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Abstract

The nature of the Lower Crustal Body (LCB) underneath the western part of the Vgring
margin (NE Atlantic) is studied with three scenarios of its extension history: (a) The LCB
is Caledonian crust. (b) Half the LCB is Caledonian crust and the other half is emplaced
as magmatic underplating in Late Paleocene. (c) The entire LCB is emplaced as magmatic
underplating. The extension of the margin transect is obtained with a procedure that ac-
counts for the extension and thinning of the sedimentary basins. This procedure has been
extended to include magmatic underplating. The lithosphere is modeled with deposition
of sediments and four rift phases since the Early Devonian until today. The forward mod-
eling is mass conservative and the present-day thicknesses of the formations, crust, LCB
and magmatic underplate are reproduced. The state of the lithosphere and the sedimentary
basins are shown and compared at the beginning and at the end of the rift phases. It is con-
cluded that the scenario with the LCB as only underplating requires an unrealistic amount
of extension. A scenario where underplating accounts for maximum half the LCB is more
likely. Two different interpretations for the Moho underneath the Utgard High are tested:
one with a shallow base-crust and another with a deeper and flatter base-crust. Tectonic
modeling of the two versions favors the latter interpretation. The modeling shows that the
Late Jurassic rift phase was much more prominent than the Late Cretaceous and Paleocene
rift phase for all cases of underplating. A strong Late Jurassic rift phase is consistent with
the accumulation space needed for the thick Cretaceous formations. There is no observa-
tions of magmatism from the Late Jurassic, although this rift phase is stronger than the
Cretaceous and Paleocene rift phase.
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1 Introduction

The Vgring margin is a passive volcanic margin off-shore mid-Norway in the NE
Atlantic, which has gone through a history of several rift phases. The last rift phase
ended with continental breakup and sea-floor spreading in the Early Tertiary. Con-
tinental breakup was associated with high rates of magma generation and flood
basalts. The western part of the margin is characterized by a high velocity layer
(V, = 7.2 to 7.6 km/s) in the lower crust (Planke et al., 1991; Mjelde et al., 1997,
1998). The origin of this high velocity Lower Crustal Body (LCB) is debated. It
has been suggested to be magmatic underplating associated with the continental
breakup in the early Tertiary (Skogseid et al., 2000). However, the assumption of
magmatic underplating as the origin of the entire Lower Crustal Body (LCB) has
been unestablished, and other possibilities have been discussed; like a “Tertiary”
core complex model, a serpentinisation model and a retrograde, high-grade rocks
model (Gernigon et al., 2006).

The purpose of this paper is to test three possibilities regarding the LCB by model-
ing the following three scenarios of the lithospheric extension history of the Vgring
margin: (a) The LCB is an integral part of the old (Caledonian) crust during the
entire geohistory. (b) The upper half of the LCB is Caledonian crust and the lower
half is magmatic underplating emplaced during continental breakup (c) The entire
LCB is breakup related magmatic underplating. The first and third scenarios are the
non-magmatic and magmatic end-members, respectively. The second case is an in-
termediate scenario. It is well established that the Vgring basins are intruded by sills
and dikes (Brekke, 2000; Fjeldskaar et al., 2003; Planke et al., 2005). This com-
bined with the fact that large volumes of magma were generated during breakup
suggests that the crust is intruded by magma too. But it is not clear if the intrusions
and the eventual underplating has had a noticeable impact on the crustal geometry.

The assumption of magmatic underplating has several implications for the geohis-
tory of the margin in terms of extension and subsidence. This paper tries to quantify
these implications for the margin’s stretching- and subsidence history. The assump-
tion that most (or all) of the LCB is magmatic underplating implies that the conti-
nental crust above the LCB must have been substantially thinned prior to continen-
tal breakup and magmatism. The question is therefore if the necessary magnitude of
the stretching, in case of the underplating hypothesis, is consistent with the thick-
nesses of the sedimentary formations in the basin. The basins above the LCB have
thick Paleozoic sediments which have experienced nearly the entire rifting history
of the margin, and it has thick Cretaceous formations which have gone through
the late Cretaceous rifting episode. These formations could have been substantially
thicker prior to rifting. We present predictions for the paleo-thicknesses of the for-
mations in the Vgring basins for the three scenarios above. These thicknesses can
be used to address the likelihood that the LCB is mostly old Caledonian crust or
mostly magmatic underplating emplaced in the Paleocene.
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There is no unique way to estimate the stretching history of a sedimentary basin. An
often used approach is to obtain the tectonic subsidence of the sedimentary basin
by the backstripping procedure. The tectonic subsidence can then be compared
with the subsidence produced by models for crustal extension and thinning. In this
paper we adopt a procedure for estimating the magnitude of crustal extension that
also accounts for the extension and the thinning of the sedmentary basin (Wangen
and Faleide, 2008). The Vgring Basin has thick formations that have experienced
several rift phases, and the thinning of the sediments during the rift-phases has an
important impact on the amount of the stretching during each rift phase (Wangen
and Faleide, 2008). The procedure for estimating the crustal extension has been
improved in order to deal with magmatic underplating. The mass of the magmatic
intrusion becomes added to LCB in the numerical grid at a constant rate during the
time interval of underplating.

