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The Eurekan deformation is a partially contractional Cenozoic tectonic event that affected large parts of the
Arctic region. In the study area on northern Ellesmere Island, major NE-SW trending strike-slip faults occur,
which are related to the Eurekan deformation. The outcrop data show that left-lateral strike-slip kinematics
slightly dominate, but also right-lateral kinematics were documented. Cross-cutting relationships of the indi-
vidual faults give evidence for multiple fault reactivations within major strike-slip zones. The reconstructed
paleostress fields show two phases. The first phase started with a N-S compression and shifted over a NNE-SSW
compression into a NNW-SSE compression. The second phase was a WNW-ESE compression. The paleostress field
evolution reflects the movements of Greenland. During the Eurekan phase 1, Greenland moved northward and
during Eurekan phase 2 it moved to the WNW. These motions likely controlled the stress field on northern
Ellesmere Island. From the paleostress field analyses and the orientation of the strike-slip faults in the study area,
it can be derived that the Eurekan phase 1 deformation is characterized by left-lateral strike-slip faults, whereas
most-likely during Eurekan phase 2 the majority of right-lateral strike-slip faults formed. The paleostress field
analysis implies that many Eurekan faults are reactivated Ellesmerian faults. Recent seismic events indicate
ongoing tectonic activity at some of the major strike-slip faults. This sheds new light on the geodynamics of
northern Ellesmere Island, which was mechanically coupled to the Greenland plate, and implies that under the
recent stress field, earthquakes at strike-slip faults are still possible and some of these faults were active in at least
three phases over the last 350 Myr.

1. Introduction

The Mesozoic-Cenozoic opening of the Arctic Ocean during the
break-up of Laurasia is not yet completely understood (Arbeitskreis
Geologie und Geophysik der Polargebiete der Deutschen Gesellschaft fiir
Polarforschung (AGGP, 2015). In this context, the Paleogene Eurekan
deformation is a major tectonic deformation phase that is directly
related to the simultaneous opening of the Baffin Bay/Labrador seas, the
North Atlantic Ocean and the Eurasia Basin (Tessensohn & Piepjohn,
2000; Piepjohn et al., 2016). The Pearya Terrane (Fig. 1) located at the
northern margin of Ellesmere Island, represents a key element for un-
derstanding the geodynamic evolution of the Eurekan deformation.
Recently, the geology of the Pearya Terrane was investigated in different
studies, with a focus on geochronology and provenance (e.g., Malone,
2012; Hadlari et al., 2014; Dewing et al., 2019). The rift-related Creta-
ceous magmatism was studied by Estrada & Henjes-Kunst (2013). The
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faults on Ellesmere Island were analysed in different studies with a focus
on the structural style and the fault kinematics (Trettin & Parrish, 1987;
Estrada et al., 2006; von Gosen et al., 2012; McClelland et al., 2012;
Piepjohn et al. 2008, 2013, 2016; Piepjohn & von Gosen, 2017). The
crustal structure of the region has recently been investigated by Ste-
phenson et al. (2017).

The Eurekan deformation was a contractional deformation event
(Tessensohn & Piepjohn, 2000) that was also characterized by wide-
spread strike-slip tectonics (Piepjohn et al., 2016). It attracted signifi-
cant attention over the last years. Heron et al. (2015) carried out a
numerical modelling study of the Eurekan deformation to explain the
distribution of deformation across Ellesmere Island. A comprehensive
overview of the Eurekan deformed belt covering Spitsbergen, North
Greenland and the Canadian high Arctic was given by Piepjohn et al.
(2016). In addition, Gion et al. (2017) presented a plate tectonic model
for the Eurekan deformation. The Eurekan deformation took place in

Received 24 February 2020; Received in revised form 7 January 2021; Accepted 15 January 2021

Available online 22 January 2021
0264-3707/© 2021 The Author(s).

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license


mailto:brandes@geowi.uni-hannover.de
www.sciencedirect.com/science/journal/02643707
https://www.elsevier.com/locate/jog
https://doi.org/10.1016/j.jog.2021.101816
https://doi.org/10.1016/j.jog.2021.101816
https://doi.org/10.1016/j.jog.2021.101816
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jog.2021.101816&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Brandes and K. Piepjohn

two phases (phase 1 between 53-47 Ma and phase 2 between 47-34 Ma)
(Piepjohn et al., 2000; Tessensohn & Piepjohn, 2000; Saalmann et al.,
2005, 2008; Piepjohn et al., 2016; Gion et al., 2017). Previous work on
the Eurekan deformation was also carried out by Lepvrier & Geyssant
(1984) and Lepvrier (1990, 1992).

