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Introduction

These results are part of the geothermal assessment project conducted by GEUS for
A.P. Mgller Holding (APMH) regarding the greater Arhus area. The purpose of the anal-
yses of detrital zircons is to contribute to the interpretation of possible sediment transport
routes and to assess the entry points to the basin. The results supplement the previous
analyses performed at GEUS, and are being integrated in the sequence stratigraphic
interpretation targeting the distribution of Gassum Formation sandstones in APMH’s area
of interest.
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Geological setting

The Arhus area is located in the Norwegian-Danish Basin, which was formed by crustal
stretching followed by late Carboniferous—early Permian rifting and Mesozoic—Cenozoic
thermal-dominated subsidence (Vejbaek 1997). Thereby a km-thick succession of sand-
stones, siltstones, mudstone, carbonates and evaporites accumulated in the basin. Of
these, the Triassic—Jurassic succession includes several potential geothermal reservoir
sandstones such as the Bunter Sandstone Formation, the Skagerrak Formation, the
Gassum Formation, the Haldager Sand Formation and the Frederikshavn Formation.

The Lower Triassic Bunter Sandstone Formation is widespread in the North German
Basin and in the southern part of the Norwegian—Danish Basin, where it is synchronous
with the oldest part of the Lower—Upper Triassic Skagerrak Formation that accumulated
in the northern part of the basin (Michelsen & Clausen 2002). The arid to semi-arid cli-
mate resulted in deposition of aeolian and ephemeral fluvial sand interbedded with silt-
and mudstones formed in shallow lakes with occasional evaporite deposition (Clem-
mensen 1985).

The Upper Triassic—Lower Jurassic Gassum Formation is present in most of the Norwe-
gian—Danish Basin, except where major salt structures occur and on the basement
blocks of the Ringkgbing—Fyn High (Michelsen et al. 2003, Nielsen 2003). The formation
was deposited in a humid climate and consists of marine and fluvial sandstones inter-
bedded with marine and lagoonal mudstones, minor siltstones and thin coal beds formed
during periods with recurrent sea-level changes.
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Samples

Eight new samples for zircon age analysis were selected from certain geographical areas
and specific stratigraphic levels within the Gassum Formation to supplement GEUS’ ex-
isting zircon age data from Frederikshavn-1, Flyvbjerg-1, Bgrglum-1, Thisted-3, Farsg-
1, Gassum-1 and Horsens-1. The new samples include one cuttings sample from Hor-
sens-1, one core sample from Gassum-1, two core samples from Aars-1, two cuttings
samples from Voldum-1 and two core samples from Ullerslev-1 (Figure 1). The full data
set, comprising both the new samples and the previous samples that are re-evaluated in
context of the new data, is integrated in order to obtain a better understanding of the
distribution of the Gassum Formation sandstones.

The sample depths given in this report each represent the average depth of the sampled
interval. These intervals are up to 10 cm thick for the core samples and up to 18 m thick
for the cuttings samples in order to ensure that a sufficient amount of material was sam-
pled (c. 300 g). The stated depths are measured depths in the wells (MD). However, in
some wells the core depths specified in this report do not correspond exactly to the well-
log depths, so correction is required when comparing samples with well logs. The Hor-
sens-1 core depths can be corrected to log depths by subtracting c. 10 m, the Gassum-
1 core depths can be corrected to log depths by subtracting c. 6-8 m (20-25 ft.) and the
Barglum-1 core depths can be corrected to log depths by subtracting c. 1 m (3 ft.) (Niel-
sen 2003).
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Figure 1: The new samples analyzed in this study are from Horsens-1, Gassum-1, Aars-1,
Voldum-1 and Ullerslev-1, and the results are integrated with existing GEUS-data of zircon
ages from the Gassum Formation.
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Methods

Radiometric ages of U-rich minerals like zircon usually represent the time at which the
minerals formed during an igneous or metamorphic event. Zircon is a chemically and
physically stable mineral that can survive many cycles of sedimentation and reworking
while still preserving the radiometric age of the crystalline rock in which it was formed
and later eroded from. Thus, age dating of detrital zircon grains is an important prove-
nance tool that is utilized to tie the zircon grains in the sediments to the original source
area. In this way, the ages contribute to investigation of sediment transport routes and
sediment distribution.

