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Teleseismic receiver function analysis imaged a complex upper mantle structure in the Central Fjord Region of
East Greenland, including an east-dipping high velocity layer and a mantle wedge of high crustal or low mantle
velocities. This was interpreted as a fossil Caledonian subduction complex, including a slab of eclogitised mafic
crust and an overlying wedge of serpentinised mantle. In this paper, we use a multi-disciplinary geophysical
and petrological modelling approach to test this proposed fossil subduction model.
The consistency of the obtained velocity model with the regional gravity field is tested by forward density
modelling and isostatic calculations. The models show that the sub-crustal structure, given by themore buoyant
mantle wedge and the dipping high velocity/density layer, yield in a markedly better fit as compared to a
homogeneous mantle lithosphere.
Petrological-geophysical modelling is performed by testing different upper mantle compositions with regard to
topography, gravity and seismic velocities using Litmod2D. This suggests that the observed lower crustal/
uppermost mantle bodies could be a combination of mafic intrusions, serpentinised peridotite and metamor-
phosed mafic crust. The preferred composition for the dipping structure is eclogitised mafic crust, and hydrated
peridotite filling the overlying mantle wedge. Models lacking an eclogite layer or a hydrated upper mantle
composition showan inferiorfit and, therefore, are not favoured representatives. This supports the interpretation
as a fossil subduction zone complex. The spatial relationswith Caledonian structures suggest an early Caledonian
origin.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The North Atlantic Realm (NAR) experienced a number of major
tectonic events during the past 500 Ma which shaped the present-day
topographic and crustal and upper mantle structure of the North
Atlantic passive margins. While the general geodynamic evolution is
known, various issues are still a matter of discussion. This applies to
details of accretionary events associatedwith the Palaeozoic Caledonian
orogeny, deep processes in the mantle related to the formation of the
North Atlantic Igneous Province and the present-day state of isostasy
of the high topography along the magma-rich passive margins of East
Greenland and Scandinavia.

Recently, it has been suggested that remnants of an early Caledonian
east-dipping subduction zone are entrained in the lithosphere of the
Central Fjord (CF) region of East Greenland (Schiffer et al., 2014,
2015a). Teleseismic receiver functions of theCF array indicate eclogitised
es, Durham University, Science
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mafic crust in the dipping layer and an overlying serpentinised mantle
wedge. This structure could be part of a once contiguous eastward dip-
ping Caledonian (or older) subduction zone along the eastern margin
of Laurentia, connected with the so-called “Flannan reflector”, offshore
northern Scotland (Smythe et al., 1982; Snyder and Flack, 1990;
Warner et al., 1996) that shows very similar geometrical and geophysical
properties (Schiffer et al., 2015b).

In this study, we will substantiate the interpretation of a fossil
subduction zone in East Greenland, by a detailed multi-disciplinary
approach, including density, isostatic and petrological modelling. In
particular, we will quantitatively differentiate between a set of selected
end-member models that include a fossil subduction setting and alter-
native geometries and compositions.

2. Geological setting

The geological and topographic expression of the North Atlantic
Realm (NAR) is considered to be mainly shaped during the past
500Ma, with the Palaeozoic Caledonian orogeny (circa 425Ma), rifting,
continental break-up accompanied by an extreme magmatic outburst
lling of the East Greenland Caledonides – Isostatic support from crust
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Fig. 1.Geologicalmapof the East Greenland Caledonides (Henriksen, 1999;Henriksen and
Higgins, 2008a; Gasser, 2013). Red triangles – locations of the CF array-stations. Stippled
black lines – major faults. Thick grey line – continent ocean transition. Inset figure
shows an overview of the North Atlantic and the position of the map. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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(circa 60 Ma), and the formation of the North Atlantic and its passive
continental margins.

2.1. The Caledonian orogeny

The Caledonian orogeny was the consequence of continental drift
and resulting collision of three palaeocontinents, Laurentia, Baltica and
Avalonia and a number of microcontinents and terranes during the
closure of the Iapetus Ocean in the Ordovician to Early Devonian
(Cocks and Torsvik, 2011).

The general tectonic development of this Himalayan-type orogeny is
understood, but details of timing, direction, location and the number of
involved subduction events are unknown. General agreement exists,
about an early, east-dipping subduction event along the eastern and
southern margin of Laurentia, in the British Caledonides (Grampian
phase) and northern Appalachians (Taconian phase), followed by a
west-dipping subduction of Iapetus oceanic lithosphere and Baltica
beneath Laurentia (Scandian phase) (Karabinos et al., 1998; Dewey,
2005; Leslie et al., 2008; van Staal et al., 2009).

The surface geology is well-studied in Scandinavia (e.g. Gee et al.,
2008), which applies also for the ice-free regions in East Greenland
(Henriksen, 1999; Henriksen and Higgins, 2008b) and indicates a
generally bivergent orogeny (west-vergent in East Greenland and
east-vergent in Scandinavia, Roberts, 2003; Gee et al., 2008; Leslie
et al., 2008). In East Greenland, the eastern part of the surface geology
is dominated by Caledonian thrust sheets lying atop of Archaean base-
ment, while thewestern part is composite of post-Caledonian sedimen-
tary basins and Tertiary flood basalts and intrusions (Gee et al., 2008;
Henriksen andHiggins, 2008b; Gasser, 2013; see Fig. 1). The Caledonian
foreland basin and the western Caledonian Deformation Front are
exposed in the north and disappear beneath the ice sheet south of
79° N for most of the length of the orogen (Fig. 1).

A large age variation of magmatic and high grade metamorphic
rocks from roughly 360 Ma to 500 Ma are indicators for a complex
and prolonged orogenic and collisional evolution (Steltenpohl et al.,
2003; Gasser, 2013; Corfu et al., 2014, and references therein).