However, there are still open questions regarding the timing and the
sequence of strike-slip fault activity, or the nature of the fault zones in
the Nares Strait area. Therefore, this study focuses on strike-slip tec-
tonics. We analysed Eurekan strike-slip faults within the western part of
the Pearya Terrane and south of it on northern Ellesmere Island (Fig. 1)
in order to derive the paleostress field of the region and to reconstruct
the tectonic evolution of the area.

2. Geological setting

The northernmost part of Ellesmere Island is named Pearya (Schu-
chert, 1923) (Fig. 1) and interpreted as a composite terrane (Frisch,
1974; Churkin & Trexler, 1980) that was accreted to the margin of
Laurentia in late Silurian times (Trettin, 1987) or in the earliest
Carboniferous (Piepjohn et al., 2015). Following Trettin (1987), the
Pearya Terrane can be subdivided into four successions (Fig. 1). Suc-
cession I represents a Proterozoic crystalline basement complex,
composed of amphibolite grade metasedimentary and metavolcanic
rocks, which were intruded by granites (Trettin, 1987; McClelland et al.,
2012). Succession II covers carbonates and clastic sedimentary rocks,
with minor intercalations of volcanic rocks, cherts and diamictites with
depositional ages from Late Proterozoic to Late Cambrian/Early Ordo-
vician. The Lower to Middle Ordovician Succession III comprises
arc-derived volcanic rocks, cherts, mudstones and carbonates. Fault
bounded slivers of ultramafic rocks probably represent remnants of
ophiolites. Succession IV is an approximately 7-8 km thick unit of late
Middle Ordovician to Late Silurian volcanic and sedimentary rocks
(Trettin, 1987). Ellesmere Island has been affected by three tectonic
events, the M'Clintock Orogeny, the Ellesmerian Orogeny and the
Eurekan deformation. The M'Clintock Orogeny of the Pearya Terrane
correlates with the Caledonian Orogeny on Svalbard. It took place
around 452 Ma (Trettin, 1987) and at that time the translation of the
Pearya Terrane toward the north Laurentian margin occurred in the
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early stages of the Baltica-Laurentia Caledonian collision (McClelland
et al., 2012). The Ellesmerian Orogeny produced a large fold-and-thrust
belt on Ellesmere Island southeast of the Pearya Terrane (Thorsteinsson
& Tozer, 1970; Bjgrnerud & Bradley, 1994; Piepjohn et al., 2008, 2013,
2015). The sedimentary successions of this area have been investigated
by Beranek et al. (2015). Finally, the Eurekan deformation affected the
entire area (Piepjohn et al., 2016).

The study area is dominated by rocks of Pearya Succession I and II
(Fig. 1). The Petersen Bay Fault Zone represents the terrane boundary
between the Pearya Terrane in the northwest and the Laurentian Neo-
proterozoic and Paleozoic Franklinian Basin and the Ellesmerian fold-
and-thrust belt in the southeast (Fig. 1) (Trettin & Frisch, 1987, 1996;
Klaper, 1992; Estrada et al. 2006; Piepjohn et al. 2013, 2016). Age
control exists for magmatic rocks on the Pearya Terrane and the
northern part of the Franklinian Basin (Estrada et al., 2006; Estrada &
Henjes-Kunst, 2013) and a robust stratigraphic framework is established
for the Paleozoic sedimentary units of the Franklinian Basin southeast of
the Pearya Terrane (e.g., Trettin, 1987; Dewing et al. 2004, 2008, and
citations therein).

3. Methods

The data of this study were collected during the CASE 19 expedition
of the German Federal Institute for Geosciences and Natural Resources
(BGR) in summer 2017 on northern Ellesmere Island (Fig. 1). Altogether
27 outcrops were analysed and in 14 of these outcrops, slickenside
orientations were measured with a Freiberg compass. The outcrops
cover the major fault zones such as the Petersen Bay Fault Zone
(Figs. 2-4) and the Emma Fiord Fault Zone as well as minor faults in
between. The slickenside measurements were used for fault-slip analyses
with the software FaultKin and the P- and T-axes were calculated based
on the approach shown in Marrett & Allmendinger (1990). From the P-
and T- axis orientations, the directions of paleo-shortening and
paleo-extension were derived. Such a paleostress field analysis allows
estimating the past stresses that acted in the crust for a certain period of
deformation, averaged over the duration of a tectonic event (Lacombe,
2012) and delivers information about the regional tectonic processes (e.
g., Delvaux et al., 1997; Saintot and Angelier, 2002).
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4. Structural analysis

