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Abstract The Olfus seismic belt lies at the western end of the ~E-W sinistral transform shear zone in
South Iceland, called the South Iceland Seismic Zone (SISZ), where most seismicity and surface faulting
show ~N-S dextral slip. Unlike the rest of SISZ, seismicity in west Olfus is predominantly along the
~ENE-WSW direction. Throughout recorded history, Olfus has shown an interactive behavior with the
Hengill volcanic system that lies northwest of the zone. For instance, the 13 November 1998 Mw 5.1
earthquake in the Hjalli area (west Olfus) and its ~ENE trending aftershock sequence were likely triggered
by the 4 June 1998 Mw 5.4 Hengill earthquake sequence. These events point to an interplay between
conjugate ~N-S and ~ENE-WSW faults in the region. Relative relocations of earthquakes in Hjalli-Olfus
from July 1991 to December 1999 (Icelandic Meteorological Office, 2017) are chiefly limited to 4- to 8-km
depth along the ~ENE direction with a few distributed on smaller ~N-S faults. The foreshocks of the
November 1998 earthquake occurred on a ~N-S fault until a day prior to the mainshock when they shifted to
the ~ENE direction. The subsequent aftershocks are also mainly restricted to the ~ENE direction. We find
that the Mw 5.1 (Global Centroid Moment Tensor moment = 5.43 x 10® N-m) Hjalli-Olfus earthquake
ruptured a near-vertical ~ENE fault area of 24-40 km? with left-lateral average slip of 5-8 cm. Multiple
relocations of the mainshock using various constraints indicate that the event likely occurred close to the
junction of the conjugate ~ENE-WSW and ~N-S faults.

1. Introduction

The sinistral South Iceland Seismic Zone (SISZ) and the transtensional oblique-spreading Reykjanes
Peninsula (RP) accommodate the shift in plate divergence between the Eastern Volcanic Zone (EVZ) and
the offshore Reykjanes Ridge in South Iceland (Einarsson et al., 1981; Taylor et al., 1994) (Figure 1a). The
plate boundary along SISZ manifests as active microseismicity in an ~10- to 20-km-wide N-S and ~80-km-
long E-W zone in the South Iceland Lowlands (SIL). It extends ~70 km further along RP to the west but
trends ~ENE-WSW and tapers to ~5-km width at the western tip of the peninsula. A significant part of
the sinistral transform motion on SISZ is accommodated by large earthquakes (Roth, 2004) on N-S dextral
faults exhibiting “bookshelf-like” characteristic along the E-W trending SISZ (Einarsson et al., 1981). This
zone is part of a larger region called the Hreppar formation that has older exposed bedrock north of SISZ
exhibiting ENE trending sinistral and N-S to NNE trending dextral faults, with a few NE trending sinistral
faults (Gudmundsson, 2017; Karson et al., 2018; Khodayar et al., 2020; Khodayar & Franzson, 2007). They
have been mostly aseismic during recorded history with some exceptions (Thorbjarnardéttir et al., 2018).
We find that recent ArcDEM images suggest major (~25 km), unmapped, ENE-WSW trending lineaments
crossing the Hreppar formation (Porter et al., 2018; ArcDEM database). A similar pattern of faulting accom-
panies the plate divergence in RP (Erlendsson & Einarsson, 1996), with the larger earthquakes occurring on
~N-S dextral faults in the central and eastern parts of the peninsula (Bjérnsson et al., 2018).

The rupture length on corresponding N-S faults in SISZ has been estimated to be >20 km for large earth-
quakes (Bjarnason et al., 1993; Roth, 2004). Historically, significant destructive seismic sequences have been
identified during 1630-1633, 1732-1734, 1784, and in 1896 when up to five intense events were recorded over
a span of 2 weeks (Bjornsson, 1976; Einarsson et al., 1981) (selected events in Figure 1b). Destruction areas in
these sequences are documented to be elongated mostly in the ~N-S direction and some trending ~E-W
(Bjornsson, 1976; Einarsson et al., 1981). The largest event to occur in instrumentally recorded history in
South Iceland is the 1912 Mg = 7.0 earthquake (Bjarnason, Cowie, et al., 1993; Gutenberg &
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Figure 1. Seismicity in South-Southwest Iceland. (a) Salient tectonic and volcanic features in Iceland. TFZ = Tjornes Fracture Zone; NVZ = Northern Volcanic
Zone; EVZ = Eastern Volcanic Zone; OVZ = Oraefajtikull Volcanic Zone; HVZ = Hofsjokull Volcanic Zone; WVZ = Western Volcanic Zone; SVZ = Snzfellsnes
Volcanic Zone; RP = Reykjanes Peninsula; RR = Reykjanes Ridge; SISZ = South Iceland Seismic Zone; SIFZ = South Iceland Volcanic Flank Zone; HB =
Hreppar Block (modified after Sigmundsson et al., 2018). (b) Historic context for seismicity in South Iceland. Observed destruction zones for historic earthquakes
in the SISZ from 1732, 1734, 1784, 1896, and 1912 are indicated (Einarsson et al., 1981). Other My, > 5 events between 1700 and 1989 are also marked

