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Abstract Hjalli-Olfus is the westernmost segment of the east-west transform South Iceland Seismic Zone
(SISZ), which is the eastward extension of the ~ENE-trending transtensional Reykjanes Peninsula (RP).
Historically, the area has shown an interactive behavior with the Hengill volcanic system to the north and the
central SISZ to the east. We analyzed the state of stress and faulting mechanisms in Hjalli-Olfus between July
1991 and December 1999, in connection with the Hengill inflation episode (Feigl et al., 2000, https://doi.
0rg/10.1029/2000JB900209) and the 13th November 1998 Mw 5.1 Hjalli-Olfus earthquake. We find that this
region predominantly hosted oblique-normal and left-lateral strike-slip events (4—10 km-depth), with most
nodal planes oriented along ~ENE or ~WSW directions (75° & 15° or 255° + 15°). We identify 5 stages of
stress evolution from January 1991 to December 1999 over which Hjalli-Olfus experiences both spatial and
temporal shifts in stress-states. The Hengill inflation likely loaded both the fissure zone and western Olfus,
culminating in the Mw 5.4 (Hengill) and Mw 5.1 (Hjalli-Olfus) earthquakes. Following these events, the
maximum compressive stress (SHmax) orientation near the location of the Mw 5.1 earthquake showed a
~5°=7° counterclockwise swing, compared to SHmax before June 1998. The average SHmax (~40° + 1°) and
minimum principal stress (63 ~ 130° & 1°) are comparable to geological trends in the RP. We conclude that
Hjalli-Olfus shows clockwise SHmax rotation upon loading, while a stress-drop reverses the rotation. We also
posit that the region, especially the western end, behaves like the RP during interseismic periods.

Plain Language Summary Iceland hosts a predominantly rifting plate boundary that is offset by
two ~east-west trending, horizontally sliding (transform-faulting) segments, one in the north and the other in
the south. The southern segment, known as the South Iceland Seismic Zone (SISZ), is seismically productive
and is flanked by diverging volcanic arms. The SISZ has hosted several moderate to large earthquakes on
north-south faults that cut across it. However, the westernmost end of the SISZ, also known as Hjalli-f)lfus,
differs from the rest of the SISZ as it seems to host earthquakes in an ~east-northeast direction, similar to

its western, rifting neighbor, namely, the Reykjanes Peninsula. The activity in Hjalli-Olfus also seems to

be responsive to volcanic/magmatic activity in the Hengill volcano to its north. This suggests the existence
of multiple stress fields—volcanic, tectonic, or both—acting on the Hjalli-Olfus segment. Here, we study
earthquakes in Hjalli-Olfus from January 1991 to December 1999, including a magnitude 5.1 earthquake in
November 1998, to identify possible stress changes along the segment over time. Results indicate that magmatic
deformation and seismic activity near the Hengill volcano directly influence the seismic productivity of
Hjalli-Olfus, and that this seismicity is similar to that of the Reykjanes Peninsula.

1. Introduction

Seismic zones adjacent to one or more tectonically active regions are subject to fluctuating states of stress.
These changes in stress fields are best reflected in the associated seismicity and crustal deformation. The
South Iceland Seismic Zone (SISZ), a left-lateral transform segment of an overall diverging plate boundary in
Iceland, is a fitting example of such a system. The SISZ lies sandwiched between the transtensional Reykjanes
Peninsula (RP) in the west and the diverging Eastern Volcanic Zone (EVZ) in the east (Einarsson et al., 1981)
(Figure 1a). North-northwest of the SISZ lies the Western Volcanic Zone (WVZ) that runs parallel to the EVZ,
and spreads at one-third to half the rate of its eastern counterpart (Arnadéttir et al., 2008; Gudmundsson, 2007;
Perlt & Heinert, 2006). The southern end of the WVZ hosts the Hengill volcanic system that has witnessed
notable inflation-deflation episodes over recent decades (Ducrocq et al., 2021; Feigl et al., 2000; Sigmundsson
et al., 1997). The active central volcanic system, Hengill, lies north of the western part of the SISZ (regionally
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known as Olfus), with its fissure swarms extending into western Olfus. Therefore, western SISZ is optimally
placed to experience shifts in its stress regime influenced by its neighbors—Hengill and the RP.

The SISZ hosts N-S right-lateral faults stacked in a “bookshelf”-like pattern (Erlendsson & Einarsson, 1996),
stitching across a cumulative E-W left-lateral movement (Einarsson et al., 1981). The plate motion here is
accommodated by release of seismic moment along the N-S faults (Einarsson et al., 1981; Roth, 2004). One
notable exception to this trend is seen west of the river Olfusd in the Olfus region where seismicity trends
mostly ENE-WSW (Figures 1b and 2a) (e.g., Parameswaran et al., 2020). Furthermore, given its proximity to
the Hengill volcanic system in the north, this section of SISZ also exhibits an interactive seismic pattern with
Hengill (e.g., Feigl et al., 2000) (Figure 2b). This interaction was best observed in modern times following the 4
June 1998 Mw 5.4 Hengill earthquake, after which a Mw 5.1 earthquake occurred in western Olfus, (Hjalli-Olfus,
following Parameswaran et al., 2020) on 13 November 1998 (Lund & Bddvarsson, 2002; Lund & Slunga, 1999;
Parameswaran et al., 2020; Rognvaldsson, Arnadéttir, et al., 1998; Rognvaldsson, Gudmundsson, et al., 1998;
Vogfjord et al., 2005). Thus far, there is no study that analyses the evolution of the stress field across western
Olfus leading up to the November 1998 earthquake. This is of importance because, post-instrumentation, the
Olfus region has shown interactions with neighboring zones resulting in high earthquake hazard (see Supporting
Material from Parameswaran et al., 2020). The sensitivity of Olfus, especially its western segment Hjalli-Olfus,
to activity in neighboring zones allows for the study of stress field interaction on a much shorter timescale than is
normally possible in South Iceland. Hjalli-Olfus is located to the east of a seismic gap (locked zone) on the RP,
approximately between Blafjoll and Brennisteinsfjoll (https://icelandicvolcanos.is). This zone poses the greatest
earthquake hazard to the capitol region. Therefore, a better understanding of a possible interaction between this
gap, and stress changes in the Hengill and Hjalli-Olfus regions is important.

1.1. Seismotectonic Background and Relevance of the Study

The strain release through large South Iceland earthquakes along the N-S features on the SISZ often result in
rupture lengths of 20 km or greater, although the annual microseismicity here spans a ~10-20-km-wide zone,
(Bjarnason, Cowie, et al., 1993; Bjornsson, 1976; Einarsson et al., 1981; Roth, 2004). In recent times, two large
earthquake sequences in the years 2000 (17 June Mw 6.5 and 21 June Mw 6.4) (Arnadéttir et al., 2001; Stefansson
etal.,2000) and 2008 (29 May; two ~M6 events in a span of 3s) (Hensch et al., 2016) have occurred in the SISZ, all
on ~N-S faults (Figure 1b; Table S1 in Supporting Information S1). Meanwhile, in the RP, the left-lateral shear is
accommodated by right-lateral ~N-S faults, ~N40°E extensional faulting, and occasional left-lateral deformation
(Arnadéttir et al., 2006; Clifton & Schlische, 2003; Keiding et al., 2008, 2009; Khodayar et al., 2018). However,
most of the plate-motion related strain release and larger earthquakes (M ~ 6.0) occur along the right-lateral
N-S faults in the east RP (Arnad(’)ttir et al., 2004; Bjornsson, 1976; Erlendsson and Einarsson, 1996). However,
this does not preclude the occurrence of seismicity in the ENE-WSW direction along the RP, as noted by some
authors (e.g., Figure 2 in Geoffroy & Dorbath, 2008). This ENE-WSW direction became more prominent recently
with heightened seismicity and crustal deformation in western/central RP, starting in 2020 near Mt. Thorbjorn
eventually leading to the prolonged effusive fissure eruptions in Fagradalsfjall in 2021 (e.g., Flovenz et al., 2022).
The variations in faulting styles, focal mechanisms, earthquake magnitudes, and seismic intervals in the RP
point toward varying stress-fields over the E-W length of the peninsula (Keiding et al., 2009). By extension, we
examine possible spatio-temporal stress variations in the SISZ due to its close proximity and similarity to the
seismotectonics of the RP.