In four of the 27 analysed outcrops (three outcrops south of the
Petersen Bay Fault Zone and one outcrop south of the Emma Fiord Fault
Zone) fold data comprising fold axes, intersection lineations and the
related foliation were measured. In 14 outcrops faults are exposed that
delivered the necessary structural information (orientation of the fault
surface, orientation and kinematics of the striations) for a fault analysis.
Altogether 342 measurements were made (171 value pairs that contain a
value for the fault surface orientation and a value for the orientation of
the striation). For 155 value pairs it was possible to calculate P- and T-
axes (see Table 1). There was no significant variation in the measured
values at an individual fault in each outcrop, thus we took five to six
value pairs at each fault. The outcrop conditions varied throughout the
study area. A limited number of strongly weathered outcrops only
allowed to take two to three measurements.
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Fig. 2. Petersen Bay Fault Zone. A) Overview
of the fault core that is characterized by frac-
tured marble mylonites. The outcrop contains
multiple slip surfaces that show slickensides
and indicate left-lateral strike-slip movements.
View is to the west. B) Reverse fault related to
the Petersen Bay Fault Zone that offsets a mafic
dyke. The dyke belongs to a system of dykes
that is lower Cretaceous to Cenomanian in age
(Estrada et al., 2006; Estrada & Henjes-Kunst,
2013) indicating a post-Cretaceous fault activ-
ity. C) Slickenside that indicates normal fault
movements related to the Petersen Bay Fault
Zone. View is onto the fault surface of the
normal fault.

¥ 4
J‘reverse
fault

Fig. 3. Area between Yelverton Inlet and Kulutingwak Fiord.
A) Geological map with the trace of the Petersen Bay Fault
Zone (map is modified after Trettin & Frisch, 1996). B) Ste-
reographic projection of individual faults in the area.
Strike-slip faults are shown in black, yellow, and blue. Normal
faults in green and reverse faults in red. C) Conceptual kine-
matic model for a strike-slip fault with Riedel and anti-Riedel
shears and related normal and reverse faults (based on Wil-
cox et al., 1973; Christie-Blick & Biddle, 1985). The faults
developed in the Petersen Bay Fault Zone shown in B), match
to this conceptual model, which implies that they all formed
during one deformation phase. For location see Fig. 1. The
yellow dot indicates the location of the analysed outcrop at the
Petersen Bay Fault.

5. Results

5.1. Faults north and south of the Mitchell Point Fault Zone

The Mitchell Point Fault Zone is a NE-SW striking major fault zone
located within the Pearya Terrane and runs through the central part of
the Wootton Peninsula (Fig. 1, 4). In this study outcrops north and south
of the Mitchell Point Fault Zone were analysed (see Table 1). Oblique
reverse and normal faults occur, as well as right-lateral strike-slip faults
are developed at the east coast of the Wootton Peninsula.

5.2. Petersen Bay Fault Zone

The Petersen Bay Fault Zone runs across the Wootton Peninsula and
the Kulutingwak Fiord and the Yelverton Inlet (Fig. 1). It is the southern
boundary of the Pearya Terrane and represents a suture between the
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Fig. 4. Structural data and fault slip inversion results. A) Stereographic pro-
jections of the structural data sets. Left-lateral strike-slip faults are shown in
red, right-lateral strike-slip faults in green. Fold axes are plotted as points. B)
Result of the fault-slip inversion as P-T-plots. C) Results of the fault slip
inversion shown as the orientation of contraction and extension directions. The
paleostress field orientation throughout the study area can be subdivided into a
NNW-SSE compression (shown in black) that prevailed during the Late Devo-
nian — Early Carboniferous Ellesmerian Orogeny and a roughly N-S compression
and a WNW-ESE compression that is related to the Eurekan deformation in
Ehe Paleogene.

<

exotic Pearya Terrane and Laurentia (e.g., Trettin, 1987; Klaper & Ohta,
1993; Piepjohn et al., 2015) (Fig. 1). Outcrops along the fault zone and
in the vicinity of the fault were analysed. At the Petersen Bay Fault Zone
indicators for left-lateral strike-slip kinematics dominate (Fig. 2A). The
faults strike NNE-SSW to NE-SW. A limited number of NW-SE striking
right-lateral strike-slip faults, as well as N-S striking normal faults and
steep NE-SW striking reverse faults also occur in the outcrops (Fig. 2, B,
G, 3).