(source: Icelandic Meteorological Office [IMO]). (c) Seismicity in South Iceland between 1991 and 2016, recorded by the South Iceland Lowlands (SIL) network
that is mapped on the figure. (d) Significant Mw > 5 events in South Iceland including the 4 June 1998 Mw 5.4 Hengill and 13 November 1998 Mw 5.1 Olfus

earthquakes.
Richter, 1954). Based on the return periods of these events, a tentative quiet period of 45-112 years was
assigned to this seismic zone (Einarsson & Bjornsson, 1979), but an average of 140 years was estimated for
complete stress release (seismic cycle) along SISZ (Stefansson & Halldorsson, 1988). It has been argued
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Figure 2. Definition of study area. Hengill-Olfus seismic system. (a) Epicenter distribution of all recorded events in Hengill and Olfus through the months of June
1998 to November 1998 (to see the seismic interaction view, refer to Movie S1). Red dashed square defines the Olfus study area (b) Base-10 logarithmic
plot of monthly seismicity in Olfus versus Hengill from July 1991 to December 1999. Time windows (TW) are separated by black dashed lines and denoted by

white numerals.

that part of the latest stress buildup since the 1896 and 1912 events in the eastern part of SISZ manifested as
the 1987 Mw 5.9 (centroid moment magnitude) earthquake that occurred at the junction of SISZ and the
western flank of EVZ, ~10 km east of the 1912 earthquake (Bjarnason & Einarsson, 1991). In more recent
times, two large sequences of earthquakes in the Years 2000 (17 June Mw 6.5 and 21 June Mw 6.4)
(Arnadottir et al., 2001; Stefansson et al., 2000) and 2008 (29 May; ~Mw 6.3 doublet in a span of 3 s)
(Brandsdottir et al., 2010; Hensch et al., 2016; Hreinsdottir et al., 2009) have occurred on SISZ (Figure 1d),
all on ~N-S faults (Clifton & Einarsson, 2005; Hjaltadoéttir, 2009).

An exception to N-S faulting in SISZ is observed in its western part, in the municipality of Olfus through
which the river Olfus4 flows (Figures 1d and 2a). Located directly south of the Hengill central volcano, this
region marks the transition of the plate boundary from RP to SISZ. The seismicity in Olfus has a vivid
ENE-WSW trend, contrary to the more prominent N-S faults in other parts of SISZ (Figure 1c). A notable
example of this seismicity was following the 13 November 1998 Mw 5.1 earthquake (Global Centroid
Moment Tensor [GCMT] catalog) (Rognvaldsson et al., 1998; Vogfjord et al., 2005) that succeeded the 4
June 1998 Mw 5.4 (GCMT) Hengill event, the aftershocks of which propagated south toward Olfus
(Figures 1d and 2a).

The present study examines the seismicity in Olfus from July 1991 to December 1999, including the 13
November 1998 earthquake. The purpose of this study is threefold: one, identify spatial and temporal
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trends in Olfus from 1991-1999 seismicity, which has never been done in detail, except a technical report of
the November 1998 event by Rognvaldsson et al. (1998); two, consequently ascertain the depth and lateral
extents of the Olfus seismogenic zone; and three, develop a picture of seismic interaction between the con-
jugate faults (fault mechanics) in Olfus and compare with published results on SISZ seismicity. This study is
further explored in a subsequent paper on stress inversions performed on selected seismic activity.

1.1. Seismotectonic Background and Context

The divergence across the North American-Eurasian plate boundary in Iceland has been constrained to ~18-
19 mm/year for the Eurasian plate with respect to the North American plate, along a velocity vector trending
104-105° (DeMets et al., 2010). In North Iceland, influence of the Icelandic hotspot on the plate boundary
moves the divergence eastward toward the Northern Volcanic Zone through dextral transform faulting
along the Tjornes Fracture Zone (Figure 1a). In the south, the plate boundary regains its former trend
through sinistral shear motion along SISZ and RP. In the southern half of Iceland, the net divergence is par-
titioned between EVZ and the Western Volcanic Zone (WVZ), the latter spreading at a reduced rate (one
fifth to one third) compared to the former (Arnadéttir et al., 2008; LaFemina et al., 2005). LaFemina
et al. (2005) estimates these spreading rates to be ~2-7 mm/year across WVZ, ~11-19 mm/year across
EVZ, and ~14 mm/year along SISZ that connects the two volcanic zones. It has been suggested that the over-
lap spreading along WVZ and EVZ could temporarily isolate areas between them that could behave anom-
alous to the North American and the Eurasian plate motions (Karson, 2017). Such an independent block is
believed to be bound by the EVZ, WVZ, SISZ, and the Hofsjokull Volcanic Zone in south central Iceland and
is popularly referred to as the Hreppar block (HB)/microplate (Einarsson, 2008) (Figure 1a). The SW corner
of the HB is commonly known as the Hengill Junction due to its proximity to the Hengill volcanic system.
Foulger (1988) suggested that this region could be a triple junction between the transform-faulting SISZ,
the rifting WVZ, and the transtensional RP.

RP is the aerial manifestation of the submerged Reykjanes Ridge, an oceanic segment of the MAR. The 70-
80° trending plate boundary in RP is oblique to the plate motion direction (Arnadéttir et al., 2006; Brander
et al., 1976; Einarsson, 1991), where divergence occurs along northeast-trending faults and fissures (Clifton
& Schlische, 2003; Gudmundsson, 2017). The sinistral shear is accommodated by ductile deformation below
a locking depth of 6 km (Hreinsdottir et al., 2001) and along N to NNE-striking right-lateral strike-slip faults
closer to the surface (Keiding et al., 2008; Khodayar et al., 2018). However, seismicity in the peninsula mostly
manifests as normal-faulting seismic swarms along the rift in the west and as dextral earthquakes on the ~N-
S faults in the east toward the SISZ (e.g., Arnadottir et al., 2004; Keiding et al., 2009). The largest events in the
region occur on these ~N-S features and have been known to reach magnitudes of M ~ 6.0 (Arnadottir
et al., 2004; Bjornsson et al., 2018; Erlendsson & Einarsson, 1996) and show seismic correlation with the
activity in WVZ and SISZ (Arnadottir et al., 2004).