In a preceding work, we relocated earthquakes that occurred between July 1991 and December 1999, including
the seismic sequence following the June 1998 Mw 5.4 Hengill and November 1998 Mw 5.1 Hjalli-Olfus earth-
quake (Parameswaran et al., 2020). The foreshock activity for the Hjalli-Olfus mainshock was found to shift from
a N-S trend to a ~ENE trend ~24 hr prior to the event. Subsequently, ~84% of the aftershocks aligned in the
~ENE direction and the rest along a ~N-S trend. We found that the seismicity in Hjalli-Olfus between July 1991
and December 1999 was largely limited to 4-8 km depth range. The main trend of seismicity and faulting was
found to have an unusual ~N75°E trend compared to the general ~N-S faulting and seismicity along the rest of
the SISZ. The seismicity triggered in Hjalli-Olfus following the east-Olfus ~M6 doublet earthquakes in 2008 also
maintained a stark ~ENE-WSW seismic trend (Brandsdottir et al., 2010).

As observed in 2008, Hjalli-Olfus has shown sensitivity to seismicity in central/western SISZ (Brandsdéttir
et al., 2010; Hreinsdéttir et al., 2009), plate spreading (Arnadéttir et al., 2018), and inflation/contraction in the
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Figure 1. Tectonic and seismic setting of South Iceland: (a) Prominent tectonic and volcanic regions in Iceland. TFZ, Tjornes Fracture Zone; NVZ, Northern Volcanic
Zone; EVZ, Eastern Volcanic Zone; OVZ, Oraefajékull Volcanic Zone; HVZ, Hofsjokull Volcanic Zone; WVZ, Western Volcanic Zone; SVZ, Snafellsnes Volcanic
Zone; RP, Reykjanes Peninsula; RR, Reykjanes Ridge; SISZ, South-Iceland Seismic Zone; SIFZ, South-Iceland Volcanic Flank Zone; HB, Hreppar Block; Hn,
Hengill; K, Krysuvik; E, Eyjafjallajokull (modified after Sigmundsson et al., 2018). (b) Seismicity in south/southwest Iceland between 1991 and 2016, recorded by the
South Iceland Lowlands network as mapped out in the figure. Numbers marked in white represent significant earthquakes in the region, (tabulated in Table S1 of the
Supporting Information S1). The station colors (blue-to-red scale) represent the years of deployment for stations that are still active, while yellow shows those that have
since been deactivated.

Hengill volcanic system (Feigl et al., 2000; Rognvaldsson, Arnaddttir, et al., 1998; Sigmundsson et al., 1997).
The seismicity here has been continuously recorded by the Icelandic Meteorological Office (IMO) seismic
network (initially established as the South Iceland Lowlands or SIL network) from 1991 to the present (e.g.,
Bodvarsson et al., 1996; Jakobsdéttir, 2008; Stefansson, 2011). We select the time interval from July 1991 to
December 1999 to analyze the spatio-temporal variations in stresses in Hjalli-Olfus for the following reasons—
(a) there is documented evidence of stress-change surrounding the 13 November 1998 earthquake (Lund &
Bodvarsson, 2002) following the 1993-1998 inflation episode in Hengill (Feigl et al., 2000); (b) the aftershock
sequence in Hjalli-Olfus following the 2008 ~M6 doublet in eastern Olfus exhibited pre- and post-seismic rota-
tion of the maximum horizontal stress (Hensch et al., 2016); (c) geodetic estimates of pre-seismic strain based on
GPS data from 2001 to 2015 in Olfus show a decrease in normal stresses on N-S faults before the 29 May 2008
earthquakes due to contraction in the Hengill area, followed by an apparent increase in shear strain with time
(Arnadéttir et al., 2018). A spatio-temporal investigation of stress-variations in Olfus would yield some clarity
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Figure 2. Spatio-temporal divisions of Hjalli-Olfus seismicity from July 1991-December 1999: (a) relocated events from July 1991 to December 1999 in the Olfus
study area, including the 13 November 1998 Mw 5.1 Olfus earthquake. (b) Cumulative number of all events and moment release in Olfus over the prescribed time
period. (c) Grid division for the Hjalli-Olfus region defined by red box in (a). Events plotted in the figure are relocated events selected based on panel (d) and the
selection criteria described in Section 2.2. (d) Prominent seismic trends in Hjalli-Olfus (N-S and ENE-WSW) (after Parameswaran et al., 2020), used for event
selection. Events with strike angles within N75°E + 15°, S75°W + 15°, N + 15°, S + 15° are selected for further analysis.

on the activity in the region, the factors affecting it, and the implications this could have on potential interactions
with neighboring volcano-tectonic systems.

2. Data and Methodology
2.1. Data

We procured data associated with 22,354 earthquakes from the Hjalli-Olfus region (63.8°-64°N and 21.0°-21.5°W)
between July 1991 and December 1999 from IMO (IMO, 2017). These were originally recorded and located
using the 1-D SIL velocity model (Stefansson et al., 1993) based on refraction profiles in western/southwestern
Iceland (Bjarnason, Menke, et al., 1993). Of these earthquakes, we employed relocated events obtained from our
previous work (Parameswaran et al., 2020) to compute stress changes in the study area (Figure 1b). For consist-
ency, we used the same seven time-windows (TWs) as in Parameswaran et al. (2020)—(1) July 1991-February
1995 (3,086 earthquakes), (2) March 1995—-March 1996 (3,699 earthquakes), (3) April 1996—March 1997 (2,623
earthquakes), (4) April 1997-July 1997 (1,396 earthquakes), (5) August 1997-May 1998 (2,335 earthquakes),
(6) June 1998—October 1998 (2,057 earthquakes), and (7) November 1998—December 1999 (7,158 earthquakes)
(Figures 2a and 2b). The relocations were performed using constant-velocity layers based on the SIL model, but
with twice as many layers as the gradient version, and data from active seismic stations (12 stations in TW1, 12
in TW2,20in TW3, 23 in TW4, 22 in TW5, 23 in TW6, and 25 in TW7) (Parameswaran et al., 2020).
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2.2. Grid Definition and Data Selection