5.3. Emma Fiord Fault zone

The Emma Fiord Fault Zone is located south of the Pearya Terrane in
the Franklinian Basin (Figs. 1,4). Directly within the fault zone, left-
lateral strike-slip kinematics dominate. Locally, the fault zone is
composed of several strike-slip faults, which form a complex cross-
cutting pattern (Fig. 5).

5. 4 Faults south of the Emma Fiord Fault zone

Two outcrops 10 km and 50 km south of the Emma Fiord Fault Zone
were analysed (Fig. 4, Table 1). In these outcrops NE-SW striking left-
lateral and right-lateral strike-slip faults are exposed.

6. Interpretation of the structural elements

This study and results from previous studies (Piepjohn et al., 2013;
Piepjohn & von Gosen, 2017) show that the NE-SW trending Petersen
Bay Fault Zone and the Emma Fiord Fault Zone are major faults domi-
nated by left-lateral movements. There are also sub-parallel right-lateral
strike-slip faults developed in the study area like the Mitchell Point Fault
Zone (Fig. 4A) (Estrada et al., 2006). From the entire fault pattern and
the orientation and position of subordinary faults with respect to the
main fault, it can be concluded that some differently oriented, subor-
dinate right-lateral strike-slip faults, as documented, e.g., along the
Petersen Bay Fault Zone, most-likely represent anti-Riedel shears to the
major left-lateral strike-slip faults (Fig. 3). The Eurekan deformation in
the study area is characterized by strike-slip tectonics. The northernmost
major reverse fault is the Inlet Head Thrust (Piepjohn & von Gosen
2017). Nevertheless, a limited number of normal faults and reverse
faults also occur. These faults are exposed, e.g., on the northern part of
the peninsula between the Kulutingwak Fiord and the Yelverton Inlet
(Fig. 3A). In this location, three different types of faults are developed
(strike-slip, normal and reverse faults) (Fig. 2). For a synopsis, the faults
are displayed in one stereographic projection (Fig. 3B). Strike-slip faults
are shown in black, yellow, and blue. Normal faults in green and reverse
faults in red. The comparison of the fault pattern visualized in Fig. 3B
with a conceptual kinematic model for a strike-slip fault zone with the
related Riedel shears, anti-Riedel shears and the associated normal and
reverse faults (Fig. 3C) (the model is based on Wilcox et al., 1973 and
Christie-Blick & Biddle, 1985), shows a clear match of the faults
developed in the Petersen Bay Fault Zone (Figs. 2, 3B) to the conceptual
model for strike-slip zones. The kinematic relationship between the
different faults and their orientation imply that these faults likely
represent local structural elements that belong to the same strike-slip
system, most-likely formed during one deformation phase (Fig. 3).
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Table 1
Data base for the fault slip analysis.
Outcrop Outcrop location Fault Fault P- T-
No. kinematics value axis axis
pairs