A large amount of seismic data has been collected for the Vgring margin (Eldholm
and Ewing, 1971; Bukovics and Ziegler, 1985; Eldholm and Mutter, 1986; Skog-
seid and Eldholm, 1989; Planke et al., 1991; Skogseid et al., 1992; Digranes et al.,
1996; Brekke, 2000), and the present study is based on a transect that has recently
been studied by Wangen et al. (2008). There are uncertainties associated with the
seismic interpretations of the transect, and two interpretations of the Moho under-
neath the Utgard High are modeled with respect to possible tectonic implications.

This paper is organized as follows: The extension history of the Vgring margin is
discussed, followed by a presentation of the LCB. It is shown how the extension
history of the transect is computed, and the estimates for the initial thickness of
the crust are presented. The modeled extension history of the transect for the three
scenarios of underplating are compared and discussed, together with the two in-
terpretations of the Moho. The extension of the margin is discussed in relation to
magmatism and breakup.

2 The extension history of the Vgring margin

The Vgring margin, situated off-shore mid-Norway, is a part of the North-Atlantic
passive volcanic margin. It is one of three main segments on the mid-Norwegian
margin, which are the Mgre, Vgring and the Lofoten margins. The Vgring margin
is separated from the Mgre margin to the south by the Jan Mayen Lineament and
to the north by the Bivrost lineament (figure 1).

The margin developed through a series of rift phases since the Caledonian orogeny,
where the last rift phase ended with continental breakup and sea-floor spreading
in the Early Tertiary. Extension commenced in the Early Devonian (Andersen and
Jamtveit, 1990; Fossen, 2000) and was followed by a rift phase in the Late Car-
boniferous to Early Permian (Blystad et al., 1995), which created accommodation
space for Triassic sediments that cover nearly the entire margin transect (figure 2



IFe

and 3). A Late Jurassic rift phase then led to major faulting and reactivation of
older fault zones (Skogseid and Eldholm, 1989) in the western part of the margin,
which formed deep Cretaceous sub-basins — a characteristic feature of the margin
(see figures 2 and 3). This rift phase was substantial west of the Nordland Ridge,
but weak to the east along the Trgndelag Platform (figures 2 and 3). The last phase
of extension took place in the Late Cretaceous - Early Paleocene and ended with
continental breakup and sea-floor spreading.

The breakup period was associated with large igneous activity that covered the
outer margin with flood basalts. Also the Vgring basin was intruded by sills (Brekke,
2000; Planke et al., 2005), and the concentration of sills appears to be highest in
the central part of the basin where the LCB is thickest (Mjelde et al., 2008). Seis-
mic data interpreted as wrench fractures are suggested as the loci of feeder dikes
(Mjelde et al., 2008). The sills are found at deep stratigraphic positions towards
the east, which suggests that the sills are fed from dikes in the central part of the
basin (Brekke, 2000). Substantial volumes of magma could also have underplated
or intruded the lower crust and thereby formed the LCB. It has been suggested that
the LCB is entirely magmatic underplating (Skogseid et al., 1992; Mjelde et al.,
1997), which has been challenged by authors who argue that the LCB represents
high-grade rocks from the Caledonies (Gernigon et al., 2003, 2004; Ebbing et al.,
2006). These authors also discuss the possibility that the LCB is partly Caledonian
crust and partly magmatic underplating. The aim of this paper is to constrain the
fraction of magmatic intrusives that may constitute the LCB.

The cause for the voluminous igneous activity during continental breakup is also
debated. The Iceland mantle plume has therefore been invoked to explain the magma
generation and the flood basalts (White, 1988; Campbell, 2007; Condie, 2001),
which provides sufficiently high mantle potential temperatures. Alternatives to a
mantle plume have been suggested, as for instance the upwelling of high fertility
mantle (Foulger and Anderson, 2005) or small scale mantle convection (Mutter
et al., 1988; Boutilier and Keen, 1999). It should be noted that a mantle plume,
magma generation and volcanism are not included in the modeling presented here.
The magma that underplates (intrudes) the lower crust is simply emplaced at a con-
stant rate during a fixed time interval. The thermal transients from underplating are
not discussed in this study, which is restricted to the origin of the LCB and the
tectonic development of the margin.

The modeling is based on the following four rift phases: (1) Devonian 400 Ma —
360 Ma, (2) Permian 310 Ma — 260 Ma, (3) Late Jurassic 160 Ma — 146 Ma and
(4) Late Cretaceous-Paleocene 80 Ma — 56 Ma, which cover the entire extension
history of the basin. These rift phases have been used in earlier attempts to model
the extension history of the Vgring margin (Skogseid et al., 1992, 2000; Reemst
and Cloetingh, 2000; Gomez et al., 2004; Kuznir et al., 2005; Gernigon et al., 2006;
Wangen et al., 2008).