The relocated Olfus earthquakes from July 1991 to December 1999 were mostly confined to a narrow ~ENE-WSW
trending zone in Hjalli-Olfus (Parameswaran et al., 2020). Based on the spatial spread of these relocated events
over the seven TWs, Hjalli-(jlfus is divided into 5 (east-west) X 2 (north-south) grids (Figure 2c; Figure S1 in
Supporting Information S1). The seismic relocations also indicate that most of the Hjalli-Olfus seismicity is at
depths of 4-10 km, with the highest concentration of events within 4 to 6 km-depths (Parameswaran et al., 2020)
(Figure S2 in Supporting Information S1). Shallower events in this region are largely localized to faults lying
north toward the Hengill fissure zone (see Parameswaran et al., 2020). Therefore, this study focuses on events
within seismogenic depths of 4-10 km. The fault plane solutions (FPSs) corresponding to the relocated events
were directly obtained from the IMO database of routinely analyzed earthquakes. These were calculated using an
amplitude spectral method based on Slunga (1981) and Rognvaldsson and Slunga (1993), where the entire param-
eter space of strike, dip, and rake is searched for each earthquake, and the nodal planes that best satisfy polarity
observations and amplitude spectra of compressional and shear waves are chosen. A statistical test is applied to
evaluate the significance of a double-couple solution for the earthquake source (Slunga, 1981). Rognvaldsson and
Slunga (1993) assessed the accuracy of the IMO network in determining the orientation of the earthquake sources
by adding noise to synthetic seismograms. Accuracy depends on the data coverage, that is, the number of obser-
vations (polarities and amplitude spectra), and the network distribution. The network distribution for the location
of Hjalli-Olfus earthquakes is similar or better than the synthetic network of Régnvaldsson and Slunga (1993).
By comparing the number of observations used in the synthetic tests (Table 3 in Rognvaldsson & Slunga, 1993)
with the of number of observations (phases amplitudes and polarities) that the selected FPSs were constructed
from (Figure S3 in Supporting Information S1), we conclude that ~90% of the total selected FPSs for the present
study have uncertainty in orientations of earthquake sources within 15°, and ~70% within 5°. Parameswaran
et al. (2020) show that the absolute error for nearly half the data in the SIL catalog for Hjalli-Olfus is ~+1 km,
while the relative error is an order of magnitude lesser. The standard deviations (SDs) of uncertainties in the lati-
tude and longitude of the relocated events for all TWs are <0.6 km (Supporting Figures S1-S7 in Parameswaran
et al., 2020), whereas the SDs in depth are <1 km (Supporting Figures S1-S7 in Parameswaran et al., 2020).
Meanwhile, the spatial distribution of the SIL network between 1991 and 1999 was greater by over an order of
magnitude (Figure 1b). That suggests that spatial and temporal changes in FPSs and stress field may be resolvable
with similar accuracy, especially changes in mean values.

Of the relocated events, we chose FPSs determined using >12 P and S amplitudes and >4 first polarities (Figure
S3 in Supporting Information S1). Further, we narrowed this selection down to events that have FPSs that align
with the two primary trends of Hjalli-Olfus seismicity—(a) averaging at 0° or 180° azimuth, and (b), averaging
at 75° or 255° azimuth (Figure 2d). FPSs with strikes within +15° of these angles were selected for subsequent
analysis and will henceforth be referred to as selected events (Note: implies “selected relocated events”), and
the rest are referred to as non-selected events. The selected events were then subjected to rake analysis and focal
mechanism classification (see Section 2.3), followed by stress-inversion (see Section 2.4) over individual grids.

2.3. Rake Analysis and Focal Mechanism Classification

Fault-types can be classified into dip-slip (reverse and normal) and strike-slip (left-lateral and right-lateral) based
on both geology and FPSs (Aki & Richards, 1980; Rickard, 1972). Following these conventions, we classified
the selected events into 8 categories based on rake values, as listed in Supporting Information S1 (Table S2) (e.g.,
Waite & Smith, 2004; White et al., 2009). This division has been performed on both fault planes of the selected
events to compare their relative abundance in Hjalli-Olfus over the defined TWs (Planes-a and -b in Figures 3
and 4, and Figures S4-S6 in Supporting Information S1). For completeness, we have also performed a rake
analysis on events that do not align with the prominent seismic trend in Hjalli-Olfus, and these are plotted in
Supporting Information S1 (Figure S7). The analysis for TW/ is depicted in Supporting Information S1 (Figure
S4), as the SIL network was in its nascent state during this time, and therefore the data is not well-constrained for
stress inversion, despite their relevance in identifying regions of seismic productivity. Besides the rake-analysis,
Focal Mechanisms Classification (Alvarez-Gémez, 2019), a python-based tool, was modified and used to gener-
ate Ternary plots showing the classification of focal mechanisms and their depth distribution in Hjalli-Olfus
(Figures 3 and 4, and Figures S4-S6 in Supporting Information S1). In Figure S8 in Supporting Information S1
(TWs 2-7), we compare strike versus rake angle of the selected events to clarify the sense of motion on ~N-S and
~ENE-WSW striking nodal planes (TW1 in Figure S4 of the Supporting Information S1).
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Figure 3. Rake and focal mechanism analysis of selected events for TWs 2, 3, and 4: Bar diagrams depict rake-based classification (see Table S2 in Supporting
Information S1) of planes-a and -b of selected events within seismogenic depths of 4-10 km. The ternary plot on the right illustrates the depth and magnitude
distribution of all selected events for the corresponding TWs. The ternary plots for major faulting styles are shown in Figure S5 of the Supporting Information S1.
(a) TW2—March 1995-March 1996, (b) TW3—April 1996-March 1997. (c) TW4—April 1997-July 1997. BP, TP, and PP stand for B-, T-, and P-axes plunges. R,
Reverse; N, Normal; SS, Strike-slip.
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Figure 4. Rake and focal mechanism analysis of selected events for TWs 4 and 5: Bar diagrams and ternary plots are as described in Figure 2. The ternary plots
for major faulting styles are shown in Supporting Information S1 (Figure S6). (a) TW5—August 1997-May 1998, (b) TW6—June 1998—October 1998, (c) TW7—
November 1998-December 1999. Abbreviations as in Figure 3.

2.4. Stress Inversion

The stress inversions were carried out using the MATLAB-based routine, MSATSI (Martinez-Garzoén et al., 2014)
that generates a single stress tensor for a chosen set of FPSs. The code is the MATLAB version of the SATSI
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routine by Hardebeck and Michael (2006) that follows stress inversion detailed by Michael (1984). The routine
also incorporates maximum horizontal stress (SHmax) computation as described by Lund and Townend (2007).
The inversion provides the orientations of the three principal stress axes, o (most compressive), o, (intermediate),
and o3 (least compressive), and computes the relative stress magnitude, R, that quantifies the relative closeness of
0> to o1 and o3 (Lund & Townend, 2007)

O] — 02

R= P M
In this study, the Hjalli-Olfus region is divided into grids as described in Section 2.2. For each grid, a minimum number
of 20 events is set to conduct a well-constrained stress inversion. The routine employs bootstrap sampling such that
the number of iterations is set to approximately 20 times the number of events selected (Efron & Tibshirani, 1986). In
this study, the original data is bootstrap sampled through 2,000 iterations since each TW has >100 events. The confi-
dence level for the inversion is set to 95%. Stress inversions are allowed to randomly choose between the nodal planes
to resolve any ambiguity in the preferred fault plane, whether N-S + 15° or ENE-WSW + 15°—the two, dominant
seismic lineations in the region (Figures 5 and 6; Figure S9 in Supporting Information S1). Additionally, another set
of inversions was performed for completeness and comparison, now using FPSs of all strike orientations (Figures
S10 and S11 in Supporting Information S1). The time windows TWs 6 and 7 contain two moderately large earth-
quakes in Hengill (Mw 5.4; 4 June 1998) and Olfus (Mw 5.1; 13 November 1998), respectively, with considerable
aftershock activity in Hengill and Olfus. Therefore, we inverted for stresses over 4 resolved TWs (20 events minimum
per grid; 95% confidence level; 2,000 bootstrap resampling) using selected events from 4 June 1998 to 31 December
1999 (Figure 7). These resolved TWs are TWA—4 June—13 August 1998; TWB—13 August—13 November 1998;
TWC—13 November 1998—13 January 1999; TWD—13 January-31 December 1999. We conclude the analysis for
TWs 2—7 and TWs A-D with Figure 7 and Table S4 in Supporting Information S1 to compare the corresponding grid-
wise SHmax, o5 orientations. R-mean values, are listed in Figures 5 and 6 and Table S3 in Supporting Information S1.