This evidence has led to different tectonic scenarios of the East
Greenland and Scandinavian Caledonides, departing from a simple,
west-dipping Scandian subduction, including a late eastward intra-
cratonic underthrusting (Gilotti and McClelland, 2011), early west-
dipping (Brueckner and van Roermund, 2004; Brueckner, 2006)
as well as east-dipping subduction (Roberts, 2003; Gee et al., 2008;
Streule et al., 2010).

2.2. Continental break-up and magmatism

A long period of passive lithospheric relaxation and post-orogenic
collapse of the Caledonianmountain range followed since theDevonian,
reactivating some of the Caledonian faults and addingmuch complexity
to the original Caledonian structures (Andersen et al., 1991; Dewey
et al., 1993; Fossen, 2010).

This approximately 340 Ma long lasting period transitioned into
active rifting culminating in continental break-up and sea-floor
spreading in the early Cenozoic (Skogseid et al., 2000; Nielsen et al.,
2007; Gernigon et al., 2015). Break-up was accompanied by a large
magmatic outburst, which affected large parts of the NAR, leading to
the formation of the North Atlantic Igneous Province and the Iceland
Melt Anomaly (Saunders et al., 1997). Thismagmatic event is commonly
associated to the impingement of a mantle plume (e.g., Fitton et al.,
1997; Tegner et al., 1998) but also plate tectonic origins are proposed
(e.g., Korenaga, 2004; Foulger et al., 2005).

2.3. Present-day passive margins

The magma-rich passive margins along the North Atlantic are
accompanied by high topography in East Greenland, Scandinavia and
Please cite this article as: Schiffer, C., et al., Geophysical-petrological mode
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the British Isles. The evolution of this high-elevation, low-relief
topography is matter of significant debate (e.g. Nielsen et al., 2009b;
Pascal and Olesen, 2009; Chalmers et al., 2010). The occurrence of
this distinct topographic expression has been explained by the idea
that these landscapes are peneplains created by erosion of ancient
topography to sea level and recently uplifted to their present elevation
(Japsen and Chalmers, 2000; Lidmar-Bergström and Näslund, 2002).
For this uplift a series of processes has been proposed (Doré, 2002),
among others, dynamic support from the sub-lithospheric mantle,
e.g. by asthenospheric diapirism (Rohrman and van der Beek, 1996).
Contrary to this, others favour models where the present topography
constitutes remnants of the original Palaeozoic Caledonian mountain
lling of the East Greenland Caledonides – Isostatic support from crust
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Fig. 2. Topography in the Central Fjord region. (a) topography including ice. (b) topography
of the bedrock surface, without ice coverage. White line – edge of the Greenland ice sheet.
Black triangles – station positions of the CF seismological array.
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ranges preserved due to slow, climatically controlled pre-quaternary
erosion and faster fjord-incisions during the Quaternary compensated
by isostatic rebound (Egholm et al., 2009; Nielsen et al., 2009b;
Pedersen et al., 2010).

Densely distributed geophysical studies in Scandinavia have imaged
the crustal structure of the Scandinavian Caledonides (seeMaupin et al.,
2013 and references therein) providing important evidence that
the high topography is isostatically supported by thick crust as well as
lateral variations of crustal density and lithospheric composition and
thickness (Ebbing et al., 2012; Gradmann et al., 2013). This is in general
agreement with negative gravity anomalies correlating with high
topography (Balling, 1980; Ebbing, 2007).

The much sparser, mainly active source seismic studies in East
Greenland do as well indicate thick crust of 40–48 km beneath most
the Caledonian high topography from 70° N to 74° N (Voss et al., 2009
and references therein), supported by region-wide gravity analysis
(Schmidt-Aursch and Jokat, 2005; Braun et al., 2007) and receiver func-
tions analysis (Dahl-Jensen et al., 2003, p.; Kumar et al., 2007; Schiffer
et al., 2015a). Regional surface wave studies using the available perma-
nent stations in Greenland and the surrounding areas provide limited
indications for the thickness of the lithosphere (Darbyshire et al., 2004).

Significant parts of the original Caledonian mountains have been
eroded, which consequently caused uplift due to isostatic adjustments
(Nielsen et al., 2009a; Gołędowski et al., 2013; Medvedev et al., 2013;
Medvedev and Hartz, 2015).

3. Gravity and isostasy

Previously published results from receiver function modelling
(Schiffer et al., 2015a) will be the base for detailed forward density
modelling. Firstly, the available gravity data is shortly described and
quality checked (Section 3.1). Then, the residual gravity field will be
computed and analysed (Section 3.2). Finally, the gravity response of a
set of different forward density models, based on the receiver function
results, will be tested (Section 3.3).

3.1. Gravity data

A compilation of gravity data of the Arctic region – ArcGP (Forsberg
and Kenyon, 2004; Kenyon et al., 2008) –was used to perform the pres-
ent study and includes free-air (FA) and Bouguer gravity anomalies (BA).
In the study area, the data consist of a large number of onshoremeasure-
ments supplemented by offshore mapping (Forsberg, 1986; Andersen
et al., 2009). The BA is obtained using a Bouguer-plate correction
for the topography with a density of 2670 kg/m3 and a density of
970 kg/m3 for the ice cover (Gaina et al., 2011), but a terrain correction
was not applied. After studying recent available topography models
(including ice thickness and bathymetry), we found that a sufficiently
detailed terrain correction is not applicable, given the low resolution
of the models in the offshore areas. The most advanced available bathy-
metric model is the IBCAO model (Jakobsson et al., 2012), but the data
coverage in the fjords of Central East Greenland is still insufficient.