1 south of Mitchell oblique 5 022/ 254/
Point Fault Zone reverse 19 61

2 north of Mitchell oblique 6 198/ 089/
Point Fault Zone normal 48 16

north of Mitchell oblique 6 234/ 126/
Point Fault Zone reverse 14 52

north of Mitchell oblique 3 125/ 229/
Point Fault Zone reverse 17 40

3 east coast of right-lateral 4 101/ 010/
Wootton Peninsula 03 16

east coast of right-lateral 8 120/ 030/
Wootton Peninsula 06 02

4 south of Petersen left-lateral 4 175/ 265/
Bay Fault zone 05 09

5 east coast of left-lateral 5 201/ 291/
Kulutingwak Fiord 00 35

east coast of right-lateral 4 002/ 267/
Kulutingwak Fiord 14 18

6 Franklinian Basin normal 6 030/ 226/
83 07

Franklinian Basin left-lateral 6 180/ 273/
14 12

Franklinian Basin oblique 6 183/ 058/
normal 53 23

Franklinian Basin right-lateral 5 288/ 194/
19 13

Franklinian Basin left-lateral 5 182/ 274/
07 15

Franklinian Basin normal 5 267/ 035/
68 14

Franklinian Basin normal 6 250/ 084/
58 32

7 south of Emma Fiord left-lateral 4 029/ 120/
Fault zone 03 23

south of Emma Fiord  right-lateral 3 120/ 026/
Fault zone 11 20

south of Emma Fiord  right-lateral 2 083/ 178/
Fault zone 11 26

8 north of Petersen left-lateral 5 032/ 299/
Bay Fault zone 21 06

north of Petersen normal 5 338/ 161/
Bay Fault zone 59 31

north of Petersen left-lateral 5 203/ 295/
Bay Fault zone 09 13

north of Petersen thrust 5 129/ 325/
Bay Fault zone 26 63

9 north of Petersen left-lateral 6 162/ 254/
Bay Fault zone 08 11

10 north of Hansen right-lateral 3 027/ 120/
Point 06 26

north of Hansen right-lateral 4 006/ 275/
Point 11 05

11 south of Hansen reverse 4 116/ 255/
Point 15 71

12 Petersen Bay Fault left-lateral 6 346/ 078/
Zone 08 12

13 Petersen Bay Fault left-lateral 4 283/ 058/
Zone 45 35

Petersen Bay Fault normal 4 091/ 266/
Zone 54 36

Petersen Bay Fault reverse 4 146/ 310/
Zone 22 67

14 Emma Fiord Fault left-lateral 3 178/ 270/
Zone 04 27

Emma Fiord Fault left-lateral 2 018/ 109/
Zone 13 07

Emma Fiord Fault left-lateral 2 340/ 078/
Zone 26 17
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Fig. 5. Outcrop in the Emma Fiord Fault Zone. Different faults are exposed that
show left-lateral kinematics. From the cross-cutting relationships it is possible
to interpret multiple reactivation phases. The P-T-plot shows the stress field
orientations during the different phases. Firstly, NE-SW oriented strike-slip
faults formed, then ENE-WSW oriented left-lateral strike-slip faults developed
and finally NNE-SSW trending left-lateral strike-slip faults formed. This corre-
sponds to a N-S compression that shifted over NNE-SSW compression/ into a
NNW-SSE compression.

This is a little bit different to outcrops within the Emma Fiord Fault
Zone, where a multiple reactivation of the major faults due to variations
in the paleostress field is indicated. Cross-cutting relationships show that
first NE-SW striking left-lateral strike-slip faults formed that were offset
by ENE-WSW oriented left-lateral strike-slip faults and finally NNE-SSW
trending left-lateral strike-slip faults formed (Fig. 5).

From the slickenside datasets, the P- and T-axes were calculated
(Fig. 4B) and the paleostress field orientation was derived (Fig. 4C). In
the following, we only refer to the orientation of the paleo-compression.
Clearly, paleo-extension occurred orthogonal to this direction. The
paleostress field has a relatively even geometry, but minor variations
from the general trend occur. The fault-slip inversion indicates two
major trends in the orientation of the paleostress field (Fig. 4B). One
trend represents a N-S compression that shifted over NNE-SSW
compression into a NNW-SSE compression. This temporal evolution
can be derived from the Emma Fiord Fault Zone (Fig. 5), where first NE-
SW oriented left-lateral strike slip faults were formed, followed by more
ENE-WSW oriented left-lateral strike-slip faults and finally NNE-SSW
trending left-lateral strike-slip faults occurred. The pattern occurs
throughout the study area (Fig. 4C), however, the temporal sequence is
derived from the cross-cutting relationships, which are only exposed in
the area of the Emma Fiord Fault Zone (Fig. 5).

The second major paleostress field trend that can be derived, is a
WNW-ESE compression (Fig. 4C). This trend is also very constant
throughout the entire study area.

Southeast of the Petersen Bay Fault Zone, large-scale, NE-SW striking
fold structures are developed, which are interpreted as the result of the
Ellesmerian Orogeny in the late Paleozoic (e.g., Klaper, 1992; Piepjohn
& von Gosen, 2017). The fieldwork carried out so far in this area shows
that the occurrence of theses folds is restricted to the area south of the
Petersen Bay Fault Zone (Estrada et al., 2006; Piepjohn et al., 2013). In
this study we analysed four outcrops with fold structures, where 13
measurements of fold axes and intersection lineations were taken that
allow to derive the paleo-shortening in this area. The trend of the ana-
lysed fold axes (Fig. 4A) indicates a NW-SE to NNW-SSE compressional
stress field in the study area that prevailed throughout the Ellesmerian
Orogeny in the Paleozoic (Fig. 4C). This is consistent with previous
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studies (Piepjohn et al., 2008, 2013, 2017). The large folds and the
related slaty cleavage are Ellesmerian structures and they are uncon-
formably overlain by Paleogene deposits further south at the Hazen
Plateau (Piepjohn et al. 2008).