3. Results
3.1. Rake-Analysis and Focal Mechanism Classification

Rake-based classification of selected events over all 7Ws show oscillations between oblique-normal and strike-
slip faulting (Figures 3 and 4 and Figures S4-S6 in Supporting Information S1). In TW1 oblique-normal events are
dominant over strike-slip, while all other mechanisms seem subdued (Figure S4a in Supporting Information S1).
In TW2 (Figure 3a; Figure S5a in Supporting Information S1) Plane-a shows large numbers of left-lateral strike-
slip (LLSS) and oblique-normal left-lateral strike-slip (ONLLSS) events (details in Table S2 of the Supporting
Information S1). Meanwhile, Plane-b indicates prominence of oblique-normal right-lateral strike-slip (ONRLSS)
over all other faulting styles. In TW3 (Figure 3b; Figure S5b in Supporting Information S1), strike-slip and
oblique-normal events are still dominant, although there is a higher ratio of oblique-normal to strike-slip events
compared to TW2. Meanwhile, TW4 (Figure 3c; Figure S5c¢ in Supporting Information S1) exhibits a shift in the
dominant faulting mechanism where the number of strike-slip events overshoots that of oblique-normal earth-
quakes. This trend continues in TW5 (Figure 4a; Figure S6a in Supporting Information S1) where the ratio of
strike-slip to oblique-normal events remains over unity. In TW6 (Figure 4b; Figure S6b in Supporting Informa-
tion S1), the trend reverses to a higher ratio of oblique-normal to strike-slip faulting earthquakes as observed
previously in TW2 and TW3; a trend that continues in 7W7 (Figure 4c; Figure Séc in Supporting Information S1).
The ternary plots in Figures 3 and 4 further illustrate the magnitude- and depth- distributions of these events in
each TW. In TWs 2-3, the depths are randomly distributed from 4 to 10 km-depth range, with the larger events
occurring between 4 and 6 km-depth. The main distribution alters to 5.5 to 7 km-depth in TWs 4-5, but the rela-
tively larger earthquakes occur between 4.5 and 6 km-depth. In TW6, events span the entire 4 to 10 km-depth,
with the larger events (M, 2 to 4) lying within 4 to 6 km-depth, although a larger proportion of the total events
lie between 6 and 10 km-depth compared to the earlier TWs. The entire volume within 4 to 10 km-depth lights
up in TW7 as an aftermath of the 13 November 1998 mainshock. The plots comparing the strike- and rake-angles
of the selected events are shown in Supporting Information S1 (Figure S8). TWs that host an abundance of nodal
planes with strike-angles 0° + 15° or 180° + 15° accommodate right-lateral strike-slip (RLSS) and ONRLSS
movement. The number of oblique-reverse right lateral strike-slip (ORRLSS) faulting planes seems to be very
low. Meanwhile, most of the LLSS and ONLLSS motions are confined to strike angles of nodal planes oriented
in the ~ENE or ~WSW direction (75° + 15° or 255° + 15°). This agrees with the general premise of seismic
activity and plate motion directions in the Hjalli-Olfus region.

PARAMESWARAN ET AL.

8 of 19

858017 SUOWILIOD @A 1810 3| (dde ays Aq peusenob afe saplie YO ‘@SN JO S8|nJ 10} ARIq1T8UIUO /8|1 UO (SUOIPUOO-pUR-SLLIBYW0D A8 | ARe.q 1 Bu [Uo//Sd1y) SUORIpUOD pue swiie 1 8y} 88s [7202/2T/6T] uo Areiqiauluo A8 |1Mm ‘(-uleAnde 1) aqnopesy Aq T029209rZ202/620T 0T/10p/L0d A8 |im" Aze.q 1 pul|uo'sgndnBe/:sdny woly papeo|umod ‘€ ‘€202 ‘95E669T2



~1 |
AGV Journal of Geophysical Research: Solid Earth 10.1029/2022JB026201

ADVANCING EARTH
AND SPACE SCIENCE

[a] TW2 (Mar 1995-Mar 1996)

I o, 0, O,
600 1000 E E m
§400 §800 | E———
8 8 600 300 0-515£0.006 o 0.163+0.003
[e] [e) 7]
<200 2400 $200 120
H 200 H 8
AU, 0 5100 60
0 0
0 05 1, 005 1| [¢ 0 o
[1,1] [1,2] 0:205 0515 0525  0.16 0.164 0.168
[1,1] [1.,2]
[b] TW3 1000 o, 0, O,
(Apr 1996-Mar 1997) 800 E EE
8 600
[2,1] [2,2] S 400 300, 0-403+0.003
(72}
<\ ” [0}
) 200 H ©200
- °
0051 £100
1400 0.398 0.404 0.41
800 R-mean
3 3 [2,2]
@ 600 @ 0.160+0.003 0.278+0.002
3 8800 "
S 400 S §200 200
200 S
- s ]
> X
[ [ A % 05 1 % 05 (8 0 0
1,1 1,2 0.154 0.16 0.166  0.274 0.278 0.282
[1.1] [1.2] [1,1] [1.20 || 2454
[1,1] [1,2]
[c] TW4
(Apr 1997-Jul 1997) 0.259+0.0044 0.407£0.002 - 0.383+0.004
0200 200
n
[2.1] [2,2] 23] |84 100 100
o
=z
0 0 0
0.254 0.26 0.266 0404 0.408 0.412 0.378 0.384 0.39
L R-mean
[1,1] [1,2] [1,3]
800 1400 800
3 3 3 0, 0, O,
9 @ E =B =
(] (] (]
1$) S 800 [$)
400 o & 400
zZ Z zZ
X 200 H
[1,1] 0 05 1 0 05 1 0 05 1
[1,1] [1,2] [1,3]
Figure 5.
PARAMESWARAN ET AL. 90of 19

858017 SUOWILIOD @A 1810 3| (dde ays Aq peusenob afe saplie YO ‘@SN JO S8|nJ 10} ARIq1T8UIUO /8|1 UO (SUOIPUOO-pUR-SLLIBYW0D A8 | ARe.q 1 Bu [Uo//Sd1y) SUORIpUOD pue swiie 1 8y} 88s [7202/2T/6T] uo Areiqiauluo A8 |1Mm ‘(-uleAnde 1) aqnopesy Aq T029209rZ202/620T 0T/10p/L0d A8 |im" Aze.q 1 pul|uo'sgndnBe/:sdny woly papeo|umod ‘€ ‘€202 ‘95E669T2



A7t |

NI Journal of Geophysical Research: Solid Earth 10.1029/2022JB026201

ADVANCING EARTH
AND SPACE SCIENCE

It is not surprising that there is a lack of normal faulting events for strike angles of selected events since they
align with the transform zone (Figures 3 and 4). Rake analysis of non-selected events also illustrate relatively
low normal faulting in Hjalli-Olfus during the study period. The exception is TW2, when normal faulting is the
second dominant faulting style after oblique-normal events (Figure S7 in Supporting Information S1). In other
TWs, FPSs of non-selected events mostly display the same characteristics as selected events, that is, strike-slip or
oblique-normal faulting (Figure S7 in Supporting Information S1).

3.2. Spatio-Temporal Evolution of Stresses in Olfus (1991-1999)

The stress-orientations and the distributions of R-values, for stress inversion using all events (Figures S10 and
S11 in Supporting Information S1) are comparable to those using selected events (Figures 5 and 6), although
more grids fulfill the minimum data requirement (20 events per grid: minimum number of polarities and ampli-
tudes etc.) when all earthquakes are considered. Choosing all relocated events increases the ambiguity in the
direction of the faulting planes (N-S, ENE-WSW, or other orientations) (Figures S10 and S11 in Supporting
Information S1). Therefore, we choose to focus on the results from the inversion of selected events with nodal
planes in line (+15°) with the dominant seismic trends in Hjalli-Olfus (Figures 5 and 6).