One indication of this is the seismic interaction between Olfus and Hengill that has been observed numerous
times in recorded history. For instance, the sequences from 1953-1955 (Armannsdéttir, 2008;
Tryggvason, 1954, 1956) and 1974-1987 (Einarsson et al., 1981; Einarsson & Bjornsson, 1987) present evi-
dence of interaction prior to the establishment of the SIL seismic network in 1990 (Stefinsson,
et al.,1993). Additionally, Figure 2b depicts the interaction between Hengill and Olfus from July 1991 to
December 1999. The May 2008 Mw 6.3 (GCMT) earthquake doublet near Olfus and F16i, the most recent sig-
nificant earthquakes in SISZ, has also been linked to contraction in the Hengill area (Arnadéttir et al., 2018).
Apart from this, SISZ has a history of fueling its own seismicity. For example, the faults that ruptured during
the 2008 activity in east Olfus are reported to have been statically loaded by the June 2000 earthquakes
(Arnaddttir et al., 2003; Decriem et al., 2010; Hreinsdottir et al., 2009). Therefore, the correlation between
activities of different tectonic arms of the junction needs further investigation. One step toward this is to
investigate the western part of SISZ, namely, west Olfus, and, thus, is the focus of the present study.
Across its length, this municipality extends 5-40 km parallel to the river Olfus4 in the E-W direction.
Western Olfus is tectonically active on conjugate ENE-WSW and N-S faults, while eastern and central
Olfus experience earthquakes on N-S faults (e.g., 2008 sequence). Significant earthquakes in the early instru-
mentation period include the 9 October 1935 M6.0 earthquake in South Hengill near Hveradalir geothermal
area (Halldorsson et al., 2013) and My, < 5.5 events in 1955, relocated with an intensity study ~5-6 km north
of Hjalli and west of town Hveragerdi (Armannsdottir, 2008). These events caused minor damage in the
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Hjalli area and Hveragerdi (Armannsdottir, 2008; Halldérsson et al., 2013). The church farm at Hjalli in west
Olfus collapsed a minimum of six times prior to the Year 1789 over a period of four centuries (Halld6rsson
etal., 2013). The largest earthquake to occur in the Hjalli area was the 13 November 1998 Mw 5.1 earthquake
(henceforth called the Hjalli-Olfus earthquake), following the 4 June 1998 Mw 5.4 earthquake in Hengill.
The Hengill earthquake cannot be associated with any significant earthquake along SISZ and was likely
related to the 1994-1995 inflation episode in Hengill during the crustal deformation period of 1993-1998
(Feigl et al., 2000; Sigmundsson et al., 1997). Therefore, activity in western and central parts of Olfus can
be triggered by both Hengill and SISZ, thereby facilitating failure on ~ENE-WSW and ~N-S conjugate fault
systems. The Olfus seismicity has been continuously recorded by the Icelandic Meteorological Office seismic
network (initially established as the SIL network) from 1991 to present (e.g., Jakobsdottir, 2008;
Stefansson, 2011) and provides considerable scope for seismic analysis.

2. Data

We define the Olfus study area within 63.8-64°N and 21.0-21.5°W, south of the Hengill volcanic system
(Figures 2a). For the prescribed area, earthquake data from July 1991 to December 1999 were procured from
the Icelandic Meteorological Office (2017). There are 22,354 earthquakes in the Olfus region within the
selected time interval in the Icelandic Meteorological Office catalog. Figure 2b documents the comparison
between seismic swarm activities in Olfus and Hengill for the defined time period. The data set is partitioned
into time windows (TWs) based on spikes in seismic activity in Olfus: (1) July 1991 to February 1995 (3,086
earthquakes), (2) March 1995 to March 1996 (3,699 earthquakes), (3) April 1996 to March 1997 (2,623 earth-
quakes), (4) April 1997 to July 1997 (1,396 earthquakes), (5) August 1997 to May 1998 (2,335 earthquakes),
(6) June 1998 to October 1998 (2,057 earthquakes), and (7) November 1998 to December 1999 (7,158 earth-
quakes) (Figure 2b).

Our analysis of the SIL earthquake catalog shows that ~30% of earthquakes in South Iceland have an abso-
lute location error within +1.0 km. The lateral errors in longitude and latitude are usually within half of the
error in depth, with longitude better constrained. Due to proximity of the nearest SIL station (BJA) to the
Hjalli seismicity, a higher portion of these events have absolute location errors within +1.0 km (Figure 4).
The relocation method used in our analysis (next section) further selects the most consistent phase data
(good quality), which tends to be over 54% of the total Hjalli sequence from July 1991 to December 1999.
Of the selected subsets for relocation, approximately half have absolute location error within +1.0 km.