7. Discussion
7.1. Deformation phases

As described above, the paleostress field orientation throughout the
study area can be subdivided into three phases: a Paleozoic deformation
(NW-SE to NNW-SSE compression), and two Cenozoic phases (a phase
with a complex N-S compression followed by WNW-ESE compression)
(Fig. 4). The Paleozoic fold structures are the result of the Ellemerian
deformation, whereas the Cenozoic strike-slip faults belong to the
Eurekan deformation (Piepjohn et al., 2013; Piepjohn & von Gosen,
2017). These two Cenozoic phases are in line with results from Piepjohn
et al. (2016), who interpreted the Eurekan deformation as being
composed of two phases: a first phase in the early Eocene and a second
phase in the late Eocene. Our data indicate that the Eurekan 1 phase was
complex and started with N-S compression that subsequently shifted
over a NNE-SSW compression into a NNW-SSE compression (Fig. 5). The
Eurekan 2 phase is characterized by a simple WNW-ESE compression
(Fig. 4B, C). However, it was not possible to resolve the proposed
pre-orogenic and post-orogenic phase that was described by Oakey &
Chalmers (2012).

7.2. Geodynamic processes and the paleostress field evolution

The Eurekan deformation is attributed to motions of Greenland (e.g.,
De Paor et al., 1989). In this context, Tessensohn & Piepjohn (2000)

motion of the Greenland Plate

Eurekan stage 1
53 - 47 Ma

Hazen
Stable

Nares Strait

paleostress field in the study area
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developed a three phase - model for the Eurekan deformation. In the first
phase, Greenland moved northeastward, and in the second phase,
northward movements of Greenland occurred. Subsequently, the Fram
Strait opened during the third phase. This model was refined by Piep-
john et al. (2016). During Eurekan phase 1, Greenland moved north-
ward, whereas during Eurekan phase 2 Greenland moved to the WNW
(Piepjohn et al., 2016). These directions are reflected by the stress di-
rections that were derived from the slickenside data sets in this study
(Fig. 4B, C). During Eurekan phase 1, when the Greenland Plate moved
northward, the paleostress field was characterized by a N-S compression
that shifted over a NNE-SSW compression into a NNW-SSE compression
(Fig. 5, 6A). This is derived from the Emma Fiord Fault Zone, where
cross-cutting relationships give evidence for this shift of deformation.
During Eurekan phase 2, when the plate vector of Greenland changed
and the plate motion was WNW-ward, WNW-ESE compression domi-
nated the area (Fig. 6B). This shows that the paleostress field of northern
Ellesmere Island reflects the motions of the Greenland Plate and implies
a strong coupling across the Nares Strait that accounts for an effective
stress transfer during the Eocene. This observation is supported by the
rheology of the lithosphere. Heron et al. (2015) concluded from nu-
merical simulations that the deformed Hazen Stable Block (Fig. 6) has a
rather high strength. This may have enhanced the stress transfer into
northern Ellesmere Island and would explain the distinct paleostress
field that reflects the motion of the Greenland Plate.

7.3. Fault reactivation and timing of deformation
It is common that pre-existing faults undergo a reactivation (e.g.,
Sibson, 1985). For Andersonian faults, the reactivation potential is

strongly controlled by the orientation of the pre-existing fault to the
applied principal stresses. The angle between the largest principal stress

motion of the Greenland Plate

Eurekan stage 2
47 - 34 Ma

A

»

study area

paleostress field in the study area

———— g

R 8

Fig. 6. Motions of the Greenland Plate (based on Tessensohn & Piepjohn, 2000; Piepjohn et al., 2016). Between 53 — 47 Ma, Greenland moved northward causing the
roughly N-S compression on northern Ellesmere Island. Between 47 — 34 Ma, the Greenland Plate shifted into a WNW direction, leading to a change in the paleostress
field in the study area that was characterized by a WNW-ESE compression at that time.
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o1 and the fault is named 6. If 0 is around 30° the fault is optimally
oriented and can be reactivated. The reactivation potential decreases
with an increase of 0. For 20 no reactivation is possible (Sibson, 1985). In
this study we use the P- and T-axes method for the paleostress field
analysis, based on the approach of Marrett & Allmendinger (1990). The
P- and T-axes may, but do not have to match with the principal stresses
61 and o3 (Allmendinger, 1989). According to Allmendinger (1989), in a
P-T-plot, o7 is located within the P-quadrant and o3 in the T-quadrant
and provides a reliable indication for the paleostress field. In case of
co-axial deformation, the P- and T-axes coincide with the principal stress
axes (Peresson & Decker, 1997). Therefore, the orientations of the P- and
T-axes with respect to the fault plane, deliver a suitable proxy for the
fault reactivation potential.