There have not been many attempts to model the tectonic implications of underplat-
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ing at a volcanic margin. Gernigon et al. (2006) has presented several simulation
cases for the Vgring margin which include lithospheric extension, magma genera-
tion by decompression melting and underplating. Fjeldskaar et al. (2003) has mod-
eled the thermal transients from underplating and their implications for maturation
of source rocks.

3 The Lower Crustal Body (LCB)

The LCB, which is characterized by P-velocities between 7.2 and 7.6 km/s, is
mapped under large parts of the western side of the Vgring margin (figures 2 and 3).
These velocities are representative of mafic rocks and have been interpreted as mag-
matic underplating associated with the final stage of rifting, continental breakup
and the on-set of sea-floor spreading, (White and McKenzie, 1989; Cox, 1993;
Rutter et al., 1993; Thybo et al., 2000). This view has recently been challenged by
(Gernigon et al., 2004, 2006), who discuss different alternatives for the origin of the
LCB, which are: (1) A mafic-ultramafic model where magmatism is triggered by
a mantle plume; (2) A Tertiary core complex model; (3) A serpentinization model
and (4) A retrograde, high-grade rock model.

Gernigon et al. (2004) have studied the LCB below the Northern Gjallar Ridge
(NGR). An interesting feature of the NGR concerns a mid-crustal dome-shaped
reflection, underlying the ridge (Gernigon et al., 2006). The reflection has been re-
gionally mapped and named the T-Reflection (Gernigon et al., 2003, 2004). Recent
investigations suggest that the T-Reflection coincides with the top of the continen-
tal part of LCB. This part of the LCB imaged beneath the NGR appears to have
been in place before the main volcanic event (Gernigon et al., 2006). This structure
influenced the development of the sedimentary basin at least 10 Myr to 15 Myr
before breakup. Gernigon et al. (2006) conclude that the continental part of the
LCB observed beneath the outer Vgring Basin may be partly (or fully) attributed
to inherited, high-pressure granulite/eclogite lower crustal rocks. The amount of
magmatic material emplaced along the Vgring margin could therefore be much less
than earlier assumed.

Mjelde et al. (2008) concludes that the LCB in the continental part of the margin is
most likely mafic rocks intruded during the last stage of continental rifting, but it
is not ruled out that the LCB might represent an older mafic body. The alternative
models for the LCB are not applied within the continental-ocean transition, which
is considered as mafic rocks.

There is no evidence of magmatism older than Early Eocene in the Vgring Basin.
Magmatic activity is mainly constrained by well ODP site 642E on the Vgring
marginal high that drilled two volcanic intervals. The upper interval consists of
Early Eocene basaltic layers, which is related to the breakup. In the modeling un-
derplating takes place in the time interval from 58 Ma to 56 Ma, which is prior to
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breakup at ~ 55 Ma.

The interpretation of the crystalline basement underneath the Utgard High is un-
certain. Two versions of the transect are modeled in an attempt to test their tectonic
implications. The first version interprets Moho as the top mantle, which makes the
crust thin underneath Utgard High. The second version interprets the Moho as the
top of a lower crustal eclogite as in the North Sea and in the southern Vgring Basin
(Christiansson et al., 2000; Raum et al., 2006). The latter version has a rather flat
base of the crust under most of the Naagrind Syncline and the Traena Basin. Fig-
ures 2 and 3 show these two interpretations of the crust. Notice that Moho is defined
by velocities from ocean bottom seismographs (OBS) data as a seismic boundary.
It is normally interpreted as top (peridotitic) mantle, or as in the latter version under
the Utgard High, as top eclogite in the lower crust.

The transect is modeled by a finite element grid of quadrilateral elements organized
as columns that follow the extension of the profile (Wangen et al., 2008; Wangen
and Faleide, 2008). The magmatic underplating is represented by almost void el-
ements until the beginning of emplacement. These elements have initially 1 m of
rock before they are intruded by magma. Mass and heat fill these elements during
the period of underplating. The magmatic intrusion is by a constant rate at each
lateral position in such a way that the observed thickness of the LCB becomes
reproduced.

4 Determination of the crustal thinning

Crustal extension is usually obtained from the tectonic subsidence of the sedimen-
tary basin. Tectonic subsidence is the subsidence of the corresponding water filled
basin, where for instance Airy isostasy is applied to replace the load of the sedi-
ments (and the water above) with the corresponding water load (Allen and Allen,
1990). The tectonic subsidence can be matched with the subsidence from a model
of crustal extension and thinning (McKenzie, 1978; Jarvis and McKenzie, 1980).
The amount of thinning of the crust is measured by the S-factor, which is the ratio
f = cy/cy of the initial thickness of the crust ¢y over the thickness of the stretched
crust ¢;. It also measures the amount of extension in a column of lithospheric rock
that is thinned by a factor S.