3. Methodology

The events from each TW are relatively relocated using the double difference inversion routine by
Waldhauser and Ellsworth (2000) (see also Waldhauser, 2001). The method involves minimizing the resi-
dual time between observed and calculated differential traveltimes between a pair of earthquakes (ij)
observed at a station (k), defined as

" . .\ obs . -\ cal at;c . (B[fC .
= —t) " - () = e’ e W

for earthquake pairs sufficiently close together. Am is the perturbation (change) in the corresponding four
relative hypocentral parameters (Ax, Ay, Az, Af) between a pair of earthquakes observed at station k. t}, — ti

is the differential time between the pair, and er is the residual between observed and calculated differen-
tial times (double difference). The equation may either use absolute traveltimes of pick phases or
cross-correlation of the waveforms of the earthquake pair that usually gives higher accuracy of relative tra-
veltime difference. The present study employs the former method. A system of linear equations for the
hypocentral pairs is set up from the data collected from all active stations, within a certain epicentral dis-
tance. This system of equations can be represented as

WGm = Wd, 2)

where G is the partial derivative matrix of size Mx4N, m is a column vector of length 4N containing hypo-
central perturbations, d is the double-difference data vector of length M, and W is the diagonal weighting
matrix. A damping factor can be introduced to ensure stability of the solution, such that

PARAMESWARAN ET AL.

50f18



”~
AGU Journal of Geophysical Research: Solid Earth 10.1029/2019JB019203

ADVANCING EARTH
AND SPACE SCIENCE

Time Window-4: 1997 April - 1997 July

(a) Pre-relocation 1 - 1396 events (b) Relocation 1 - 956 events
-21.4° -21.2° -21.0° -21.4° -21.2°
Tow 7 1 S T TS 4T TV Tt 840 T [T, el —
23 e P ,‘;: |
1.7 « B - 63.9°1 i
o ¢
n 7@_ g . . o, L Ni ,_7_7077_77_r
———m | 4 bja
T o ble fapped | g [T b
(c)Pre-relocation 2 - 956 events (d) Relocation 2 - 936 events
- ST —t 64.0° 1 ; : 9
‘ i i ,f"
e - 63.9° 1 -
0. 2
= #, - 077_7,."” 7 . - #, - 7077__.—’
p——m—mm | 4 bjal _——
o Bt g & sl
-21.4° -21.2° -21.0° -21.4° -21.2° -21.0°
1997 Apr 1997 Jun
1997 May 1997 Jul

Figure 3. Relative relocations for TW-4 (1997 April to 1997 July). (a) Raw SIL locations for TW-4. Colored events were selected for relocation. Dropped events
stand for events dropped by the double-difference routine and are indicated as gray circles. (b) Relatively relocated events from the first round of inversion. (c)
Results from (b) subjected for a second round of relative relocations. (d) Final set of relatively relocated events for TW-4.

o]

Equation 3 can now be solved for m by either single value decomposition (SVD) or the iterative least
squares method. For large numbers of events within a cluster, least squares estimates are
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Figure 4. Shifts in hypocentral parameters. Example of mean (M) and standard deviations (SD) for change (in meters) in latitude, longitude, and depth for TW-4:

(a) Relocation 1 and (b) Relocation 2.

computationally less intensive and is the chosen method of relocation in this study. However, for reliable
error analysis, SVD inversion was applied (Waldhauser & Ellsworth, 2000) to a subset of the data within
TW4 (see Supporting Information S1).

The number of active stations used in each TW varies as the SIL network was being expanded and altered in
the 1990s. The years of deployment are indicated in Figure 1. The original SIL data from 1991-1999 were
acquired using the 1-D SIL velocity model with constant velocity gradient in each layer (Stefansson
et al., 1993), based on refraction profiles in South and West Iceland (Bjarnason et al., 1993). The current
study uses a constant velocity layer version of the SIL model, with twice as many layers as the gradient ver-
sion. Event pairs in each TW are subjected to two rounds of relative relocations to verify the stability of con-
vergence. Since the SIL seismic network was in its infancy from 1991 to 1994, TW-1 potentially has higher
absolute and relative location errors arising from limited station coverage (Figure S1). Relocation results
from other TWs and their statistics can be found in Figures 3, 4, and S2-S6. Figures 3 and 4 illustrate the
two-stage relative relocation for TW-4. During the first stage of relocations for this TW, the
double-difference routine relocates 956 earthquakes out of the 1,396 events located by the network
(Figures 3a and 3b). The corresponding changes in the hypocentral spatial parameters are plotted in
Figure 4a, where the mean and standard deviations are given in meters. The second round of relative reloca-
tions selects 936 earthquakes out of the 956 relocated events from the first round (Figures 3c and 3d). The
SVD error analysis for TW-4 is detailed in Figure S7. The relocated events from each TW are overlain on
identified/proposed fault/fracture systems compiled by Steigerwald et al. (2018) in the study area
(Figure 5). It is to be noted that the fractures mapped here probably do not show all the fault sets and traces
present in the area. For instance, Khodayar et al. (2020) finds that 23% of fractures in HB and SISZ strike
NNE, while 77% are primarily ~N dextral and ENE sinistral and secondarily E-W, WNW, and NW sinistral
strike- and oblique-slip structures, forming a leaky transform zone.

To examine the depth distribution of relocated events, projections (orthographic) are also constructed for
relocated events from TW-2 to TW-7 on planes tilted 1° (toward observer) from the vertical. The azimuths
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of the projection planes are chosen in two directions: one perpendicular to the ~ENE-WSW seismicity and
the other parallel, namely, the NNW-SSE and the ENE-WSW projection planes (henceforth called, AA’
and BB’ projections, respectively) (Figures 6-8). In TW-7, the aftershock sequence of the Mw 5.1 event on
13 November 1998 is examined in two ways over the backdrop of 6 days' worth of foreshock activity: (1)
hourly seismicity for the first 10 hr postmainshock, followed by seismicity until the end of the day, with sub-
sequent activity until the largest aftershock/triggered event, and finally the seismicity until the end of 48 hr
postmainshock (Figure 8a and Movie S2); (2) daily seismicity for 7 days postmainshock (Figure 8b and
Movie S2). Finally, to better interpret the fault movement during the November 1998 earthquake sequence,
focal mechanisms of the foreshocks and aftershocks are analyzed in Figure 9.