In TW2 (March 1995-March 1996), R-mean values in grids [1,1] and [1,2] are 0.515 + 0.006 and 0.163 + 0.003,
respectively, with 95% confidence intervals for the standard error of the mean. This indicates that ¢, is closer in
magnitude to o, in grid [1,2] than in grid [1,1], if the magnitude of o3 remains comparable across grids. In both
active grids, o3 is near-horizontal although with a greater plunge than in most of the following TWs, while ¢,
and o, are at significant plunges from the horizontal (Figure 5a). However, it is to be noted that the uncertainties
for ¢, and o, in grid [1,2] are larger and overlap one another compared to grid [1,1], indicating that ¢, and o,
are potentially interchangable. The stress field indicates oblique-normal faulting in grid [1,1] and a mixture of
oblique-normal and strike-slip faulting in grid [1,2] (Figure 3a). In August 1994, there was a sudden surge of
seismic moment release in Hengill (Feigl et al., 2000; Sigmundsson et al., 1997), which is moderately reflected
in Hjalli-Olfus (Figure 2b). However, the response of Hjalli-Olfus to the Hengill swarm was more pronounced
1Y2 year later (TW3), concomitant with the inflation in Hengill observed by Feigl et al. (2000). Although TW1
(July 1991-February 1995) has fewer selected events, the results for grids [1,1] and [1,2] are comparable to those
in TW2, but with larger uncertainties (Figure 5 and Figure S9 in Supporting Information S1). Seismicity in TW/
(July 1991-February 1995) is diffused but some lineaments can be traced in a N to N45°E and even E-W direc-
tion, unlike the predominant ~N75°E trend in Hjalli-Olfus in TW2 and following TWs (Figure S1 in Supporting
Information S1).

In TW3 (April 1996-March 1997) the R-mean values of the three active grids [1,1], [1,2], [2,2] are 0.16 + 0.003,
0.278 + 0.002, 0.403 + 0.003, respectively, indicating that the differences between the magnitudes of the prin-
cipal stress axes ¢y and o, are low to moderate, assuming constant o3 magnitude across grids. o3 continues to
be horizontal with comparable trends in grids [1,1], [1,2], and [2,2] (Table S4 in Supporting Information S1).
In fact, o5 is horizontal or near-horizontal for the remaining 7Ws, and o, is near-horizontal in grids [1,2] and
[2,2]. However, in grid [1,1] the plunge angle distributions of ¢ and o, have overlapping confidence intervals,
indicating comparable magnitudes and low R-mean values (Figure 5b). This change in the relative magnitude of
o1and o, in grid [1,1] from TW2 can be interpreted as an increase in magnitude of SHmax. In other words, SHmax
in Hjalli-Olfus was possibly increasing with the steady inflation in Hengill from 1993 with a growing stress
gradient toward Hengill (i.e., highest R-mean value in grid [2,2]). TW2 and TW3 have the highest proportion of
normal/oblique-normal to other faulting events compared to other well constrained 7Ws, both along prominent
seismic trends and otherwise (Figures 3a and 3b; Figures S5a, S5b, S7a, and S7b in Supporting Information S1).

In TW4 (April 1997-July 1997), active grids show similar horizontal o5 trends (Figure 5c). The near-horizontal
to oblique orientation of ¢, in grid [1,1] overlaps less with the ¢, confidence intervals than before, suggesting an
increase in ¢y which is also reflected in an increased R-mean value in this grid. In grids [1,2] and [1,3], the trends

Figure 5. Grid-wise stress inversions for TWs 2—4. Selected events are inverted to estimate principal stress directions and corresponding R-distributions in individual
grids over the following TWs. (a) TW2—March 1995-March 1996, (b) TW3—April 1996-March 1997, and (c) TW4—April 1997-July 1997. RGB-colored collection
of bootstrap sampled inversions indicates 95% confidence intervals for the principal stress-axes (o1, 62, 03). Best-fit directions for the principal stress-axes are indicated
by a “+” sign in corresponding clusters. R-value distributions for the respective grids are depicted using yellow bar-diagrams. Lavender bar diagrams illustrate
bootstrapped R-mean (italics) and associated uncertainties of the computed R-values with 95% confidence intervals of the standard error of the mean. The numbers at
the bottom right of each grid indicate the number of earthquakes in the grid. Grids with <20 earthquakes are not inverted.
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Figure 6. Grid-wise stress inversions for TWs 5-7. Selected events are inverted to estimate principal stress directions and
corresponding R-distributions in individual grids over the following 7Ws. (a) TW5—August 1997-May 1998, (b) TW6—IJune
1998—October 1998, and (c) TW7—November 1998—-December 1999. Bar diagrams, “+” sign, and RGB color descriptions as
in Figure 5. The numbers at the bottom right of each grid indicate the number of earthquakes in the grid.
PARAMESWARAN ET AL. 11 of 19

858017 SUOWILIOD @A 1810 3| (dde ays Aq peusenob afe saplie YO ‘@SN JO S8|nJ 10} ARIq1T8UIUO /8|1 UO (SUOIPUOO-pUR-SLLIBYW0D A8 | ARe.q 1 Bu [Uo//Sd1y) SUORIpUOD pue swiie 1 8y} 88s [7202/2T/6T] uo Areiqiauluo A8 |1Mm ‘(-uleAnde 1) aqnopesy Aq T029209rZ202/620T 0T/10p/L0d A8 |im" Aze.q 1 pul|uo'sgndnBe/:sdny woly papeo|umod ‘€ ‘€202 ‘95E669T2



A7t |

NI Journal of Geophysical Research: Solid Earth 10.1029/2022JB026201

ADVANCING EARTH
AND SPACE SCIENCE

[a] 4 Jun - 13 Aug, 1998 [b] 13 Aug - 13 Nov, 1998

[2,1] [2,2] [2,3] [2,1] [2,2] [2,3]

0, 0, Oy O, 0, Oy
H = = H = =

[1,1] [1,2] [1,3] [1,1] [1,2] [1,3]

[c] 13 Nov 1998 - 13 Jan, 1999 [d] 13 Jan - 31 Dec, 1999
[2,1] [2,‘2] [2,3] [2,1] [2,‘2] [2,‘3]

O, 0, Oy O, 0, Oy
H B N H B N

&

N

[1,1] [1,2] [1,3] [1,1] [1,2] [1,3]
[e] Averaged SHmax

A

>
>

2y )

[1,1] [1,2]

<+ < "i

(1.3]

v v

—> March 1995 ——> June 1998 —>> 13 Nov 1998
to May 1998 to 13 Nov 1998 to Dec 1999

Figure 7. Stress inversion for selected events in resolved TWs (a) TWA—O0000 hr, 4 June to 1038 hr, 13 August 1998, (b)
TWB—1038 hr, 13 August to 1038 hr, 13 November 1998, (c) TWC—1038 hr, 13 November 1998 to 1038 hr, 13 January
1999, and (d) TWD—1038 hr, 13 January—-31 December 1999. Hjalli-Olfus Mw 5.1 occurred at 1038 hrs UTC on 13
November 1998. The numbers at the right bottom of each grid indicate the number of earthquakes in the grid. (e) Averaged
SHmax with 95% confidence intervals for grids [1,1], [1,2], and [1,3].

of o1, o3 are near-horizontal with comparable orientations (Figure 5c; Table S4 in Supporting Information S1).
The R-mean values in the three grids are 0.259 + 0.004 [1,1], 0.407 + 0.002 [1,2], 0.383 + 0.004 [1,3], showing
significant increase from 7W3 in grids [1,1] and [1,2]. The R-mean value of grid [1,3] is within the same range
as the others and is comparable to its value in the previous 7W. The R-mean value in grid [1,1] is low enough
to prompt oblique-normal faulting. The directions of principal stresses in grid [1,2] are comparable in TW3 and
TW4. If the magnitudes of ¢, and o3 do not change significantly between these time windows, the increase in the
R-mean value can be interpreted as an increase in SHmax, due to the increased magnitude of the near horizon-
tal oy (Figures 5b and 5c). Seismicity in TW4 delineates almost perfectly along the ~N75°E direction (Figure
S1d in Supporting Information S1) and strike-slip faulting becomes the dominant mode over oblique-normal
faulting (TW2, TW3) (Figure 3). Normal faulting events now account for 1%—2% of events in TW4 compared
to the 5%—20% of events in prior TWs (Figure 3). Contemporary activity during April 1997 in Hengill shows a
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continued increase in seismic moment release (Feigl et al., 2000), implying that Hengill inflation contributes to
increased SHmax in Hjalli-Olfus.