Zircon U-Pb ages were obtained from hand-picked zircon grains collected from crushed
samples that were sorted by density using a Holman-Wilfley water-shaking table. The
radiometric U-Pb dating was performed by laser ablation inductively coupled plasma
mass spectrometry (LA-ICPMS) microanalysis at GEUS. Basically, the general proce-
dures of Frei & Gerdes (2009) were followed. The LA-ICPMS analysis involved ablation
of the sampled material for 30 s using a focused laser beam with a diameter of 25 or 30
micrometres (um) in an air-tight helium-flushed chamber. The ablation liberated ca. 200
to 300 nanograms of material, which was transported through inert Tygon tubing by the
helium carrier gas to the mass spectrometer for isotopic determination. To minimize in-
strumental drift, a standard-sample-standard analysis protocol was followed, bracketing
the zircon analyses by measurement of the zircon standard GJ-1 (Jackson et al. 2004).
For quality control, secondary zircon standards were used, i.e. PleSovice (Slama et al.
2008) and for the new analyses also Harvard 91500 (Wiedenbeck et al. 1995, 2004),
both yielding an average age accuracy and precision (20) within 3% deviation. Data re-
duction was performed using the lolite software for the new data (Hellstrém et al. 2008;
Paton et al. 2011; Petrus et al. 2012), and the in-house software Zirchron for the previ-
ously measured data.

Ages calculated from the 2°’Pb/?%Pb ratio are used for zircons older than 700 million
years (Ma), whereas the 2°°Pb/?%®U ages are used for younger zircons because the
206pp/238Y ages yield more robust ages in the younger age interval. The analytical uncer-
tainties for the ages are 2. Common-lead correction was applied to a subset of the
analyses when required. Combined histogram and probability-density plots were pro-
duced through the software jAgeDisplay (Thomsen et al. 2016). Ages older than 2000
Ma are not shown on the diagrams because only a few grains with ages >2000 Ma oc-
curred, which are of no relevance in the specific provenance context.
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Results

The results of the new zircon age analyses reveal that the grains are primarily derived
from the Fennoscandian Shield in Scandinavia (illustrated with blue boxes in Figure 2),
similarly to the existing zircon age analyses from the Gassum Formation in Jylland. How-
ever, Fennoscandian zircon ages younger than 800 Ma are restricted to Paleozoic ages
corresponding to the Ordovician to Early Devonian Caledonian orogeny and the Late
Carboniferous to Permian Oslo rifting. These ages are illustrated with narrow blue boxes
overlapping parts of the red box that illustrates the broad age span of young zircons
present in the Variscan Orogen in Central Europe.

For most samples, ages <800 Ma are presumably derived from the Caledonian Orogen
and the Oslo Graben as the ages match with these areas. However, the upper sample
from Horsens-1 at 1550-1568 m MD (representing the mid-part of the Gassum For-
mation) and the samples from Ullerslev-1 contain a distinct broad age span of young
zircons of which some ages do not occur in Fennoscandian basement areas but are
present in the Variscan Orogen. Such young zircon grains from the Variscan massifs
were transported northward by wind across the North German Basin during the Early
Triassic at times when the basin was dried up. The sediment was deposited in the Bunter
Sandstone Formation in the southern Danish area together with material derived from
the Fennoscandia Shield and the Ringk@bing—Fyn High basement, whereas Variscan
ages are not present in the Skagerrak Formation further north in the Danish area (Oli-
varius & Nielsen 2016, Olivarius et al. 2017).