4. Results

The first relocation reveals a considerable shift in hypocenter locations for earthquakes selected by the
double-difference routine. For instance, the standard deviations of changes in latitude, longitude, and depth
from their mean values for the first stage of relocations in TW-4 are 432, 301, and 1,031 m, respectively,
although the mean value (centroid) shifts are moderate (<70 m). The second round of relative relocations
confirmed good convergence for all TWs, where the centroid of each sequence moved <70 m
(Figures S1-S6) and yielded lower values of mean and standard deviations compared to the first round
(Figures 4a vs. 4b). It shows that the relative error tends to be an order of magnitude less than the absolute
catalog location error or uncertainty within 100 m for this subset of the data (Figure S7). For larger subsets of
the data, this estimate may, however, be an underestimate. The standard deviations of location differences
between the first and second round of relocations may be an indication of the relative error of larger subsets
(Figures S3-S6) and are usually within 200 m. Bjarnason and Thorbjarnardéttir (2019) carried out similar
error analysis of SIL data throughout South Iceland and concluded that relative error is usually within an
order of magnitude laterally and half an order of magnitude along depth, compared to the average error
of single event locations.

The resultant set of relocated events does not align with most of the documented faults/fractures in Olfus
(Figure 5). A notable exception is the aftershock sequence of the 4 June 1998 Mw 5.4 Hengill earthquake that
aligned with inferred/proposed faults/fractures (blue and black lines) extending all the way south to the west
Olfus seismic zone (TW-6; Figure 5g). Other minor clusters of seismic activity from TW-1 to TW-5, before the
1998 Hengill earthquake, also seem proximal to the same inferred/proposed fault/fracture (Figures 5b-5f). A
few additional small clusters can be traced to certain unclassified faults (purple lines) in TW-1, TW-2, and
TW-5 (Figures 5b, 5c, and 5f). Based on the epicentral distribution of the relocated events, an ~ENE-WSW
seismic trend is prominent in all TWs, with some N-S trending activity stitching across it.

For TW-2, the AA’ and BB’ projections show the distribution of the relocated events from March 1995 to
March 1996 (Figure 6a). The seismic swarm activity in this TW picks up in March 1995 and mostly spans
the ENE-WSW direction. There seems to be some contemporaneous shallow seismic activity on unclassified
faults (Figures 5 and 6a). However, the bulk of the seismicity, both in terms of number and larger magni-
tudes, is in the ~4- to 7-km depth range trending ENE.

Subsequently, TW-3 does not record any large swarm event but a generally higher activity than the baseline
seismicity from previous years in Olfus (Figures 2b and 6b). However, the depth projections and the epicen-
tral plots display a notable ~N-S directed earthquake cluster at 4- to 5-km depth in April 1996, which does
not correspond to any identified fault/fracture (Figures 5 and 6b). A smaller cluster at 7- to 8-km depth seems
to occur in September 1996, directly below the April sequence (Figure 6b). Aside from these clusters, most of
the hypocenters are restricted to the ENE trend. However, the magnitudes of events in the ENE-WSW direc-
tion are considerably smaller (mostly local moment magnitude Mlw < 2; few > Mlw 2) than in the April 1996
cluster where several Mlw 2 and 3 earthquakes aligned along the N-S direction.

In April 1997, seismic activity in the Olfus belt heightened, culminating in a small earthquake swarm in July
1997 (TW-4) (Figure 6¢). Both depth projections and epicenter maps point to the same ENE trend, predomi-
nantly in the depth range 4 to 7 km. The ENE trend arises from a collection of hypocenters restricted to this
direction. The distribution of the hypocenters in the AA’ projection suggests a near-vertical fault, dipping
slightly NNW (Figure 6¢(c2)). The proposed/inferred faults/fractures north of the Hjalli area show disjointed
clusters of seismicity in TW-4 (Figures 5 and 6¢). The ensuing seismicity from August 1997 to May 1998
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(TW-5) continues to exhibit a similar ENE pattern extending deeper (within 8 km) (Figure 6d). The
exceptions to the ~ENE trend in TW-5 are a collection of epicenters parallel to the ~N-S-inferred/
proposed faults in the north and an ~N-S array of epicenters to the west of the ~ENE-WSW Hjalli zone.

In TW-6, we observe aftershocks from the 4 June 1998 Hengill earthquake migrating south toward the Hjalli
seismic zone (Figure 7a), between 4 and 17 June 1998. These earthquakes align with the inferred/proposed
faults suggested by Steigerwald et al. (2018) (Figure 5). Among these earthquakes from the Hengill sequence
are two M > 4 events at ~3- and ~6-km depths. However, it is noteworthy that most of the hypocenters in the
~N-S trend are rather shallow (2-5 km) (Figures 7a). The corresponding spread of hypocenters in the Hjalli
area is restricted to 4- to 8-km depth, trending ~4 km long in the ENE-WSW direction at the southern termi-
nus of the Hengill sequence.