The grids active in TW4 continue to remain so in 7W5 (August 1997-May 1998) with oy, o3 orientations
near-horizontal (strike-slip) in all active grids (Figure 6a). The o3 trend falls within comparable range for most
TWs. The SHmax and o directions are better constrained than in previous windows, with the SHmax directions in
the range N39°E-N46°E (Figure 6a; Table S4 in Supporting Information S1). SHmax and o5 show apparent, but
statistically insignificant, clockwise rotation in grids [1,1] and [1,2] between TW4-5 (Figures Sc and 6a; Table S4
in Supporting Information S1). The R-mean values are 0.359 + 0.003 [1,1], 0.356 + 0.002 [1,2], 0.183 + 0.002
[1,3], with a slight decrease in grid [1,2], a significant increase in grid [1,1], and a significant decrease in grid
[1,3] compared to previous values in TW4.

In TW6, (June 1998—October 1998) there was a co- and postseismic increase in the ~ENE-WSW Hijalli-Olfus
seismicity following the June 1998 Hengill earthquake, and N-S trending shallow seismicity from Hengill in grid
[2,2] that stopped at the Olfus belt (Figure S1f in Supporting Information S1). The dominant faulting pattern
shifted from strike-slip to oblique-normal, strike-slip being a close second. This is contrary to the two preced-
ing TWs, where strike-slip was dominant (Figure 4; Figures S6b and S7e in Supporting Information S1). This
change is reflected in the stress field in grids [1,1] and [1,3], where o, is no longer near-horizontal (Figure 6b;
Figure S12 in Supporting Information S1). Grid [2,2] becomes seismically active again (Figure 6b). The stress
field in grids [1,2] and [2,2] show near horizontal o), o3 trends (at 95% confidence level), while grids [1,1]
and [1,3] show strike-slip to oblique-normal inducing stress. o3 is near-horizontal with comparable strike in
all three southern grids and without significant change from TW5 (Figures 6a and 6b; Table S4 in Supporting
Information S1). The trend of o3 in grid [2,2] is not significantly different from the trends in the southern grids
nor is there any significant change observed between TW3 and TW6. The R-mean values 0.220 + 0.003 [1,1],
0.215 + 0.002 [1,2], and 0.162 + 0.002 [1,3] indicate comparable principal stress magnitudes, while grid [2,2]
with R-mean = 0.315 + 0.003 indicates higher magnitude o, lower o, or both, assuming comparable o3 across
grids. Lower magnitude o, in grid [2,2] compared to the other grids could be due to shallower seismicity and
by inference lower overburden pressure values. There is a significant decrease in R-mean of the southern grids
between TW5 and TW6, and between TW3 and TW6 for grid [2,2].

In TW7 (November 1998-December 1999), the active grids are [1,1], [1,2], [1,3], and [2,3], all with low R-mean
values 0.176 + 0.001, 0.165 + 0.001, 0.161 + 0.001, and 0.187 + 0.002, respectively (Figure 6¢). As in TW6, the
TW?7 R-mean values in grids [1,1], [1,2], and [1,3] are low, but with a slight decrease compared to those in TW6
in grids [1,1] and [1,2], and no significant change in [1,3]. Grid [2,3] has low R-mean values similar to those in
the southern grids. Grids [1,2], [1,3], and [2,3] show near-horizontal o, o3 confidence intervals, whereas [1,1]
exhibits near-horizontal 53, and oblique o;. This is a change from TW6, where ¢, ranged from a horizontal to an
oblique plunge in grid [1,1]. Grid [2,3] is the site of the 14 November 1998 (mb = 4.7 and Ms =4.1) Hjalli-()lfus
aftershock (ISC Bulletin, 2021), located on a N-S fault. The o3 trends in grids [1,1], [1,3], and [2,3] are similar.
In all the southern grids that constitute the major trend of the Hjalli-Olfus belt, and high aftershock activity, the
stress field shows a counterclockwise rotation in 7W?7. The largest rotation is observed in grid [1,2] with SHmax
now in direction 34° and o5 trending 124° compared to the mean values of 39° and 129° over all other TWs
(Figures 6b and 6¢; Table S4 in Supporting Information S1).

A closer look at TW6 and TW7 resolves the activity surrounding the 4 June 1998 Hengill mainshock and the 13
November 1998 Hjalli-Olfus mainshock into 4 subdivisions. TWA (4 June—1038 hr, 13 August 1998) spans the
co- and early post-seismic period of the 4 June 1998 Hengill (Mw = 5.4) earthquake. The stress inversion shows
near-horizontal ¢, o3 strike-slip faulting in all active grids with slightly more oblique solutions of ¢, in grids
[1,1] and [1,3] (Figure 7a). Grids [1,2] and [2,2] lie south of the Hengill mainshock (Parameswaran et al., 2020),
which may explain the pronounced strike-slip activity in these grids. There is a significant reduction in the
R-mean values between TW5 and TWA in grids [1,1], [1,2], and a borderline statistically significant (change is
greater than the associated uncertainty) increase in [1,3]. The apparent clockwise rotations of SHmax and o3
between TW5 and TWA in grids [1,2] and [1,3] are not statistically significant although borderline significant in
grid [1,3] (Figures 6a and 7a; Table S4 in Supporting Information S1). TWB (1,038 hr, 13 August-1,038 hr, 13
November 1998) consists of the Hengill (Mw = 5.4) aftershocks and the foreshocks of the 13 November 1998
Hjalli-Olfus mainshock (Mw = 5.1). A considerable change is observed in the stress field from TWA to TWB. At
95% confidence level, o3 is horizontal as before, but ¢, in grids [1,2] and [1,3] shows obliqueness, while a more
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characteristic obliqueness is observed in grid [1,1]. The R-mean value in grid [1,2] is significantly reduced in
TWB, slightly reduced in [1,1] and not significantly changed in [1,3] (Table S3 in Supporting Information S1).
Lund and Bodvarsson (2002) reported an increase in solitary events (i.e., events with dissimilar spectral ampli-
tudes, due to greater variety of focal mechanisms and/or spatial separation) starting in August in 7WB until the
Hjalli-Olfus mainshocks, when the earthquake characteristics became similar again. Related to their observed
dissimilarity, perhaps it is the wide range of o, orientations in all three southern grids compared to TWA and
TWS5 that sets TWB apart. TWC (1038 hr, 13 November 1998-1038 hr, 13 January 1999) spans the co-seismic
and immediate aftershock sequence of the Hjalli-Olfus mainshock. In TWC the trend of 3 is well constrained in
horizontal position in all resolved grids. In grid [1,1] o, is well constrained in an oblique position, and in [1,2]
and [1,3] it is well constrained in a horizontal position. Grid [2,3] has a confidence interval of ¢, ranging from
horizontal to oblique. The R-mean value drops in grids [1,1] and [1,3], but increases slightly in gird [1,2] (Table
S3 in Supporting Information S1). A statistically significant change in SHmax and o5 orientations between TWB
and TWC is not observed (Table S4 in Supporting Information S1). TWD (1038 hr, 13 January—31 December
1999) spans the extended aftershocks of the Hjalli-Olfus mainshock and the subsequent interseismic period. Only
grids [1,1] and [1,2] are constrained in this period, with very similar stress characteristics between them. The
stress field reverts to a state similar to that of TWB, where the confidence interval of ¢, ranges from horizontal to
oblique. There is no significant change in the o3 trend in TWD (Figure 7; Table S4 in Supporting Information S1).
In TWD, the R-mean values in grids [1,1] and [1,2] begin to increase again, although they are still rather low,
0.195 + 0.003 and 0.211 + 0.003, respectively (Figure 7; Table S3 in Supporting Information S1). Therefore,
both longer and shorter 7Ws show altering stress states in the prescribed grids over time and are discussed further
in the following section.