Eighty-three terrain corrected gravity stations, whichwere available
from Forsberg and Strykowski (pers. Comm., 2008), show terrain
corrections of up to 40 mGal. However, most of the terrain corrections
show values smaller than 20 mGal and the median is 7.99 mGal.
Hence, we expect the BA to be typically 20 mGal too low for single
stationmeasurements in rough terrain,much less elsewhere, andmostly
affecting short wavelengths (b25 km).

3.2. Isostatic gravity anomaly

We estimated the isostatic gravity residual of the wider study area.
For this purpose, we used the topography (ETOPO1, Fig. 2) to calculate
an Airy-isostatic Moho depth (Fig. 3b) by weighting the thickness
of the ice (density of 970 kg/m3) and bedrock (2670 kg/m3) above
Please cite this article as: Schiffer, C., et al., Geophysical-petrological mode
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sea-level with a crustal root (2800 kg/m3) with a reference crustal
thickness of 35 km and a density contrast of 500 kg/m3 between crust
and mantle. The bedrock topography beneath the ice sheet and the ice
thickness is expected to have a rather large uncertainty (20–200 m
horizontal and ~1 m vertical for the top ice; 5–50 km horizontal and
10–100 m vertical resolution for the bedrock elevation, http://nsidc.
org/). The RMS error of the bedrock topography of the newer model
from Bamber et al. (2013) is given at N150 m in East Greenland. The
gravity response (Isoreg) of this isostatic Moho model was calculated
with the software LithoFlex (Braitenberg et al., 2007) using the above
mentioned reference crustal thickness and density contrast. The Airy-
isostatic Moho was not smoothed and shows high frequent variation
corresponding to the topography. However, because of the depth
of the Moho, Isoreg will be smooth. The isostatic anomaly (gisores) is
calculated by subtracting Isoreg from the observed BA (Fig. 3c).

The isostatic anomalymaymainly reflect non-isostatic sources in the
lithosphere and asthenosphere, but also flexural effects and differences
in crustal and uppermantlemass distribution not included in this rather
simple model. Errors in topography or ice thickness and density will
result in a corresponding error in the gravity residual. Therefore, gravity
residuals in the area of the ice sheet were not in the scope of our study.

We identify a number of significant features in the estimated gravity
isostatic residual (Fig. 3c): (i) a clear negative residual is observed along
the approximate extension of the Greenland ice sheet (white line)
which we relate to the deflection of the crust and lithosphere due
to flexural loading at the edge. (ii) The fjord systems in central East
Greenland are clearly not locally isostatically compensated, which is
reflected by the strongly negative gravity residuals in the fjords and pos-
itive gravity residuals in the surrounding topographic highs, correlated
with changes in elevation. The short wavelengths of these anomalies,
lling of the East Greenland Caledonides – Isostatic support from crust
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Fig. 3. Gravity and isostasy of the Central Fjord region. (a) observed Bouguer gravity
anomaly. (b) isostatic Moho with local compensation of observed topography. See text
for details. (c) Isostatic gravity residual. White line – edge of the Greenland ice sheet.
Oceanic domain is cut out. Black triangles – station positions of the CF array.

4 C. Schiffer et al. / Tectonophysics xxx (2016) xxx–xxx
well below 50 km, are the reason why the topography probably is
carried mostly by the stiff lithosphere. (iii) An area of ~50–100 km
width of outstanding higher residuals can be identified situated almost
coast-parallel, starting at ~27° W in the south (71° N) and at ~22° W
in the north (75° N). A reason could be high densities of the rocks in
this area, which consists of gneisses, granites and old metasediments.
(iv) Similarly, an area of isostatic anomaly lows is situated directly to
the east and extending from ~72–73° N. The location of this anomaly
corresponds rather well with the Devonian basin (cf. Fig. 1), which
might be causing the isostatic anomaly.

Despite the mentioned distinct zones of high (both negative and
positive) isostatic anomalies, the general regional trend is close to zero
indicating close to isostatic compensation of long wavelength topo-
graphic features.

3.3. Density and isostatic modelling

Density modelling was performed with the software IGMAS+
(Schmidt et al., 2010). Similar to Schiffer et al. (2015a), we averaged
Please cite this article as: Schiffer, C., et al., Geophysical-petrological mode
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theBAover a distance of 25 km to the north and south of the defined po-
sition of the CF array in order to assess the 2D regional gravity field. This
averaging also decreases the error of themissing terrain correction. The
resulting averaged BA shows a clear trend starting at circa−200 mGal
in the west and gradually increasing to +50 mGal in the eastern end
of the profile, close to the coast line. The central part of the CF array com-
prises a close to constant BA at −50 mGal along a ~75 km wide seg-
ment. The topography was averaged, accordingly, and the ice column
was replaced by the same mass of rock column at 2670 kg/m3 density,
because the software Litmod2D does not allow an ice layer in the
model. Including this “rock-for-icemasses”, topography reaches a max-
imum of approx. 1700 m in the west (100–200 m of replaced ice cover)
and decreases almost linearly to sea-level in the eastern end of the
profile.

Schiffer et al. (2015a) presented a first-order test of the obtained P-
wave velocity model (Fig. 4a), by directly translating P-wave velocities
to densities using the Nafe-Drake relation. The calculated gravity re-
sponse is in good agreement with the observed data, however, as to
be expected, some variations and local anomalies were not recovered,
such as the steeper gradients around the flanks of the profile as well
as the flat BA in the central part.