In November 1998, the highest stress release over the discussed 4-year-long Hjalli seismic sequence occurred
with a Mw 5.1 earthquake on the thirteenth of the month following the seismic activity in Hengill (TW-7;
Figure 7b). During this TW, the most pronounced activity is again ENE-WSW, with a majority (~84%) of
the relocated earthquakes occurring in November 1998 and 16% in the following months. The epicenter
map and depth projections show two N-S seismic lineaments across the ENE-WSW trend (Figure 7b), the
second one at the eastern end of the Hjalli area seismicity. However, neither of these N-S trending arrays
of epicenters correlate to inferred/proposed faults (Figure 5h). The sources of the mainshock and the largest
aftershock offset from the eastern end of the ENE-WSW seismicity align with these N-S seismic trends, but
the remaining four Mlw > 4.0 events occur along the ENE-WSW direction. However, it is to be noted that the
source of the mainshock lies close to the intersection of the ENE-WSW and N-S seismicity. Thus, the main-
shock was relocated multiple times using either foreshocks/aftershocks or both from selected time frames to
evaluate its relative position in these event combinations. It was further relocated after neglecting stations
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which did not have an active time lock at the time of recording. These tests are further elaborated in Table S1
and locations displayed in Figure 9d.

The 6-day foreshock activity proximal to the nucleation of the mainshock, including four events with
3 > Mlw > 2.5, occurs between 5.5- and 6.5-km depth near the central N-S seismic trend (see Movie S2)
However, only ~18% of aftershocks in the first hour occur along the N-S direction, while ~82%, including
a Mlw 4.4 and a Mlw 4.2, occur along the ENE-WSW direction (Figure 8a, Panel I). Please note that the per-
centage of events attributed to the ~N-S direction is an overestimate as it includes events at the intersection
of the conjugate faults. Therefore, the percentage assigned to the ENE-WSW direction is a conservative esti-
mate. Over the next 6 hr, seismicity continues to occur in the ENE-WSW direction, with few to none of the
relocated events falling on the central N-S trend. From Hours 8 to 27.4 after the mainshock, activity con-
tinues along the ENE-WSW direction, with some activity picking up on the central N-S fault. Within this
span, two more 5 > Mlw > 4 events occurred on the ENE-WSW fault (Hours 10 to 24 after the mainshock)
(Figure 8a and Movie S2). The potentially triggered Mlw 4.8 event on the eastern N-S fault occurred on 14
November 1998, 27.4 hr after the mainshock. This disjointed N-S trend of seismicity is offset by <1 km from
the eastern terminus of the erstwhile aftershock activity of the 13 November mainshock.
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Figure 9. Focal mechanisms of foreshocks and aftershocks of 1998 Olfus event. (a) Foreshocks 6 days prior to the mainshock, (b) foreshocks 2 days prior to
mainshock, (c) aftershocks 1 hr after the mainshock, and (d) mainshock relocations using different sets of seismic stations and with respect to either
foreshocks (2 days)/aftershocks (1 hr) or both (see Table S1). The numbers adjacent to the multicolored stars are listed in Table S1. The black triangle denotes

station BJA.

The record of aftershocks indicates that ~88% of the seismicity, including four 5 > Mlw > 4 events in the first
24 hr, occurred along the ENE-WSW trend and the remaining ~12% on the central N-S lineament (Figure 8b,
Panel IT). As in the first hour of aftershocks, the percentage attributed to the ENE-WSW direction is a lower
limit. In the following 24 hr (Day 2), the Mlw 4.8 event occurred ~5 km east of the mainshock on a separate
N-S fault. Days 3-7 continue to show activity on all three conjugate faults, with ~69% of events on the
ENE-WSW feature, ~5% on the central N-S fault, and ~26% on the eastern N-S fault. The seismicity spans
between 2- and 10-km depth, with the highest concentration of hypocenters between 4- and 8-km depth.
Foreshock and aftershock distributions of the Mw 5.1 Hjalli-Olfus earthquake show contrasting trends.
The foreshocks between 24 and 48 hr (Set 1) before the mainshock align in the N-S direction, while those
within 24 hr prior to the main event (Set 2) trend in the ~ENE-WSW direction (Figures 9a and 9b). The focal
mechanisms of these foreshocks (<48 hr before mainshock; Mlw > 0) are largely oblique normal and nor-
mal, with a few strike-slip. These fault-planes fit the observed active ~N-S and ~ENE-WSW conjugate seis-
mic trends with dextral and sinistral slip, respectively. The first hour of aftershocks (Mlw > 2) following the
13 November earthquake occur along the ~ENE-WSW direction, like the Set 2 foreshocks (Figure 9c). The
focal mechanisms of these events are largely strike-slip, with a few oblique normal. The aftershocks likely
occurred in the ~ENE-WSW direction, since nearly all of them align along this trend with sinistral slip.
The MIw < 2 events also align in the ENE-WSW direction within this hour but are left out in Figure 9c to
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preserve its clarity. The locations of these events can be found in the Open Science Framework link listed in
the Data Availability section at the end of this article. This analysis indicates that although an ~N-S fault may
have been active 24 hr prior to the mainshock, we interpret that the event itself ruptured along the
~ENE-WSW fault, discussed in detail in the following section.