A problem with the backstripping procedure is that is does not account for the ex-
tension and thinning of the sedimentary basin. This is in particular a problem for the
deep sub-basins of the Vgring margin because the margin has gone through a his-
tory of several rift phases with a substantial amount of rifting. Especially the thick
Paleozoic sediments, but also several of the thick Cretaceous formations, have ex-
perienced rifting with substantial extension. A procedure for estimating the amount
of stretching (S-factors), which conserves the mass of the sedimentary basin and
the crust during the extension process, has recently been suggested by Wangen and
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Faleide (2008). The large scale deformations along normal faults for a wide basin
transect are approximated by pure shear deformations, which is a simple continuum
description of the stretching process. The procedure assumes that the intervals be-
tween the different rifting phases are sufficiently long for thermal uplift to become
negligible. The pure-shear assumption allows for a simple estimate of the J-factors
that accounts for the extension and thinning of the sedimentary formations in a
mass conservative manner. The appendix gives a summary of this procedure.

The tectonic subsidence and the [-factors depend on the paleo-water depth for
which there are no standard procedures to obtain. It is often estimated on the ba-
sis of the both micro-paleontological and structural observations in combination
with tectonic modeling. The paleo-water remains highly uncertain and can often
only discriminate against shallow water and deep water. The applied paleo-water
in this study is the same as in Wangen et al. (2008), which is an updated version
of the paleo-water depth suggested by Kjennerud and Sylta (2001). The uncertain-
ties in the [-factors due to the uncertainties in the paleo-water depth are studied
in Wangen and Faleide (2008), who concluded that reasonable differences in the
paleo-water depth do not change the conclusions. In particular, the total (or accu-
mulative) stretching remains unchanged for different estimates of the paleo-water
depth as long as the present day water depth is the same.

5 The initial crustal thickness and underplating

The computation of crustal stretching in terms of -factors requires knowledge of
the initial thickness of the crust. The thickness of the crust at the beginning of the
geohistory can be estimated using data for the present-day sediment depth of the
basin (sy41) and the present-day water depth (wy1). The assumption of isostasy
then gives the initial thickness

co = cn41 + fulwngr — wo) + fns1Sn+1 (1)

where the wy is the water depth at the beginning of the geohistory. The initial water
depth wy is set to zero in the following. The factors

Om — Ow and fN+1 _ Om — ON+1 (2)
Om — Oc Om — Oc

fw:

are expressed with the mantle density o, = 3300 kg m~3, the average crustal den-
sity 0. = 2800 kgm~3, water density o, = 1000 kgm~2 and the present-day
average basin sediment density oy.1. The sediment density density is the average
oni1 = (1 = ¢4)0s + Pu0w, Where o, = 2650 kgm ™ is sediment grain density
and ¢, is the average basin porosity. The initial thickness of the crust (1) gives right
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away the maximum (present-day) crustal thinning

C w S
B = - L =1+ f CN“ + fai CN“ 3)

which applies for a column of rock in the lithosphere. The lithosphere along the
transect is approximated by a row of such columns. Each column spans the en-
tire lithosphere in the vertical direction, (sedimentary basin, crust and lithospheric
mantle), and it deforms by pure-shear during an extension phase with its own strain-
rate. Deformation by pure shear assures that the vertical sides of the columns re-
main vertical during extension. The use of vertical columns is a common approach
in modeling lithospheric extension processes (Skogseid et al., 2000; Reemst and
Cloetingh, 2000; Gernigon et al., 2006; Wangen et al., 2008).

We now want to make three following models for the extension history of the
Vgring margin: (a) The LCB is a part of the crust during the entire basin history. (b)
The upper half of the LCB is Caledonian crust and the lower half is emplaced as un-
derplating during continental breakup in the Late Paleocene. (c) The entire LCB is
emplaced as underplating during breakup. We need the initial thickness of the crust
for each of these three scenarios of the Vgring margin with respect to underplating.

Increasing the thickness of the crust leads to uplift. Airy isostasy implies that the
addition of a crustal thickness cyp gives an uplift wyp = cyp/f.,- We have that
fw = 5 and, for example, the crustal addition cyp = 5 km therefore gives 1 km of
uplift. The initial crustal thickness (1) can be rewritten as

o = Cyy1 + cup + fu(Wy —wup — wo) + [ni15841 4

when the effect of magmatic underplating is taken out as separate parts of the crust
and the water depth. The present-day thickness of the crust ¢y is the sum of the
thickness of the underplate cyp and the thickness of the Caledonian crust ¢y ;. The
present-day water depth w1 is written, in a similar way, as the water depth in
the absence of the underplate w'y_ ; minus the uplift from the underplate wyp. The
increased water depth wyp compensates exactly for the thickness of the underplate
cup 1n equation (4). We therefore let the initial thickness of the crust be independent
of the amount of magmatic underplating in the LCB.