Based on this preliminary model, we performed a more detailed
gravity-isostatic analysis. We produced two forward models, which
were based on the obtained receiver functionmodel and corresponding
densities. The models are constructed with a number of polygons, each
with constant density. Layer boundaries and shape of the polygonswere
chosen in accordance with the seismic velocity models. The 2.5Dmodel
of about 255 km length was extrapolated with 500 km in all lateral
directions in order to avoid edge effects. Gravity and topography data
were prepared in an area 150 km around the extent of the CF array
(see Fig. 4b–c, lowermost panels). The whole density structure along
this entire approx. 555 km long profile was modelled, with the seismo-
logical receiver functions providing constraints only in the central
255 km part (Fig. 4, second panel from bottom). The initial reference
model consists of polygons with constant densities, such as different
sedimentary layers (metasediments – 2650 kg/m3, older sediments –
2550 kg/m3 and younger sediments – 2250–2450 kg/m3), upper crust
(2750 kg/m3) and lower crust (2950 kg/m3), as well as three layers in
the mantle wedge with successively increasing density (3100 kg/m3,
3200 kg/m3 and 3300 kg/m3), a high density dipping slab (3400 kg/m3)
and finally continental (3350 kg/m3) and oceanic mantle lithosphere
(3325 kg/m3) and asthenosphere (3300 kg/m3) (see Table 1).

When, after some adjustments (see below), a model fulfilled the
observed BA, its isostatic topographic response was calculated (Fig. 4,
upper panel, stippled red lines), balanced with a reference model. For
the isostatic model, the density structure was averaged over a lateral
moving window 50 km width. The reference model consisted of a
pure asthenosphere belowa layer of 2500mof air (“free asthenospheric
surface”) (Lachenbruch and Morgan, 1990).

The first forward model (Fig. 4b) comprises all structural elements
and the geometry followed the receiver function velocity models.
Uncertainty in the receiver function modelling and interpolation
between the stations translates into the density model. Not many
adjustments were necessary to obtain a good fit between observed
and modelled gravity (Fig. 4b). The depth of the lithosphere-
asthenosphere-boundary (LAB) was chosen at 175 km in the west, in
general agreement with seismological results, (e.g. Darbyshire et al.,
2004; Conrad and Lithgow-Bertelloni, 2006), decreasing towards the
coastline. This LAB depth decrease and the introduction of a slightly
less dense “oceanic” lithosphere clearly facilitates fitting the observed
regional gravity trend. The resultant model shows that no substantial
adjustments to the initial receiver function based model have to be
applied to describe the regional gravity field (Fig. 4b, second row).

In the second forward model all “sub-crustal elements” were
removed (Fig. 4d, third and fourth row). Muchmore substantial crustal
adjustmentswere needed in order tomake thismodel alternativefitting
lling of the East Greenland Caledonides – Isostatic support from crust
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Fig. 4. Results from IGMAS+ density and isostatic modelling. 1st from above: topography observed (blue) and isostatic response of the model (stippled red). 2nd from above: Bouguer
gravity anomaly, observed (blue) and modelled (red). Blue shading indicates the BA data plus 10 and 20 mGal to illustrate the possible terrain correction error. 3rd from above:
density model of the key section. White dotted lines illustrate the Moho interpretation. 4th from above: whole model. Black box shows the section of the CF array. (a) The directly
Vp-to-rho converted receiver function model. (b) Forward model containing all elements from the receiver function geometry. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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the observed gravity. Also, the lithospheric structure was changed, now
with a very steep gradient of 100 km depth change over a horizontal
distance 250 km, in order to fit the regional gravity trend.

The isostatic test shows that the complex upper mantle structure,
including a more buoyant upper mantle wedge is in good agreement
with topography and gravity field (Fig. 4b). The model lacking the
sub-crustal complexity shows a substantially worse topographic
response, when the gravity field is fitted (Fig. 4c).

4. Geophysical-petrological modelling

Although receiver function and density modelling are consistent
with substantial heterogeneity in the upper mantle, the question
remains what these density and velocity structures may represent in
terms of lithology and composition at relevant P-T conditions.

We used Litmod2D (Afonso et al., 2008) to perform a number of
tests addressing this question. Initially, 2D structures were defined,
Table 1
Lithologies and densities used for the gravity-isostatic modelling.

Lithology ρ [kg m−3]

Sediments Mesozoic shallow 2250
Mesozoic deeper 2450
Devonian 2550
Metasediments 2650

Crust Upper 2750
Lower 2950

Sub-crustal Mantle wedge, upper 3100
Mantle wedge, middle 3200
Mantle wedge, lower 3300
Eclogite 3400

Lithosphere Continental 3350
Transitional 3325

Asthenosphere Reference 3300

Please cite this article as: Schiffer, C., et al., Geophysical-petrological mode
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that represent different lithologies and we defined these close to the
obtained receiver function and IGMAS+models. The models were lim-
ited to a resolution of 1 km. Each defined model structure was assigned
a lithology as well as thermal parameters (thermal conductivity and
thermal expansion coefficient, and their temperature dependence).
Litmod2D calculates the steady state temperature field, with the
LAB defined as the 1300 °C isotherm. Through pre-defined P-T phase
diagrams for the defined compositions, and with the resulting temper-
ature and pressure fields, model densities and seismic velocities
are derived. The phase diagrams were calculated with PERPL_EX
(Connolly, 1990, www.perplex.ethz.ch) using the data base from
Holland and Powell (1998), which also allows hydrous compositions.
Model layers may also be assigned constant densities, independent of
composition.