5. Discussion
5.1. Seismicity and Faulting in South Iceland

The general consensus about faulting in South Iceland is that the collection of seismically active ~N-S dextral
faults cutting across the primary E-W trend of SISZ is young (Angelier et al., 2004; Bjarnason, Cowie,
et al., 1993; Bjornsson, 1976; Einarsson et al., 1981; Einarsson & Eiriksson, 1982; Gudmundsson &
Brynjolfsson, 1993: Gudmundsson, 2007; Khodayar & Franzson, 2007; Tryggvason, 1973). Angelier
et al. (2004) and Bergerat and Angelier (2008) suggest that the young strike-slip faulting in South Iceland
can be explained in terms of Riedel shear fractures, observed in analog experiments, for a less-developed
SISZ fracture system compared to the Hreppar formation north of it. However, the near-perpendicular angle
of the ~N-S faults to the trend of the SISZ does not quite fit the fracture angle distribution observed in analog
experiments (e.g., Davis et al., 2000). Gudmundsson (2007) proposed a structural strength barrier of the
Hreppar anticline for a throughgoing ~E-W rupture in the SISZ rather than a general strength anisotropy
of the crust (Bjarnason, Cowie, et al., 1993). The fault pattern in the Hreppar formation is similar to
strike-slip faulting in the RP (Gudmundsson, 2017; Karson, 2017; Karson et al., 2018, 2019), where the
Riedel shear analogy fits well (Clifton & Schlische, 2003; Khodayar et al., 2018). Detailed mapping of the
destruction zones marked by damage to housing during the 6 September 1896 earthquake, extending
between SISZ and Hreppar, indicates ESE-WNW as well as ~N-S destruction (Figure 3 in
Bjornsson, 1976). Significant sinistral faults in the SISZ may therefore still be largely hidden. They are pos-
sibly stronger- and/or less-developed faults and are activated only in large South Iceland earthquakes.
Evidently, the western part of the SISZ in Olfus has this great variety of faulting as observed on RP and
HB. It may indicate a stress regime similar to the present RP and perhaps to Hreppar in the past, with activa-
tion along a major ~ENE-WSW fault and a conjugate array of N-S faults across the zone.

5.2. Hjalli-Olfus Seismicity

The present study elucidates the predominance of an ~ENE-WSW rupture in Hjalli-Olfus compared to the
antithetic N-S ruptures dominant in SISZ. Relative relocations indicate that the Hjalli-Olfus seismicity forms
a tight, narrow, near-vertical array of hypocenters approximating a planar surface (henceforth called a
plane) on the AA’ projections in all TWs (Figures 6a(a2), 6b(b2), 6¢c(c2), 6d(d2), 7a(a2), and 7a(b2)). The
hypocenter spread on the AA’ projection seems thicker due to conjugate ~N-S seismicity that cuts across
the main ~ENE trend and from a minor tilt in the plane of hypocenters from the vertical to the NNW.
Although the BB’ projections show narrow bands of earthquake swarms that can be interpreted as
small-scale N-S features at depth, the AA’ projections and the epicenter maps continue to indicate a tight
plane of hypocenters in the ~ENE-WSW direction. There are exceptions such as the ~N-S seismic swarm
in April 1998 in TW-5 at the western end of the zone (Figures 6d(d2) and 6d(d3)). The ~N-S trending after-
shocks from the 4 June 1998 Hengill earthquake also extend into the study area as seen in TW-6 (Figure 7a).
As in the previous TWs, the BB’ projection for events in TW-6 shows some hypocenters aligning along small
N-S features over the ~ENE plane (Figure 7a). The epicenter map for TW-7 shows an ~ENE trend intersected
by two conjugate ~N-S features: one in the middle of the ~ENE trending aftershocks and the other to the east
of their eastern terminus (Figure 7b). Again, the AA’ projection shows hypocenters mostly confined in the
~ENE direction, while the BB’ projection illustrates the dense and relatively even packing of hypocenters
on the ~ENE-WSW plane (Figures 7b(b2) and 7b(b3)).

Figures 8 and 9 illustrate the evolution of events surrounding the 13 November earthquake. The main-
shock originated near the intersection of hypocenters aligning in the ~ENE-WSW and ~N-S directions
(Figure 9). The fact that Set 1 of foreshocks (24-48 hr before mainshock) occurred in the ~N-S direction
followed by Set 2 of foreshocks (subsequent 24 hr) in the ~ENE-WSW to E-W direction (Figures 9c and
S8) indicates slip on an ~N-S plane with normal-stress reduction in the ~E-W direction and subsequent
activation. The progression of foreshocks over time indicates that the mainshock likely occurred on an
~ENE-WSW fault. This is further enforced by the prominent aftershock activity in this direction
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immediately after the mainshock (Figure 9c and Movie S2). Mainshock relocations listed in Table S1 and
plotted in Figure 9d place the event in the NW quadrant of the intersection between the conjugate seis-
micity. However, the exact location of the mainshock is ambiguous, as detailed here. It is reasonable to
infer that the event might have nucleated at or close to the junction of the conjugate ~ENE-WSW and
~N-S faults. We assume that the mainshock'’s longitude is better constrained than its latitude (higher sta-
tion coverage in the E-W direction; see example for latitude/longitude error estimates in Figure S7) and
that it may be located on the western half of the ENE fault with reduced normal stress due to the fore-
shock activity. Set 1 foreshocks are also on the ENE fault, gradually breaking up the asperity leading to
the mainshock. This ENE-WSW segment in Hjalli-Olfus was likely triggered by the June 1998 Hengill
earthquake. The seismic activity in Hengill was due to the minor intrusion event on a tectonically loaded
region east of the Hengill volcano in the years 1994-1998 (Feigl et al., 2000; Sigmundsson et al., 1997)
(Figure 2a). It is probable that dextral slip on the N-S faults in the Hengill region variably loaded the
Hjalli-Olfus plane. These south-propagating dextral faults from Hengill likely locked up part of the
ENE-WSW plane (eastern side of ENE aligning epicenters) while easing up the other (reduced normal
stress) (Figures 7a). The spread of hypocenters during the 13 November 1998 sequence fits well with this
hypothesis as there was larger stress release west of the ~N-S inferred/proposed fault activated by the
June 1998 Hengill event and comparatively lower seismicity to its east with gradual expansion in this
direction with time. However, this requires computational validation and presents scope for future study
of interactive stress behavior between Hengill and Olfus.