Figure 2a shows the transect with basin and basement, where the horizons and the
Moho are the same as in a recent study of the Vgring margin (Wangen et al., 2008).
Figure 2b shows both the present-day thickness of the crust and an estimate of its
initial (Devonian) thickness. The present-day crustal thickness is substantially thin-
ner beneath the Vgring basins west of the Utgard High than beneath the Helgeland
Basin to the east. It increases from less than 10 km underneath western part of the
transect (between Hel Graben and Trana Basin) to roughly 20 km underneath the
Trgndelag platform on the eastern side of the transect. The initial (Early Devonian)
thickness of the crust is roughly ~ 30 km to the west of the Utgard High and it
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increases to ~ 35 km towards the East. There is a minimum in the initial thickness
at the present-day position of the Utgard High.

Figure 3 shows the alternative version of the transect where the base crust is deeper
and flatter underneath the Utgard High. The basis for this new interpretation is that
a body underneath the Moho at this position is eclogite, which therefore becomes a
part of the initial crust. The eclogite interpretation is similar to an interpretation ap-
plied in the southern part of the Vgring Basin (Mjelde et al., 2008). The shallower
Moho underneath Utgard high of the first version could be related to a large de-
tachment fault, an interpretation that has been applied to explain the shallow Moho
underneath the Lofoten Ridge further North. The tectonic modeling allows us to
compare these two interpretations of the crust underneath the Utgard Ridge. The
two bodies, the LCB and the eclogite, of the version with a deeper crust end at the
Fles Fault Complex (FFC), which might suggest that the FFC is the Caledonian
main suture. The FFC is a zone of weakness that has been active during the long
tectonic history of the Norwegian margin (Dore et al., 1997).

Figure 3b shows that the estimate for the initial thickness of the crust is smoother
for the version with a deeper and flatter base of the crust underneath the Utgard
High. The minimum in the initial crustal thickness at the position of Utgard High is
reduced, and it has an average thickness that is ~ 35 km. A constant thickness for
the initial crust has been the common assumption in most studies of the extension
history of the Vgring margin. Reemst and Cloetingh (2000); Kuznir et al. (2005);
Gernigon et al. (2006) all use an initial crust with a thickness of 35 km.

6 Comparison of lithospheric extension: LCB as underplating and LCB as
old crust

Figure 4 shows the version with a shallow base of the crust underneath the Utgard
High. The figure shows the crustal thickness for the three scenarios of underplating,
when the magmatic underplates are subtracted. This is therefore the thickness of the
crust at Late Paleocene just prior to magmatic underplating. It is assumed that most
of the Late Cretaceous — Paleocene rifting have taken place before underplating
at the time of breakup. The initial thickness of the crust is the same for all three
scenarios. But the thickness of the crust prior to underplating is nearly half as thin
underneath the Naagrind Syncline for the scenario where the entire LCB is under-
plating. The total (accumulative) amount of crustal stretching is therefore nearly a
factor two larger in this case in the area of the Naagrind Syncline. Therefore, the to-
tal stretching becomes considerably larger for the western part of the transect with
LCB as magmatic underplating. Figure 5 shows the crust prior to underplating for
the version with a deeper and flat base-crust underneath Utgard High.

The applied procedure for estimating the S-factors takes into account the thinning
of the basin in addition to the thinning of the crust (Wangen and Faleide, 2008).
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This procedure shifts the magnitude of extension for the different rift phases to-
wards Early Devonian time when compared with corresponding results from the
backstripping procedure. Especially the Devonian and Late Jurassic rift phases be-
come more important, and the Late Cretaceous — Paleocene rift phase becomes
less pronounced, when compared with backstripping (Wangen and Faleide, 2008).
However, the total (cumulative) -factor, which is the product of the S-factors for
each rift phase, is the same for both approaches.

Figure 6 shows the [-factors for the version with a shallow base-crust underneath
the Utgard High. The three scenarios of underplating are compared, and the (-
factors increase with increasing amount of underplating. Especially the Devonian
rift phase and the Jurassic rift phase have large (-factors. The assumption of the
LCB as only underplating leads to unrealistic large [-factors for the Permian rift
phase. A reduction of the underplating to half the LCB produces more reasonable
stretching factors.

Figure 7 shows the [§-factors for the version of a deeper and more flat Moho. We
notice that the “spike” in the 3-factors in the first rift phase in figure 6a is reduced in
figure 7a. The [-factors associated with the deeper and more flat crust appear more
realistic than those of the more shallow base-crust. A comparison of figures 6¢ and
6d with figures 7c and 7d shows that the [-factors for the last two rift phases are
only slightly reduced with a deeper crust. A reduction of the underplating to half
the thickness of the LCB gives more reasonable stretching factors for this case too.
It should be noted that the “spike” in the S-factor could be the result of a weakness
of the suggested method to model extension, which does not take into account large
detachement planes with simple shear deformation.

Figures 8, 9 and 10 show the evolution of the upper part of the lithosphere through
the geohistory. The series of plot are based on the version with a deep and flat
base-crust underneath the Utgard High. The state of the basin, crust, the LCB and
the upper mantle are shown at the beginning and the end of the rift phases, and at
present time. The LCB is old crust in figure 8, which shows how the lithosphere
is stretched out 110 km since the beginning of the Permian rift phase until today.
Figures 9 and 10 show that the difference is not so large when compared with
the two scenarios where the LCB is half underplating and only underplating. The
profile is stretched 120 km and 130 km for these two scenarios, respectively.