4.1. Model structure

Similar to the IGMAS+ gravity modelling, we defined a wide study
area, extending 150 km west and east from the original CF array
(Fig. 5a), still with main emphasis on the central part along the CF
array (Fig. 5b). Here,model geometrieswere based on the seismological
observations, while, towards model boundaries, these structures were
simply laterally extended. Since our petrological analysis is focussed
on the upper mantle, we defined crustal layers with constant densities:
one sedimentary/metasedimentary layer, upper crust, lower crust, and
an additional lower crustal layer in the craton west of the study area
(Fig. 5a and Table 2). All other deeper structures, including upper,
middle and lower mantle wedge layers, the dipping high velocity
layer and two different lithospheric geometries (west and east,
see Fig. 5a), were assigned compositions coupled to phase diagrams.
The tested models were primarily evaluated by the modelled seismic
velocities in comparison with those observed, as well as by the isostatic
topographic and BA response. Litmod2D also computes FA responses,
which were included as a weaker secondary constraint.
lling of the East Greenland Caledonides – Isostatic support from crust
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Fig. 5. Model set up for the integrated petrological-geophysical modelling (Litmod2D).
(a) Overview of the whole model section, with emphasis on mantle structure. We
distinguish between a continental lithosphere beneath the Greenland landmass and a
transitional lithosphere further east, while approaching the continent-ocean-boundary.
(b) Detailed model section with emphasis on the lithospheric structure. Eight different
structural elements (I–VIII) are defined to represent the obtained velocity structure in
the Central Fjord region and which are tested with different compositions. I–III are
sedimentary and crustal layers, which will comprise fixed, pre-defined densities, not
exposed to phase diagrams. IV–VIII are sub-crustal structures, which are tested with
different lithologies (see Table 3).

6 C. Schiffer et al. / Tectonophysics xxx (2016) xxx–xxx
4.2. Model compositions

Table 2, item 5 to 14 specify 10 different lithologies from which we
selected five at a time to fill each of the model zones IV to VIII (Fig. 5).
First, revisiting Anderson (2007), Christensen and Mooney (1995)
and Christensen (1996), we considered possible compositions often
discussed in relation to the observed seismic velocities. P-wave veloci-
ties of 7.3–7.8 km/s and S-wave velocities of 4.0–4.4 km/s in themantle
may represent compositions which include hydrated and partly
serpentinised mantle, partly eclogitised mafic crust as well as intruded
lower crust. “Dry”mantle lithologies can in principle also show seismic
velocities of down to Vp≈ 7.7 (Vs≈ 4.4), such as pyroxene richmantle
compositions. However, this only represents the upper limit of the
Table 2
Tested lithologies in the integrated petrological-geophysical modelling. Sediments and crustal l
diagrams, as all other lithologies.

Lithology SiO2 Al2O3 FeO MgO CaO Na2O

1 Sediments – – – – – –
2 Upper crust – – – – – –
3 Lower crust – – – – – –
4 LCL (craton) – – – – – –
5 Mafic crust 53.4 16.9 8.57 7.24 9.59 2.65
6 Wet mantle 1 43.0 2.7 6.6 39.1 2.2 0.23
7 Wet mantle 2 43.3 2.8 6.9 39.4 2.3 0.23
8 Wet mantle 3 43.8 2.9 7.6 39.8 2.5 0.23
9 Cpx-Ol rich mantle 48.0 3.6 8.2 28.1 10.0 1.1
10 Eclogite 47.0 18.0 8.0 11.0 11.0 2.2
11 Proton 44.6 1.9 7.9 42.6 1.7 0.12
12 Harzburgite 36.0 0.6 6.0 56.5 0.8 0.0
13 Tecton 44.5 3.5 8.0 39.8 3.1 0.24
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observed velocities in the mantle wedge. The presence of melts
was not considered because of the absence of any present-day active
volcanism in the CF region.

We tested a number of different compositions that might be feasible
for more accurate tests. We investigated the role of serpentinite and
added gradually more water to a Phanerozoic mantle composition
(Afonso et al., 2008), while an average serpentinite composition was
assumed (Miyashiro et al., 1969; Deschamps et al., 2013). Adding
successively less serpentinite to the mantle from top to bottom
(e.g. 25%, 20%, 10%, corresponding to a water content of 2.9%, 2.3% and
1.2%) was able to produce the observed velocity ranges. We also tested
different crustal compositions that might have been exposed to
eclogitisation and found that the lower crustal composition suggested
by Rudnick andGao (2003) yields a good fit. Finally,we tested a number
of mantle compositions to obtain low seismic velocities. This showed
that the only tested compositionwhichwas able to explain the required
low mantle velocities, without having very high densities, was a mixed
composition of clinopyroxene (Cpx) and magnesium (Mg)-rich olivine
(forsterite, Ol).

Then, we tested numerous different mafic crustal compositions,
basalts as well as eclogite compositions found in the North Atlantic
region (Bryhni et al., 1969; Mysen and Heier, 1972; Mørk, 1986; Markl
and Bucher, 1997), which might produce velocities similar to those
observed in the dipping slab. These tests showed that an aluminium-
and thereby garnet-rich composition is sufficient to create the high
velocities. Also different mantle compositions were tested, where
many were rejected, mainly because of unrealistic densities, and we
finally chose a harzburgitic composition (Xu et al., 2008) to represent
mantle with seismic velocities larger than normal (N8.3 km/s). Unless
described otherwise, the standard lithospheric compositionwas chosen
as a standard “Proton” (Proterozoic lithosphere), beneath the western
part of the study area (Fig. 5) and as a standard “Tecton” (Phanerozoic
lithosphere, Afonso et al., 2008) beneath the eastern part that forms
the transition to the ocean (Fig. 5a). Table 2 shows the resulting short-
list of composition candidates for the sub-crustal structures.

4.3. Forward modelling

The Litmod2D modelling proceeded in two stages. In stage 1 we
fixedmodel geometries and tested 12 different combinations of litholo-
gies from Table 2. In stage 2we selected the 6most promising combina-
tions of lithologies forwhich the layer boundarieswere then adjusted to
improve the fit of the isostatic topography response.