Additionally, we compute the slips corresponding to a Mw 5.1 mainshock occurring on either the ~N-S or
the ~ENE-WSW fault using the formula M, = ©AD, where M, is the moment energy, u is the rigidity
modulus, A is the fault area, and D is the average slip. For an ~N-S rupture, Rognvaldsson et al. (1998)
estimate a total slip of 17 cm based on a circular fracture model. From this study, we estimate that for
an ~N-S rupture of length ~1.0 km (1 hr of aftershocks at the junction of conjugate faults; Figure 9c),
maximum width ~4.0 km (from depth range 4-8 km), and rigidity («) 30 GPa, the average slip for a
moment release of My = 5.43 X 10'® N-m (Mw 5.1; GCMT) amounts to ~45 cm. For an ~N-S fault of
length ~4 km (foreshock and aftershock spread in Figures 8 and 9b) and width of 4 km, the slip value
turns out to be ~11 cm. Meanwhile, for an ~ENE-WSW rupture of length 6 km (first hour aftershock
spread in Figure 9c) and width ~4 km, the slip value equals ~8 cm. If we assume a rupture length of
10 km (Figures 7b and 8b) following the aftershock area expansion over the subsequent hours and days,
the slip is ~5 cm (Movie S2). The rupture area for a Mw 5.38 strike-slip event is ~39 km? with slip
~9-11 cm based on revised empirical earthquake source-scaling laws for events 538 < Mw < 8.70
(Thingbaijam et al., 2017). The estimated slip values for both faults are comparable to the empirical slip
values (although averages) obtained for a Mw 5.38 event. However, the occurrence of the larger propor-
tion and magnitudes of aftershocks in the ~ENE direction and the agreement of slip estimates in this
direction with average empirical values support the idea that the 13 November 1998 event likely ruptured
along the ~ENE-WSW direction.

The only instance of similar ENE-WSW seismic activity in Hjalli-Olfus after November 1998 was when the
May 2008 earthquakes triggered increased low-magnitude seismic activity in west Olfus, spanning less than
8-km depth (Brandsdéttir et al., 2010). The seismic depth estimates between 2- and 8-km depth from our
study converges with this observation. Tomographic studies from South and West Iceland indicate an
~20- to 24-km-thick crust and an upper crust that follows a trend of increasing thickness from 4 km in the
WVZ to 7 km in the eastern part of SISZ (Bjarnason, Menke, et al., 1993; Stefinsson et al., 1993;
Tryggvason et al., 2002). Therefore, the slips from the 2008 doublet and the 1998 earthquake were most likely
confined within the shallow brittle crust. Although geodetic studies show an increase in static stress and
resulting seismicity in Hjalli-Olfus from the 2008 earthquakes, no significant slip was observed on this seg-
ment (Decriem et al., 2010). Presumably, the Hjalli-Olfus fault was either locked at seismogenic depths at the
time or enough stress was released in the 1998 events so that the static stress change in 2008 was insufficient
for further slip. Some authors ascribe the necessary weakening of the associated faults in the SISZ for release
of large earthquakes to change in pore pressure due to magma dehydration in the asthenosphere and fluid
movement into the lower crust (Stefansson, 2011; Stefansson et al., 2011). However, a tangible role of fluids
here is still unclear, much like the interplay between sinistral shear along SISZ and magmatic/tectonic
movement in Hengill.
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6. Conclusions

The Hjalli-Olfus seismic belt is a mixture of cross-cutting ~ENE-WSW and ~N-S faults, with most of its seis-
micity confined to the former than the latter. We see conjugate faulting on all scales, from a few 100 m to
~10 km, where slip on one fault seems to trigger slip on a conjugate neighbor. This trend partly mirrors those
seen in RP and the rest of SISZ. Therefore, this study affirms the idea that the Hjalli-Olfus segment poten-
tially serves as a transition region between the two legs of the main plate boundary. The November 1998
Hjalli-Olfus earthquake nucleated close to the junction of the ~ENE-WSW fault and a central throughgoing
~N-S fault. However, it likely ruptured along the ~ENE-WSW direction as suggested by the
foreshock-aftershock spread, computed rupture area, and average slip. A lesser proportion of events
occurred on two ~N-S lineaments, one cutting across the main ~ENE aftershock spread and the other
~1 km east of the ~ENE aftershock terminus. Most Hjalli-Olfus events occur within 4- to 8-km depth, while
the hypocenter distribution extending from Hengill is restricted to ~2-5 km. This indicates a thicker brittle
crustal layer in western SISZ in comparison to the volcanic region in Hengill, as expected. The focal mechan-
isms of the foreshocks and aftershocks of the November 1998 event illustrate a mixture of strike-slip and
oblique normal events. Foreshocks less than a day prior to the mainshock and the ensuing aftershocks follow
an ~ENE-WSW alignment and are mostly strike-slip events with the most consistent nodal planes oriented
in the said direction, indicating sinistral slip on a steeply dipping ~ENE-WSW fault. The subsequent paper to
this study will analyze seismic data from July 1991 to December 1999 to identify spatiotemporal evolution of
stress fields and faulting mechanisms in the Hjalli-Olfus seismic belt.
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