Sediments are deposited at the basin surface through the geohistory, and they com-
pact as they get buried. The compaction is given by an Athy-type porosity function
Athy (1930), where the porosity decreases exponentially with depth z (measured
from the basin surface) as ¢ = ¢y exp(—z/zp). The depth z, controls when com-
paction becomes noticeable. The sediments are modeled with just one lithology,
which has the surface porosity ¢y = 0.45 and the compaction depth zy = 1820 m.
The use of an Athy-type porosity function is a common choice in basin analysis
(Allen and Allen, 1990). It should be noted that most of the porosity is lost in the
upper 4 km of the basin. The basins are therefore dominated by sediments with low

10



IFe

porosity since most of the sediments are deeper than 4 km.

The basin part of the transect is shown with the series of plots in figures 11, 12
and 13 for the same time steps as for the lithosphere in figures 8 to 10 — they are
shown at the beginning and the end of the rift phases, and at present time. The mass
of each formation in the basin is conserved during rifting, and their present-day
thicknesses are reproduced. These figures show that past formation thicknesses in-
creases with increasing amount of underplating. The old (Caledonian) part of the
present-day crust gets thinner with increasing underplating, which implies more ex-
tension as shown by figures 6 and 7. The pre-rift sedimentary formations therefore
become thicker too, because they experience stronger extension and thinning. Fig-
ure 10 shows that the case where the LCB is only underplating gives a very thick
basin at the beginning of the last rift phase in the Late Cretaceous. The case where
only half the LCB is underplating gives a more reasonable basin geohistory.

7 Extension, Break-up and magmatism

Our modeling does not cover the continental-ocean transition (COT) and breakup.
The COT is not well mapped on volcanic margins because of the thick basaltic
cover that limits seismic imaging. Nevertheless, Mjelde et al. (2007) interpret the
final rift phase and breakup to be closely related to the development of a crustal
scale detachement fault and they defined the COT by means of this detachement
fault. The large thickness of the stretched continental crust on the seaward side of
the Vgring escarpment is described by Mjelde et al. (2001). Mjelde et al. (2007)
points out that the Late Cretaceous/Early Tertiary thinning cannot be explained
by pure-shear model with gradually increasing stretching factors until continental
breakup occurred. Thinning of the outer Vgring margin is explained by Mjelde et al.
(2007) as detachment faults soling out in the lower crust.

Breivik et al. (2009) studied magma productivity along the Vgring margin and
pointed out the following observations: (1) There is a strong correlation between
magma production and the early plate spreading rate. (2) The magma production
peaks at breakup at the mid-Norwegian margin. (3) Magmatism is segmented along
the mid-Norwegian margin, since there is considerably less magma production to
the northeast along the Lofoten margin and to the south along the Mgre margin.
Breivik et al. (2009) concluded that these observations may be explained with hot
and bouyant material from a mantle plume upwelling from a center underneath
Greenland, that flow laterally to pond into the topography of the North Atlantic rift
zone.

Figure 6¢, 6d, 7c and 7d show that the Late Jurassic rift phase is considerably
stronger than the Late Cretaceous and Paleocene rift phase, with S-factors more
than twice as large in the tectonic active Western part of the transect. This re-
sult follows from the mass conservative procedure for estimating the S-factors as
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shown by Wangen and Faleide (2008). On the other hand, estimation of the /-
factors based on the backstripping procedure gives the opposite result — the Late
Cretaceous and Paleocene rift phase becomes more prominent than the Late Juras-
sic rift phase (Wangen and Faleide, 2008). The results of the new procedure are
more reasonable because the Late Jurassic rifting created the accumulation space
for the thick Cretaceous formations. The infill of sediments during the Cretaceous
took place during the thermal subsidence from the Late Jurassic rifting.

There are no observations of magmatism related to rifting in the Late Jurassic, al-
though this rift phase was considerablely stronger than the Late Cretaceous — Pale-
ocene rift phase for the Western part of the profile. It therefore seems as if the large
amount of magmatism and the flood basalts are not explained by extension alone.
The magmatism appears to be related to the breakup, the mantle upwelling and the
continental separation. None of the often suggested models for the magmatism can
easily be ruled out, like for instance a mantle plume (White, 1988; Campbell and
Griffits, 1992; Condie, 2001), the upwelling of high fertility mantle (Foulger and
Anderson, 2005) or small scale mantle convection (Mutter et al., 1988; Boutilier
and Keen, 1999). It should also be mentioned that substantial amounts of magma-
tism can be produced without any breakup and modest stretching factors as seen in
the Oslo rift (Larsen et al., 2008).

8 Conclusion

Three scenarios of the extension history of a transect from the Vgring margin have
been studied in order to constrain the possible fraction of magmatic underplating in
the LCB. These scenarios are: (a) The LCB is Caledonian crust. (b) Half the LCB
is Caledonian crust and the other half is is emplaced as magmatic underplating in
Late Paleocene. (c¢) The entire LCB is emplaced as magmatic underplating.