Many of the Eurekan faults along the southeastern boundary and
southeast of the Pearya Terrane (Fig. 1) are interpreted as reactivated
Ellemerian structures (Piepjohn et al., 2013). On Fig. 4C, the direction of
compression during the Ellesmerian Orogeny (black arrows) is shown,
based on fold axis orientations measured in the field (Fig. 4A). The
Ellesmerian paleostress field was NW-SE to NNW-SSE oriented, which
can have produced NE-SW striking reverse faults and thrusts (Fig. 7A).
Data from the Emma Fiord Fault Zone implies that such NE-SW trending
faults could have been later reactivated as left-lateral strike-slip faults
during the NNE-SSW directed Eurekan phase 1 compression (Fig. 7B),
when the angle between the P-axis and the fault plane was about 44°.
The possible subsequent shift of the paleostress field into a NNW-SSE
compression could have stopped the activity of these faults (Fig. 7B).

Left-lateral strike-slip kinematics dominate at the NE-SW-striking
major faults, e.g., at the Petersen Bay Fault Zone (Fig. 2) and the
Emma Fiord Fault Zone. Major NW-SE striking faults are not developed.
Some minor NW-SE-striking right-lateral strike-slip faults represent anti-
Riedel shears of the major NE-SW left-lateral strike-slip faults (Fig. 3).
However, also the major NE-SW faults show right-lateral kinematics,
like the Mitchell Point Fault Zone, the Petersen Bay Fault Zone and the
Emma Fiord Fault Zone (Estrada et al., 2006; Piepjohn et al., 2013), and
it has been previously postulated that the left-lateral strike-slip faults
represent the first phase of movements and the right-lateral strike-slip
faults represent the second phase of movements during the Eurekan
deformation (Piepjohn et al., 2016). This hypothesis is supported by the
paleostress field analysis of this study (Fig. 4). As described above, the
paleostress field can be subdivided into two phase stages, the Eurekan
phase 1 and phase 2 deformation. Pre-existing NE-SW Ellesmerian faults
were prone for left-lateral slip under NNE-SSW compression that pre-
vailed during the Eurekan phase 1 (Fig. 7B). When the stress field shifted
into NNW-SSE compression, fault activity stopped. Right-lateral move-
ments were likely possible later along these faults under a WNW-ESE
compression that acted during Eurekan phase 2 (Fig. 7C). In this case,
the angle between the P-axis and the fault plane was again in the range
of 44° that allowed a reactivation. This implies that the left-lateral fault
activity was likely older than the right-lateral fault activity and supports

Ellesmerian
Late Devonian - IE
Early Carboniferous

thrusting

Eurekan stage 1
53 -47 Ma

left-lateral faulting
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the assumption that the Eurekan phase 1 deformation is characterized
by left-lateral strike-slip faults, whereas during Eurekan phase 2 the
majority of right-lateral strike-slip faults formed.

7.4. Recent seismicity

In 1998 an earthquake was recorded in the study area with a
magnitude of 4.3 (Bent & Perry, 1999). The calculated epicenter was
located south of the Emma Fiord Fault Zone (Fig. 4C). Another seismic
event with a magnitude of 3.9 took place in 2001 (https://earthquake.
usgs.gov). The epicenter of this earthquake was very close to the
Petersen Bay Fault Zone (Fig. 4C). The fault plane solution of the 1998
earthquake shown in Bent & Perry (1999), indicates strike-slip kine-
matics with a normal fault component related either to a steep NNE-SSW
striking fault or a slightly less steep dipping WNW-ESE striking fault
surface (Fig. 4C). From the field data it is evident that oblique faulting
with a strike-slip component was characteristic for the Eurekan defor-
mation phase in the Paleogene. The fault plane solution of the M4.3
earthquake also shows oblique strike-slip kinematics. This implies that
strike-slip fault activity still occurs in this area, today. From the fault
plane solution, a recent stress field can be derived, which is character-
ized by NNW-SSE compression. The epicenter location of the 2001
earthquake close to the Petersen Bay Fault Zone, indicates that this
major fault zone experienced activity over the last 350 Myr (Ellesmer-
ian, Eurekan and Recent). Though the database of the recent seismicity
is very limited so far, it allows to derive that individual faults on
northern Ellesmere Island are still active or undergo a reactivation. The
recent earthquakes indicate that some of the Eurekan faults are opti-
mally oriented for a reactivation under the current regional stress field.
However, there is the possibility that the fault activity might be also
related to stress field changes that are caused by the volume loss of
glaciers. Different studies show that the glaciers in the Canadian Arctic
have a negative balance and undergo a volume loss (Koerner, 2005;
Fisher et al., 2012; White & Copland, 2019). Changes in the ice thickness
produce significant stress changes in the lithosphere and thus can have
an influence on the seismicity (Cohen, 1993). This effect has been, e.g.,
documented for glaciers in Alaska (Doser et al., 2007; Masih, 2018).