4.3.1. Stage 1 – test of principle compositions and combinations
In thefirstmodelling stage themodel geometry, based on the receiver

function results, was fixed. Densities and velocities in the crustal layers
ayers comprise pre-defined homogeneous densities and are not calculated after P-T phase

K2O H2O A
[10−6 Wm−3]

λ
[Wm−1 K−1]

α
[10−5 K−1]

ρ
[103 kg m−3]

– – 0.500 2.0 2.5 2.55/2.65
– – 1.500 2.4 2.2 2.75
– – 0.400 2.0 2.0 2.90
– – 0.400 2.0 2.0 3.00
0.62 0.00 0.050 2.6 2.1 –
0.01 2.92 0.010 3.2 2.1 –
0.01 2.34 0.010 3.3 2.2 –
0.00 1.16 0.005 3.4 2.3 –
0.00 0.00 0.005 3.4 2.3 –
0.40 0.00 0.050 2.0 2.0 –
0.00 0.00 0.001 3.5 2.4 –
0.00 0.00 0.001 3.5 2.4 –
0.00 0.00 0.005 3.4 2.3 –
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Fig. 6. Results of the first test for combinationswithout eclogite in the dipping structure. Panels successively from top to bottom: FA [mGal], BA [mGal], topography [km], densities [kg/m3], Vp [km/s], Vs [km/s]. Blue lines show observed data; red lines
showmodelled values; red shading emphasisesmodel differences; insets in the corners of each plot show the RMSE of each comparable data set. Green indicates the best fittingmodels; orange indicates rejection of themodel because of a highmisfit
of this quantity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 5, items I–III) were fixed as well, as defined in Table 2 (items 1–4).
Lithologies in the deeper layerswere combined systematically as follows.
Structural element IV: Mafic crust (indicated by “C”) or wet mantle 1
(“S”). Element V: Mafic crust (“C”) or wet mantle 2 (“S”). Element VI:
Wet mantle 3 (“S”) or Cpx-Ol (“M”). Element VII + VIII: Eclogite over
Proterozoic type mantle (“E”) or both harzburgite (“M”). Each such
model is abbreviated with the corresponding letters in elements IV–VII.
SSSE, for instance, indicates a model with three hydrated mantle layers
in elements IV–VI and an eclogite layer (VII) above lithosphere (VIII).
From these 16 possible combinations we ruled out combinations that
consist of hydrated mantle above mafic crust in the elements IV–VI
(mantle wedge), which does not make tectonically sense.

The remaining 12 combinations and their model result are shown in
Fig. 6 (without eclogite composition in the dipping layer) and Fig. 7
(with eclogite) and are summarised in Table 3 together with the
resulting misfits between Litmod2D-predictions and observed Bouguer
gravity, observed topography, and the seismologically derived P- and S-
velocities (Vp and Vs). The misfit is measured by the root mean square

error of individual parameter p (RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=n∑ðpobs−pcalcÞ2Þ

q
). The

RMSEdiffers strongly between themodels, but less for seismic velocities
because the lithologies were chosen accordingly. Orange shading shows
rejected models due to violations of a chosen gravity misfit b50 mGal
and/or topography misfit b1000 m.
Table 3
Tested model combinations and their RMSE with regard to observed data for test 1. Latin num
Table 2). Model codes indicate the composition in layers IV–VII. S: serpentinite (or wet mantle
velocities is uniformly good because candidate lithologies were selected so. The fit to Bougue
rejected models due to violations of gravity with misfit larger than 50 mGal and/or topography

Model I II III IV V VI VII VIII

N
o

 e
cl

o
g

it
e

SSSM 1 2 3 6 7 8 12 12

SSMM 1 2 3 6 7 9 12 12

CSSM 1 2 3 5 7 8 12 12

CCSM 1 2 3 5 5 8 12 12

CSMM 1 2 3 5 7 9 12 12

CCMM 1 2 3 5 5 9 12 12

W
it

h
 e

cl
o

g
it

e

SSSE 1 2 3 6 7 8 10 11

SSME 1 2 3 6 7 8 10 11

CSSE 1 2 3 5 7 9 10 11

CCSE 1 2 3 5 5 8 10 11

CSME 1 2 3 5 7 9 10 11

CCME 1 2 3 5 5 9 10 11
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Models comprising a layer of eclogite show a generally better fit
than models without (Table 3, orange rejected models and rejection
criterion). No clear pattern can be observed with regard to the compo-
sition of the “mantle wedge”, where mafic crust, hydrated mantle and
“slow” mantle all may be plausible candidates. The best fitting model
comprises differently hydrated mantle layers in the mantle wedge and
eclogitised dipping layer (model SSSE).
4.3.2. Stage 2 – model optimisation
In the second stage, we focussed on improving the fit to gravity

and especially, to topography. This was performed by adjusting layer
boundaries and also by allowing a change of crustal densities within
the moderate limits of ±50 kg/m3. We performed these adjustments
to the 6 models which were not rejected after the first stage (Table 3).

The results of this second stage modelling are shown in Fig. 8 and
Table 4. The topography, whichwasmainly optimised by themodelling,
shows very low (b100 m) RMSE for all models. The RMSEs of the other
quantities (BA, FA, Vs, Vp) isolate two models that show a superior fit –
SSSE′ and CSSE′. Model SSSE′ comprises hydrated mantle peridotite in
the mantle wedge (IV–VI) and eclogite in the dipping structure (VII)
and shows the best fit to the seismic velocities and also a small error
of the gravity response. Model CSSE′, where the uppermost mantle
wedge layer (IV) is substituted with mafic lower crust, shows less well
bers indicate the structure (see Fig. 5). Arabic numbers indicate the tested lithology (see
); C: crust; M: dry mantle; E: eclogite. The fit to the seismological receiver-function based
r gravity (RMSEBA) and topography (RMSETopo) differs strongly. Orange shading shows
with misfit larger than 1000 m (see Figs. 6 and 7).