The extension (the S-factors) of the transect have been obtained using a new pro-
cedure that accounts for the thinning of the sedimentary formations during the
rift phases. This procedure has been extended to handle magmatic underplating.
The pre-rift sedimentary formation thicknesses are obtained and the geohistory of
the lithosphere is modeled. The entire lithosphere is extended through the four rift
phases of the geo-history in a mass conservative manner, and the present-day thick-
nesses for sedimentary formations, crust, LCB and eventual underplating are re-
produced. The state of the lithosphere and the sedimentary basin are shown and
compared for the beginning and the end of the rift phases and at present time.

The scenario where the LCB is underplating implies that the crust over the LCB was
quite thin (~ 2.5 km) before intrusion of magma. The cumulative extension after
the collapse of the Caledonian orogeny becomes quite large. This is problematic
if sedimentary formations like the Paleozoic have experienced a similar amount of
extension as the upper crust. These formations must then have been considerable
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thicker at earlier times. It is therefore concluded that the scenario where the LCB
is fully underplating gives too much extension, and it is therefore unlikely. The
two other scenarios give more reasonable extension histories, which are not very
different from each other, and it is concluded that up to half the LCB may be due
to magmatic underplating.

The interpretation of the crust underneath the Utgard High is uncertain. Two dif-
ferent interpretations for the crust are tested: one with a thin crust and another with
a deeper and flatter base of the crust. The first of these interpretations corresponds
to a detachment fault under the Utgard High, while the version with a deeper base
of the crust has a body underneath the Moho being interpreted as eclogite. Tec-
tonic modeling of the two scenarios favors the thick crust interpretation, because a
“spike” in the S-factor appears in the version with a shallow crust at the position of
the Utgard High. The estimated initial thickness of the crust is also more even.

The -factors for the late Jurassic rift phase is more prominent than for the late Late
Cretaceous — Paleocene rift phase for all three scenarios of underplating. Large (-
factors of the late Jurassic rift phase fits the observations, because they are needed
to create the accumulation space for the mapped thick Cretaceous formations.

There are no observations of magmatism in the Late Jurassic although this rift phase
has considerablely larger S-factors than the Late Cretaceous — Paleocene rift phase
for the Western part of the profile. It therefore seems as if the large amount of
magmatism and the flood basalts are not only related to extension, but also in some
way to the breakup, the mantle upwelling and the continental separation. None
of the often sited models for the magmatism can be ruled out, like for instance a
mantle plume, the upwelling of high fertility of the mantle lithosphere, or small
scale mantle convection.
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9 Appendix: S-factors that account for stretching and thinning of the sedi-
mentary basin.

Equation (1) for the initial thickness of the crust can be rewritten as an equation for
the thickness of the crust as the following function of time

c(t) = co = fww(t) — f(1)s(t) (5)

where w(t) is the water depth and s(¢) is the sediment thickness at the time t.
The factor f(t) = (0m — 0s(t))/(0m — 0c) replaces the factor fy; and it has the
time-dependent average basin density o,(t). The cumulative crustal stretching as
function of the time becomes

Co Co

Poax(t) = S5 = oo = Fuwl®) = FO5(0 (©

The cumulative amount of crustal stretching at the beginning of each rift phase ¢
becomes

ﬁmax,i - Bmax(ti) (7)

which makes the S-factor for this rift phase

6@' _ ﬁmax,i—s—l

ﬁmax,i

for ¢=1,...,N (8)

The cumulative stretching is initially Sn.x1 = 1, because there is no crustal thin-
ning before the first rift phase, and Syax n+1 1S the present-day (maximal) S-factor.

A generalization to more or less rift phases is straightforward. The cumulative (-
factor at the beginning of the first rift phase is

/6max,1 =1 (9)

because the crust is unstretched until then. At the beginning of the second rift phase
(at time t,) the cumulative S-factor becomes

Co

Pinax2 = co — fwwa — B2P384f252

(10)

This expression is different from the preceding one by having the thickness of the
sedimentary basin increased by the product 35 /3534. The sediments deposited until
the second rift phase, which has the thickness so, must have been a factor 553505,
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thicker, because they have experienced rift phases 2, 3, and 4. Similarly, the cumu-
lative S-factor for the third rift phase is

Co

Brax,3 =
e Co — fww3 - 5354f383

(1)

because the sediments deposited until the third rift phase, which at present time
has the thickness ss, have gone through rift phases 3 and 4. This thickness was
therefore a factor 333, thicker at the beginning of rift phase 3. At the beginning of
the fourth rift phase we have

Co

max,4 — (12)
Pone co — fuwws — Bafasa
and at the present time
&
Bunaxs = - (13)