This study supports the previous assumption that the Eurekan
deformation was a complex tectonic event, which was controlled by the
three ocean system (Labrador Sea - Baffin Bay, North Atlantic and
Eurasian Basin) around the Greenland Plate (e.g., Piepjohn et al., 2016).
Our structural data set shows that the Eurekan phase 1 was character-
ized by N-S compression that shifted to NNE-SSW compression and later
to NNW-SSE compression. We do not treat these variations in the
shortening direction as separate phases, because the directions of
compression are not significantly different. Nevertheless, they might
represent some minor changes in movement of the Greenland Plate, but
this remains speculative. The fact that the movement of the Greenland
Plate was manifested in the structural elements of northern Ellesmere

Eurekan stage 2
47 - 34 Ma

right-lateral faulting

Fig. 7. Timing for faulting: A) Under a NW-SE direction compression, NE-SW oriented faults formed during the Ellesmerian Orogeny. B) Eurekan phase 1 with NNE-
SSW compression that led to left-lateral movements on the pre-existing faults. C) Eurekan phase 2 with WNW-ESE compression that caused right-lateral movements

on the pre-existing faults.
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Island implies a strong coupling between Greenland and Ellesmere
Island.

7.5. Limitations of the analyses

The applied kinematic analysis of the fault data was performed with
the approach of Marrett & Allmendinger (1990), which is very robust.
The concept behind a fault-slip analysis is the Wallace-Bott hypothesis,
which means that the slip along a fault occurs parallel to the maximum
resolved shear stress on the fault surface (Wallace, 1951; Bott, 1959).
The Wallace-Bott hypothesis requires that the faults are planar, the fault
blocks behave rigidly, the applied stress is uniform and no stress per-
turbations and block rotations occur along the fault surface (Pascal,
2002). We assume that these requirements are fulfilled for the analysed
outcrops. However, there are always additional uncertainties that arise
from a post-fault rotation of the outcrops, the sampling strategy and the
spatial homogeneity of the strain (Marrett & Allmendinger, 1990). The
logistics and the outcrop conditions only allowed to take a limited
number of measurements for each fault surface. Nevertheless, these
measurements are representative and reflect the kinematics of the faults.
It has been shown that stress inversion techniques are valid, if the slip
direction is controlled by the orientation of the fault surface and a ho-
mogeneous regional stress field (Pollard et al., 1993). The results imply
that the paleostress field was homogenous (Fig. 4C). The consistent
orientation of the paleostress field throughout the study area (Fig. 4C)
indicates that the data set is robust and the related derivations are
rational.

8. Conclusions

The paleostress field based on fold axes and slickenside data shows
that the study area was affected by at least three tectonic deformation
phases, 1) the Ellesmerian (NW-SE compression), the Eurekan phase 1
(left-lateral strike-slip faulting/N-S compression) and the Eurekan phase
2 (right-lateral strike-slip faulting/WNW-ESE compression). The defor-
mation of northern Ellesmere Island is largely controlled by the north-
westward stress transfer from the Greenland Plate and implies a
significant coupling across the Nares Strait. The paleostress field anal-
ysis is consistent with the assumption that the Eurekan strike-slip faults
southeast of the Pearya Terrane are reactivated Ellesmerian structures.
The left-lateral strike-slip fault activity was likely older than the right-
lateral strike-slip fault activity. This supports the assumption that the
Eurekan phase 1 deformation on Ellesmere Island is characterized by
left-lateral strike-slip faults, whereas during Eurekan phase 2 the ma-
jority of right-lateral strike-slip faults formed. Ongoing seismic activity
in the area of the Pearya Terrane and southeast of it implies that some of
the faults in this region are still active.
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