4. Discussion
4.1. Current Understanding of Regional and Local Stress Fields in the SISZ

One of the early studies based on 605 earthquakes recorded by the SIL network in the SISZ (0 < M| < 2) between
July 1991 and February 1992, pointed to the maximum horizontal compressive stress (SHmax) trending ~N50°E
(Stefansson et al., 1993). Bjarnason, Cowie, et al. (1993) and Bjarnason, Menke, et al. (1993) measured a mean
trend N40°E of tension fractures in the surface rupture of the 1912 magnitude 7.0 earthquake in the eastern end of
the SISZ, which individually align with the maximum horizontal stress (Scholz, 2019). Analyzing paleo-stresses
in rocks aging 3.1-0.7 Ma and employing 50 focal mechanisms from 1991 to 1995 in central parts of the SISZ,
Bergerat et al. (1998) concluded that the dominant time-averaged regional stress field here has its maximum
horizontal compressive stress oriented in the NNE-SSW to NE-SW direction, agreeing with the results from
Stefansson et al. (1993), Bjarnason, Cowie, et al. (1993), and Bjarnason, Menke, et al. (1993). They also conclude
that there exists a contrasting stress field that has its maximum horizontal compressive stress trending NW-SE,
which may be related to multiple factors such as stress release and rebound, and dike injections in nearby rift
segments over time. A subsequent study by Bergerat et al. (1999) observes that, of the identified faults in the
SISZ, half are normal faults, and the remaining are strike-slip, with no reverse faults observed in the field, reflect-
ing both its past behavior, when it was part of the rift, and its present as a transform zone. They further note that
71% of earthquakes have strike-slip, 16% normal, and 13% reverse focal mechanisms in SISZ during present
times, consistent with the net left-lateral motion of SISZ (Bergerat & Angelier, 2000; Bergerat et al., 1999).
Stress field computations using borehole data from the western SISZ also point to ~NNE to NE trending SHmax,
consistent with the large earthquakes in SISZ (Ziegler et al., 2016). Bergerat and Angelier. (2008) identify SISZ
as a wide diffused transform area with predominantly ~N10°E right-lateral faults, some N70°E left-lateral faults,
and no significant through-going E-W fault. Angelier et al. (2008) correlate these to a primary stress regime
with a ~N45°E oriented compression and ~N135°E extension.

On amore local scale, Bergerat et al. (2003), who analyzed the right-lateral motion on the Leirubakki fault, ~3.5 km
west of the surface rupture in Selsund following the 1912 Mg 7.0 earthquake in eastern SISZ (Karnik, 1969;
Appendix B in Bjarnason, Cowie, et al., 1993; Bjarnason, Menke, et al., 1993), tentatively propose that the lack of
clear ~E-W faulting along the SISZ might be a result of slip accommodation in a young and hot lithosphere with
potential for discrete brittle left-lateral faults in a future, more mature state of the SISZ, as suggested by Einarsson
and Eiriksson (1982), Bjarnason, Cowie, et al. (1993), and Bjarnason, Menke, et al. (1993). The Leirubakki fault,
that lies 18 and 36 km east of the 17 and 21 June 2000 earthquakes, respectively, experienced lower postseismic

PARAMESWARAN ET AL.

14 of 19

858017 SUOWILIOD @A 1810 3| (dde ays Aq peusenob afe saplie YO ‘@SN JO S8|nJ 10} ARIq1T8UIUO /8|1 UO (SUOIPUOO-pUR-SLLIBYW0D A8 | ARe.q 1 Bu [Uo//Sd1y) SUORIpUOD pue swiie 1 8y} 88s [7202/2T/6T] uo Areiqiauluo A8 |1Mm ‘(-uleAnde 1) aqnopesy Aq T029209rZ202/620T 0T/10p/L0d A8 |im" Aze.q 1 pul|uo'sgndnBe/:sdny woly papeo|umod ‘€ ‘€202 ‘95E669T2



A7t |

NI Journal of Geophysical Research: Solid Earth 10.1029/2022JB026201

ADVANCING EARTH
AND SPACE SCIENCE

friction than pre-seismic friction, indicating change in stress field following the 2,000 earthquakes (Plateaux
et al., 2010). This study also showed that the Skard fault, that lies 8 km west of the Leirubakki fault, shows
contrasting changes in stress orientation compared to the latter. This change within fault structures, compared
to regional stresses, is attributed to fluid flow within these structures and/or heterogeneities in their mechanical/
hydraulic properties (e.g., Cappa, 2009; Gudmundsson et al., 2010).

Meanwhile, in western SISZ, a stress-inversion study using events between April 1998 and November 1998,
before the mainshock on 13 November in Olfus, shows the maximum horizontal stress oriented at ~N30°E and
the minimum horizontal stress trending ~N60°W (Lund & Slunga, 1999). Lund and Bodvarsson (2002), who
later performed stress inversions on earthquakes from 1 November 1997 to the 13 November 1998 Mw 5.1 earth-
quake, showed the disappearance of seismic self-similarity around August 1998 and its reappearance shortly after
the mainshock. Hensch et al. (2016) conducted stress inversions using aftershocks of the 2008 ~M6 Olfus earth-
quakes, east of the Hjalli-Olfus region, and found that SHmax orientations in Hjalli-Olfus showed a counterclock-
wise rotation (36° + 8° to 35° + 8°) over the first month, followed by clockwise rotation (35° + 8° to 40° + 6°).
A more recent study conducted using GPS data from 2001 to 2015 in SISZ to understand the pre-seismic strain
anomalies before the 2008 ~M6 earthquakes in Olfus also points to a varying stress field in the region (Arnadéttir
et al., 2018). The authors find that GPS horizontal velocities in the Olfus region after the 29 May 2008 mainshock
are larger and more northerly directed than before (counterclockwise rotation), and that they gradually rotate
eastward (clockwise rotation) with decreasing magnitudes over the course of time (Arnadéttir et al., 2018). In the
following sections we discuss the spatial and temporal evolution of stresses as manifested in focal mechanisms
and principal stress axes orientations from July 1991 to December 1999 over TWs prescribed in this study.