Thus, the Gassum Formation sandstones in Ullerslev-1 and the upper sample from Hor-
sens-1 must have received an input of sediment with zircon grains younger than 800 Ma.
The supply of these zircons could be directly from their Variscan source area in Rhaetian
time or by reworking of the Bunter Sandstone Formation. However, the ca. 1.65 Ga peak
age that is dominant in especially the upper part of the Gassum Formation and also is
distinct in Ullerslev-1 and Horsens-1 shows that a large amount of the sediment is de-
rived from the Caledonian Orogen located in the central part of southern Norway. This
age is not distinct in the Bunter Sandstone Formation. So, some of the sand in the Gas-
sum Formation in Ullerslev-1 and Horsens-1 was probably transported directly from Nor-
way prior to deposition (Figure 3). The mixture of northerly and southerly derived zircons
emphasizes that the sediment routes and depositional environments probably were more
complex than assumed by Nielsen (2003).

Recent studies at GEUS have shown that the Gassum Formation in Sgnderborg also
contains young zircon grains of Variscan origin and likewise in Sjeelland where the con-
tent becomes smaller northwards from Stenlille to Margretheholm and toward Karlebo-1
and Lavg-1. This may testify to erosion of the Bunter Sandstone Formation along some
parts of the Ringkagbing—Fyn High or the Skurup High further to the east (Figure 3). In
parts of the Skurup High, Cretaceous sediments rest on basement, so Triassic or Per-
mian sediments with Variscan zircons were possibly exposed to erosion in Rhaetian
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time. Alternatively, the Skurup High functioned as a by-pass area for sands eroded from
the Variscan Orogen in Rhaetian time. Additionally, it is possible that minor parts of the
Bunter Sandstone Formation just north of the Ringkabing—Fyn High were exposed to
erosion in Rhaetian time in small local areas; the zircon age distribution of the Bunter
Sandstone is unknown here. The high mineralogical maturity of the eastern Gassum
sandstones is consistent with a high content of reworked material. Thus, the zircons and
the maturity points to either reworking of older sedimentary rocks situated south and/or
east of basin or alternatively supplied via long-distance transport from the Variscan Oro-
gen.
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Figure 2: Zircon age distributions of detrital zircons from the Gassum Formation. The number
of employed concordant ages out of the total number of measured ages is shown by ‘n’.
Depths are in MD. The ages of the Oslo Graben and the youngest ages of the Caledonian
Orogen overlap with some of the ages present in the Variscan Orogen. Zircon grains from
both the Fennoscandian Shield and the Variscan Orogen are present in the Bunter Sand-
stone Formation in southern Denmark.
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Figure 3: Interpreted overall primary sediment transport directions during deposition of the
Gassum Formation. Much of the sand across the Norwegian—Danish Basin was supplied
from the Fennoscandian Shield, whereas contents of sand originating from the Variscan Oro-
gen are found in the eastern part of the basin and in some intervals in the southern part of
the basin and may have been reworked from older sediments. The magmatic ages of the
basement provinces are shown in billion years (Ga). Based on Olivarius & Nielsen (2016).
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Conclusions

Several source areas have supplied sediment to the Gassum Formation, which is posi-
tive for the net sand content in the greater Arhus area. The sand from the north was
transported at least as far south as Horsens, whereas the sand from the south/east was
at times transported at least as far north/west as Horsens.

Zircon age analyses of samples from Voldum-1, Gassum-1, Aars-1, Farsg-1, Thisted-3,
Barglum-1, Flyvbjerg-1, Frederikshavn-1 and the lower sample from Horsens-1 show
that these sediments were derived solely from the Fennoscandian Shield. The sediment
was primarily supplied from southern Norway and sub-ordinarily from southwestern Swe-
den and transported southwards by rivers.

The zircon age analyses from Ullerslev-1 and the upper sample from Horsens-1 show
that some of the sediment has a southern provenance, either from reworking of the
Bunter Sandstone Formation or direct Rhaetian transport from the Variscan Orogen in
central Europe. This indicates a north/westward-directed sediment transport into the
southern part of the Norwegian—Danish Basin, e.g. from the Skurup High and possibly
smaller contributions from the Ringkg@bing-Fyn High where the Bunter Sandstone For-
mation may have been exposed locally at the time.
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