetland Basin, significant
reworking of local Old Red Sandstone is inferred. A distinct change is recog-
nized in the Mid to Late Triassic with an influx of Type A garnets. In conjunction
with zircon age spectra that include Permian, Paleoproterozoic (ca. 1900 Ma),
and Archean (ca. 2700 Ma) peaks, and evidence for rutile of granulite facies
origin, it is suggested that southern East Greenland (Fig. 8) acted as a signifi-
cant sediment source to this region at this time. The origin of Permian zircons
is most likely to be from rift-related magmatism along the NE Atlantic margin.

Triassic sandstones north of the Shetland Platform and in the southern
Mgre Basin have some provenance characteristics in common with sediment
shed from the Milne Land-Renland region of East Greenland, particularly the
abundance of Type A garnets and granulite-facies rutiles. However, a significant
local input from the Shetland Platform seems likely in order to account for
differences recognized in the zircon age spectra. It is notable that no Permian
zircons are recorded in this region, and therefore transport of such zircons
through this region seems unlikely.

One well was examined from the northeastern part of the North Sea (31/6-1).
A uniform provenance character was recognized throughout, dominated by
Type C garnets typical of sediment derived from the Western Gneiss Region,
which lies directly east of this well (Fig. 8). Therefore, the Triassic in this region
was locally sourced.

The Triassic of the southern Viking Graben contains evidence for a major
shift in provenance during the mid-Triassic. The lower part of the Triassic
succession in 6/3-1 is dominated by sandstones with a provenance affinity to
the Milne Land-Renland or northern Shetland Platform regions. The affinity
to a Milne Land-Renland source may provide evidence for a major southerly
flowing axial transport system at this time (Fig. 8), perhaps reflecting a period
of more humid conditions during the early to mid-Triassic. Furthermore, sed-
iment being sourced from the Milne Land-Renland region would necessitate
the drainage divide between systems flowing northwards to the Boreal Ocean,
and those flowing southward to the Tethys sea, to lie adjacent to or northwards
of the Milne Land-Renland source region (Fig. 8). Later in the Triassic, a switch
to Norwegian-sourced sediment is recognized.

The Nordland Ridge has a thick Early to Late Triassic succession. Type A
garnets are abundant throughout the succession suggesting a predominantly
Greenland source (Fig. 8). Greenland sourced sediment was supplemented
by sediment from western Norway, especially in the lower and middle parts
of the succession. These inferred transport pathways further constrain the
position of N-S drainage divide discussed above, and indicate that the Milne
Land-Renland region must straddle this divide (Fig. 8).

Permian zircons are a common feature in the earliest Triassic sediments
along the western margin of the British Isles. Their origin remains uncertain,
but they are most likely associated with rift-related magmatism in the NE
Atlantic. More work is required to understand the wider regional distribution
and sourcing of these zircons.

The identification of sediment transport systems reaching >800 km, south-
wards from East Greenland to the south Viking Graben, has important

implications for paleogeographic reconstructions of the region. Furthermore,
it should condition our models of the fluvial systems we might expect and
therefore the characteristics of potential reservoir targets in the subsurface.

The regional and stratigraphic trends presented here are made on the basis
of a small number of wells, and a number of questions still exist. Increasing
the well coverage and integrating these data with the equivalent onshore
succession from East Greenland will provide a higher-resolution data set that
will improve our understanding of sediment distribution patterns during the
Triassic. Furthermore, the detailed data presented here can form a framework
for heavy-mineral correlation throughout the region.
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