RMSEBA 
[mGal]

RMSETopo
[m]

RMSEVp
[km/s]

RMSEVs
[km/s]

45.1 995 0.29 0.16

53.2 873 0.29 0.16

62.2 1482 0.33 0.17

61.9 1835 0.38 0.20

56.0 952 0.33 0.17

40.9 1123 0.37 0.20

27.0 398 0.27 0.15

34.3 1264 0.27 0.15

29.3 830 0.31 0.16

57.1 1126 0.35 0.20

31.3 866 0.31 0.16

27.6 516 0.35 0.20
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Fig. 8. Results of the second test. The models are based on the not rejected petrological combinations of test 1 (Figs. 6 and 7, Table 4), but were adjusted mostly in the geometry of the layer interfaces to fit topography sufficiently well. Light green
shading: second best model results; light orange shading: second worst model results. Otherwise, same as Fig. 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 4
Testedmodel combinations and their RMSEwith regard to observed data for test 2. Roman
numbers indicate the structure (see Fig. 5a). Arabic numbers indicate the tested lithology
(see Table 2). Model codes indicate the composition in layers IV–VII. S: serpentinite (or
wet mantle); C: crust; M: dry mantle; E: eclogite. Red shading shows the worst data fit
and orange the second worst RMSE of the tested model. Dark green shading shows the
best RMSE and light green shading second best RMSE of the tested models.

Model I II III IV V VI VII VIII RMSETopo RMSEBA RMSEVp RMSEVs

SSSM′ 1 2 3 6 7 9 12 12 96 32.6 0.39 0.21

CCMM′ 1 2 3 5 7 9 12 12 93 29.0 0.43 0.24

SSSE′ 1 2 3 6 7 8 10 11 87 31.2 0.29 0.16

CSSE′ 1 2 3 5 7 9 10 11 95 27.7 0.36 0.21

CSME′ 1 2 3 5 7 9 10 11 97 31.9 0.33 0.17

CCME′ 1 2 3 5 5 9 10 11 94 31.5 0.37 0.21
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fitting seismic velocities but obtains the best fit for the gravity. The
model with the largest misfits is SSSM′, which shows an especially
poor fit of the gravity data. The gravity of CCMM′ fits the observations
rather well, but the seismic velocities are poorly recovered. Thus we
deem models SSSM′ and CCMM′ as unlikely representatives of the
upper mantle structure of the CF region. Both models have no eclogite
slab, which is strong support for the presence of such a structure.

The models CSME′ and CCME′ show varying but overall acceptable
data fit. Model CSME′ has a close to average gravity response fit, but
good fit to seismic velocities, while model CCME′ shows about average
fit for all data sets. Model CSME′ has mafic crust and hydrated mantle
in the upper two mantle wedge layers (IV–V) on top of “dry mantle”
(VI) with a slab of eclogitised crust. Model CCME′ is similar to CSME′,
but comprises mafic crustal composition also in the middle mantle
wedge layer (V). We deem these two models to be acceptable, but not
favourable representatives of this region. In case higher temperatures
are present, a phase transition, now at 40 kmdepth,might be shallower,
which could result in a much better fit of these models (Fig. 8, CCME′ in
the density, Vs and Vp plots).

We suggest that a combination of both favoured models, SSSE′ and
CSSE′, and possibly an additional different lithospheric composition in
the eastern part of the profile (models CSME′ and CCME′) might be
a realistic representation of the subsurface in the study area. Hence,
the uppermost mantle wedge layer may represent a physically or
compositionally mixed structure. The lower continental crust may
continue to slightly larger depths than assumed in our model or it has
experienced some physical alternation and/or chemical exchange with
the underlying serpentinised mantle.

5. Discussion

Analysis of the gravityfield in central East Greenland reveals that the
area is close to isoststic compensation on a large scale, whereas small-
scale topograpohic features, such as the short-wavelength fjords and
highs are clearly not in local isostatic equilibrium. Forward density
modelling shows that the upper mantle complexity in the central East
Greenland Caledonides suggested by receiver function analysis is agree-
able to the gravity field. All structural elements, suggestive of a fossil
subduction zone complex, obtain a notably better fit as compared to a
model comprising only crustal layers atop of a homogeneous mantle
lithosphere. The RMSE of the isostatic topography response is estimated
at 281m suggestive of a limited present-day dynamic support from sub-
lithospheric sources, in agreement with a recent estimate of b300 m of
dynamic support in the East Greenland Caledonides (Schiffer and
Nielsen, 2016). Another important result is that the crust alone is insuf-
ficient to support the topography in the eastern part of the CF array,
Please cite this article as: Schiffer, C., et al., Geophysical-petrological mode
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close to the coastline. Here additional buoyancy from the low-density
mantle wedge is present, while to the west the high topography
seems to be compensated by the ~40 km thick crust.

In ourmodel, local isostasy is assumedwith a 50 kmsmoothed topo-
graphic response. This is a simplification, and some regional, flexural
components may exist. Glacial isostatic adjustment of the present ice
sheetwill have an effect on the regional isostatic state in East Greenland.
However, our assumptions seem to provide a good first order estimate
of the main isostatic components along our profile. A study, addressing
the geodynamic, thermal and isostatic evolution of the study region,
including the proposed slab, from its emplacement, over rifting and
continental break-up to the present day, could give further insight
into this question.

Integrated petrological-geophysical modelling showed which com-
positions might be associated to the seismologically obtained velocities
and associated densities. Two models were favoured (SSSE′ and CSSE′)
and another two models also showed satisfying results (CSME′ and
CCME′).We suggest that a combination of the two bestmodels, possibly
in addition to two different lithospheric compositions in the west and
east of the dipping structure, is the most favourable solution.