Co — fww5 - f5$5

At the same time we have that the [J-factor for each rift phase is given by the
cumulative [-factor by expression (8). The five equations (9) to (13) and the four
equations (8) (¢ from 1 to 4) are nine equations for the altogether nine unknowns,
which are the four S-factors and the five cumulative 3-factors. These equations for
the S-factors can be solved by the following procedure, where the last S-factor is
found first, which is then used to obtain the next last S-factor and so forth. The
[-factors in reverse order become

B Co — fuwWs

ba= co — fwWs — (f585 - f454) (9
. co — Juwws

Pa= co — fuwws — Ba(fass — f353) (1)
. Co — fuwW

br = co — fwws — ﬁ453(f3$3 - f232) (16)

B = oty (17)

co — JwWz — 545352(f282 - f181)

The last S-factor depends on the difference f5s5 — fy54, Which is close to being
proportional to the difference s5; — s4. This difference is the accumulation space
needed for sediments that are filled in after the last rift phase. The proceeding (-
factors are similarly dependent on the accumulation space needed for the sediments
that follow the rift phase, and they are inflated by the [3-factors of the rift phases that
follow. The (-factor for the first rift phase is therefore dependent on the S-factors
of the 2nd, 3rd and 4th rift phase.
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11 Captions

Figure 1 Profile 2 goes from the Vgring escarpment to almost the Norwegian main
land. Structural elements are taken from Blystad et al. (1995); Osmundsen et al.
(2002); Mjelde et al. (2008). (VD=Vema Dome, FFC=Fles Fault Complex, RR=Rdn
Ridge, GL=Gleipne Lineament)

Figure 2 (a) The basin part of the transect shows the relatively thick (~ 5 km)
Paleozoic formation at the base, especially under the Trgndelag platform. We also
notice the thick Cretaceous formations in the basin to the west of the Trgndelag
platform. (b) The crust underneath Treena basin and Westwards is thin (~ 10 km),
and the crust is roughly twice as thick underneath the Trgndelag platform. The high
velocity Lower Crustal Body (LCB) is a substantial fraction of the western part of
the crust. The initial thickness of the crust has a minimum thickness at the Utgard
High.

Figure 3 (a) A second version of the crust for the same profile as in figure 2. The
crust is deeper and flatter underneath the Utgard High. (b) The estimated initial
crustal thickness underneath the Utgard High becomes increased when compared
with figure 2.

Figure 4 The thickness of the crust at the end of the last (Late Cretaceous - Pa-
leocene) rift phase, immediately before underplating. This figure shows the crust
for the three scenarios of the underplating in the case with a shallow base-crust
underneath the Utgard High.

Figure S The thickness of the crust at the end of the last (Late Cretaceous — Pale-
ocene) rift phase, immediately before underplating. The thickness of the crust for
the three scenarios of underplating is shown in the case where the crust is deep and
more flat underneath the Utgard High.

Figure 6 (a) and (b): The [3-factors for the first two rift phases (Devonian and Per-
mian) are shown for the three scenarios of underplating, in the case of a shallow
base-crust underneath the Utgard High. The scenario where the LCB is only under-
plating yields considerably larger [B-factors than the two other scenarios. (c) and
(d): The B-factors for the last two rift-phases (Late Jurassic and Late Cretaceous —
Paleocene) are shown for the three scenarios of underplating in the case of a shal-
low base-crust underneath the Utgard High. The difference between the different
scenarios is not as large for the last two rift phases as for the two first.

Figure 7 (a) and (b): The same as figure 6a, but in case of the deeper and flatter
crust. The “spike” in the B-factors at the position of the Utgard High is consider-
able reduced when compared with the case of a shallow base-crust in figure 6a. The
scenario of underplating yields considerable larger [(3-factors than the two other
scenarios. (c) and (d): The case of a deeper and flatter crust underneath Utgard
high has similar B-factors for the two last rift phases as the case with a shallow
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base-crust underneath Utgard High.

Figure 8 The scenario where the LCB is Caledonian crust is shown for the case
with a deep and flat crust. The upper 40 km of the lithosphere is shown for the
beginning and the end of the last three rift episodes and at the present-day.

Figure 9 The scenario where the LCB is half Caledonian crust and half underplat-
ing is shown for the case with a deep and flat base-crust. The upper 40 km of the
lithosphere is shown for the beginning and the end of the last three rift episodes
and at the present-day.

Figure 10 The scenario where the LCB is entirely underplating is shown for the
case with a deep and flat crust. The upper 40 km of the lithosphere is shown for the
beginning and the end of the last three rift episodes and at the present-day.

Figure 11 The sedimentary basin is shown at the beginning and the end of the last
three rift episodes and at the present-day for the scenario with LCB as Caledonian
crust. The extension history is for the case of a deep and flat crust.

Figure 12 The sedimentary basin is shown at the beginning and the end of the
last three rift episodes and at the present-day for the scenario with LCB as half
Caledonian crust and half Tertiary underplating. The extension history is for the
case of a deep and flat crust.

Figure 13 The sedimentary basin is shown at the beginning and the end of the last
three rift episodes and at the present-day for the scenario with LCB as Tertiary
underplating. The extension history is for the case of a deep and flat crust.
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Figure: 1
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