The high velocity lower crustal units probably require partly
eclogitisation or igneous intrusions, or both. The igneous activity
might be the consequence of melting in a subduction setting or during
rifting and continental break-up. Lower crustal bodies have been
attributed to a number of different rocks andmechanisms. One assumed
model is magmatic underplating or the emplacement of lower crustal
intrusions associated to rifting (Mjelde et al., 2002; Thybo and
Artemieva, 2013), as commonly suggested for the East Greenland
margin (Voss et al., 2009 and references therein). Such early Cenozoic,
break-up related lower crustal igneous intrusions may have caused
vertical movements during emplacement and the subsequent isostatic
readjustment of the crust. However, also serpentinite bodies, now
entrained into the lower crust, are suggested for parts of the North
Atlantic passive margins, commonly interpreted to be formed during
syn-rift mantle hydration (Osmundsen and Ebbing, 2008; Reynisson
et al., 2010; Lundin and Doré, 2011; Peron-Pinvidic et al., 2013; Rüpke
et al., 2013). In a strict sense, these would not be lower crustal bodies,
but since they often are indistinguishable from metamorphosed or
intruded lower crust, we will still use this expression for simplicity.
Also, older inherited pre-rift structures have been proposed in this
discussion, such as metamorphosed crust, older igneous intrusions or
serpentinite bodies of, for instance, Caledonian age (Gernigon et al.,
2004; Fichler et al., 2011; Mjelde et al., 2013). Recent studies suggest,
that the lower crustal bodies at the Norwegian margin are a combina-
tion of multiple of the proposed models, often showing differences
between distal and proximal margin domains (Mjelde et al., 2013;
Nirrengarten et al., 2014). Therefore, our preferred model includes
lower crustal bodies of physically or chemically mixed serpentinised
mantle and metamorphosed crustal bodies, and mafic intrusions.
Details of the exact structure, extent and relative amount of the
potential compositions in this layer remain uncertain, given the limited
resolution of the receiver function image.

The high velocities in the dipping structure may be explained by
eclogitised, mafic crust, which can explain the apparent velocity
increase at the upper interface aswell as the drop at the lower interface.
A different mantle composition with higher seismic velocities is
possible, but is lacking an explanation for the additional velocity drop,
which cannot be sufficiently recovered by thermal effects.

Beneath the crust, to different degrees hydrated and serpentinised
mantle wedge is favoured, which fills the space between the crust and
a dipping layer of eclogitised mafic crust (Fig. 9). The low seismic
velocities may be additionally attributed to a different lithospheric
composition.

The presented model alternatives do support the existence of a
subduction, collision and/or suture zone between two different
continental lithospheric blocks. The observed geophysical properties
lling of the East Greenland Caledonides – Isostatic support from crust
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Fig. 9. Overview of the preferred interpretation and modelling results. (a) Simplified illustration showing the preferred model, including structures and their interpretation.
(b) Topography. Blue – observed topography (50 km latitudinal average). Shaded blue area indicates the ice thickness. Stippled blue line – observed topography (100 km latitudinal
average). Light grey – 50 km average topography south of the study profile. Dark grey line – 50 km average topography north of the study profile. Upper lines indicate ice topography,
lower lines indicate bedrock topography. Red – isostatic topography using a running window of 50 km width to average the lithospheric density structure illustrated in d. (c) Bouguer
anomaly (BA). Blue line – observed BA (50 km latitudinal average). Dotted blue line – observed BA (100 km latitudinal average). Light grey line: 50 km averaged BA, south of the
profile. Dark grey line: 50 km averaged BA north of the study profile. Red – modelled BA from the lithospheric density structure illustrated in d. (d) Lithospheric density model giving
rise to the modelled topography in b and BA in c. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and the structure of the crust and upper mantle are well explained by
subduction related processes (Duesterhoeft et al., 2014). As argued in
our previous studies, an early Caledonian east-dipping subduction,
equivalent to the Grampian and Taconian phases in Britain and
North America, respectively, is our preferred scenario. An earlier,
e.g. Neoproterozoic origin (Cawood et al., 2010) or a younger, intra-
cratonic subduction (Gilotti and McClelland, 2011), can also not be
ruled out at this stage.

6. Conclusions

Receiver function analysis has revealed substantial heterogeneity
and structure in the upper mantle of the Central Fjord region in East
Greenland, including a dipping high velocity layer (Vp N 8.3 km/s)
Please cite this article as: Schiffer, C., et al., Geophysical-petrological mode
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below a mantle wedge of intermediate velocities (Vp = 7.3–7.8 km/s).
Detailed gravity and isostatic modelling corroborate this result. Further,
petrological modelling of different compositions shows which litholo-
gies may be associated with the observed velocities.

Themost consistentmodels comprise alternating lower crustal bodies
of intruded, mafic lower crust and serpentinised peridotite on top of a
hydratedmantlewedge, and terminated at depth by a layer of eclogitised
mafic crust. The crustal intrusionsmay be subduction related in the prox-
imal margin domain, while break-up related intrusions may be expected
in a more distal part of the margin, further east of the study area.

The models confirm that the lithosphere is close to isostatic
compensation and therefore additional dynamic support from the
sub-lithospheric mantle is limited. Our analysis showed that the crust
of up to approximately 40 km thickness in the west of the profile is
lling of the East Greenland Caledonides – Isostatic support from crust
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able to support the highest topography of 1000–1500m,while the iden-
tifiedmantle wedge is accounting for additionally support of the topog-
raphy in the east. Models including a homogeneous mantle lithosphere,
lacking of a hydrated mantle wedge and a dipping eclogite layer, result
in a poor fit, both of the gravity-isostatic models and the geophysical-
petrological models.

In summary, our results support the existence of a fossil Caledonian
subduction complex. The topography is isostatically supported from
within the lithosphere. The implications of this for the bigger picture
of the orogenic evolution and structural relations lie open for further
discussions and testing.
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