4.2. Stress Evolution in the Hjalli-Olfus Area Between March 1995 and December 1999

The average trend of SHmax and o3 for all grids from TWs 2—7 is 40° + 1° and 130° + 1°, respectively. These
trends are very similar to the inferred SHmax from rift structures in the eastern RP, which is significantly different
from the geological trends of the Hengill volcanic zone (Seemundsson et al., 2016). These values are also compa-
rable to the regional trends obtained by a previous study in the Hjalli-Olfus area (Hensch et al., 2016). Over TWs
2-7 and A-D, grids [1,1], [1,2], and [1,3] have remained most consistently active. The mean SHmax orientations
in these southern grids between March 1995 and December 1999 (TWs 2-7) are 39° +4°,39° + 2°, and 40° + 2°,
respectively (Figure 7; Table S4 and Figure S12 in Supporting Information S1). The mean SHmax orienta-
tions in the aforementioned southern grids from March 1995 to May 1998 (TW2-5), before the Hengill and the
Hjalli-Olfus earthquakes are 39° + 7°, 40° + 2°; 40° + 2° respectively. After the Hengill event (4 June 1998),
from June 1998 to 13 November 1998 (averaged TW6 and TWA-B) the SHmax for these grids are 36° + 8°,
39° + 7°, 41 + 7° respectively (Figure 7; Table S4; Figure S12 in Supporting Information S1). Following the
Hjalli—élfus earthquake (13 November 1998), the SHmax orientations in the three grids are 38° + 1°, 34° + 1°;
38° + 1° (Table S4 in Supporting Information S1). A significant counterclockwise rotation in SHmax orientation
is therefore observed in grid [1,2] in TW7 that includes the Hjalli-Olfus mainshock compared to its mean value
in the previous periods that is, TW2-TW5 (Table S4 in Supporting Information S1). The larger uncertainties in
the SHmax values in TW6 and TWA-B could be due to the fact that these TWs include earthquakes from the NS
fault extending southward from the Hengill system.

The five phases of stress evolution observed in Hjalli-Olfus are as follows:

1. The initial state of stress in 7W2 (March 1995—;March 1996) is oblique-normal to strike-slip, with o3 trend-
ing ~130° and corresponding average SHmax ~40° (Figure 5a). In grid [1,1] o is oblique to near vertical
(SHmax > o,), while in grid [1,2] o, is oblique to near-horizontal (SHmax < ;). This represents an increase
in SHmax magnitude from west to east. Time window TWI (July 1991-February 1995) spans a period mostly
prior to the inflation in Hengill (Figure 2b). Although the stress field is less constrained in 7W/ than in TW2,
the similarity in R-mean values and general orientations of the principal stresses (Figure S9 in Supporting
Information S1) suggests a similar state of stress in these windows. These inferences of relative stress magni-
tudes and trends of SHmax and o5 suggest that the transtensional stress field of the RP extended into the
Hjalli-Olfus area, prior to and ~1.5 year into the main period of unrest in the Hengill volcanic system. The
interseismic state of stress in the Hjalli-Olfus seems to be transtensional.

2. In TW3 (April 1996-March 1997) a clear change in the stress field is observed; most likely related to the
continued inflation in the Hengill volcanic zone. SHmax and o3 trends remain largely unchanged from the
previous TW. However, altered R-mean values in the southern grids can be interpreted as an increase in
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horizontal stress. Again, increased magnitude of SHmax from west to east can be observed, but also an
increase to the north (grid [2,2]), in the direction of Hengill. From TW1 through TW3, the state of stress in
Hjalli-Olfus seems to change from transtensional, like the RP, to a transform-faulting regime, like the SISZ.
In time windows TW4 and TW5 (April 1997-May 1998), the mean trend of SHmax and o3 are not significantly
different from the previous windows. The increased R-mean values and the horizontal orientation of ¢, in
grids [1,1] and [1,2] in TW5 indicate gradually increasing loading in both. The R-mean in grid [1,3] is similar
to the values of the other grids in TW4, but drops to a lower level in TW5. Horizontal stress loading (SHmax)
on the Hjalli-Olfus faults seems to reach its maximum in these time windows, prior to the Hengill mainshock
when the R-mean values are at their highest in a dominantly strike-slip environment in Hjalli-Olfus.

In TW6 (June 1998-October 1998), the co- and post-seismic TW of the Hengill mainshock and pre-seismic
window of the Hjalli-Olfus main event, the stress field tends to be more oblique-normal, especially in the latter
half of the window (TWB). Significant reduction in the R-mean values of grids [1,1] and [1,2] and a moderate
decrease in grid [1,3] are observed. Orientations of ¢3 and ¢, are mostly unchanged and if we assume magni-
tudes comparable to prior 7Ws, then there must be a reduction in magnitude of ¢, that causes the lowering
of R-mean values. This implies that the stress-drop due to the Hengill mainshock extends to the Hjalli-Olfus
area. The averaged SHmax trends in [1,2] and [1,3] are relatively unchanged, while in [1,1] it shows a mild
counterclockwise (toward north) rotation, compared to the those from March 1995 to May 1998 (Figure 7e;
Table S4 in Supporting Information S1). The latter half of the time window (TWB) shows continued reduction
of the R-mean values, although no new significant events were recorded. The continued stress-drop here can
be explained by a potential gradual post-seismic response of the Hengill mainshock. Another possible cause
would be an increase in pore pressure following the Hengill earthquake, as pore pressure and R-values are
negatively correlated for R < 0.6 (Martinez-Garzéin et al., 2016). Increased pore pressure has been suggested
before as an explanation for a greater variety of faulting observed in this 7W (Lund and Bodvarsson, 2002).
The hypothesized increase in pore pressure is quite significant as the R-mean value drops to its lowest value
observed in this study; R-mean = 0.144 + 0.002 in grid [1,2], where the Hjalli-f)lfus mainshock Mw = 5.1)
occurred (Table S3 in Supporting Information S1).

In TW7 (November 1998-December 1999), that is, co- and post-seismic windows of the Hjalli-Olfus main-
shock of November 1998, the R-mean values drop again in a mostly strike-slip stress environment. We inter-
pret this reduction as a stress-drop with reduced ¢, and shear stress on the Hjalli-Olfus faults. It is noteworthy
that the R-mean reduction is smaller in this window than in the previous one, implying a slightly greater
stress-drop in the Hjalli-Olfus area due to the Hengill main earthquake, an event of greater magnitude than
the Hjalli-Olfus November events. The averaged SHmax trends in grid [1,1] shows a mild clockwise rotation
(toward east) unlike grids [1,2] and [1,3], where the rotation is counterclockwise (toward north) in this TW
(Figure 7e; Table S4 in Supporting Information S1). In the central southern grid [1,2], at the location of the
epicenter of the Hjalli-Olfus mainshock, the horizontal stress components are now closer to the observed
geological trends in the Hengill volcanic system (Table S4 in Supporting Information S1). The largest stress-
drop may have occurred in the central southern grid. This TW, with respect to its predecessor, elucidates the
variability of loading and stress-drop over time and spatial grids.

5. Conclusions

This study attempts to quantify the states of stress and earthquake focal mechanisms in the Hjalli-Olfus region
between July 1991 and December 1999. We find:

1.

Inflation and seismic unrest of the Hengill volcanic system started in July 1994, but did not affect the
Hjalli-Olfus area until ~1-1v years later. The main faulting characteristics until that time was oblique-normal
faulting. The trend of horizontal stress in Hjalli-Olfus is similar to that of its western neighbor, the eastern RP
(inferred from geological structures), with SHmax ~ 40° + 1° and near-horizontal o; ~ 130° + 1°. Interseis-
mic stress in Hjalli-Olfus may therefore be more related to the transtentional stress of the RP than that of the
SISZ transform zone or the Hengill volcanic zone.

The eventual loading of the Hjalli-Olfus area due to the Hengill volcanic system was characterized by an
incremental increase (averaged over time windows) in the magnitude of SHmax. The faulting characteristics
in the area changed from the initial stage to near-equal parts oblique-normal/strike-slip, and then to a pure
strike-slip regime when SHmax reached its peak. The western part of Hjalli-Olfus, and closest to the RP,
was the last to change to a strike-slip stress state. Under a strike-slip stress regime, the observed trends of
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the principal horizontal stresses in Hjalli-Olfus favor similar manners of slip on conjugate pairs of ~NS and
~ENE-WSW striking faults, both of which are observed in seismic lineations.

3. Maximum SHmax loading in Hjalli-Olfus occurred before the June 1998 Mw = 5.4 Hengill mainshock. The
epicenter of this mainshock was located on a ~NS strike-slip fault, ~10 km north of Hjalli-Olfus. The stress-
drop and aftershocks of the Hengill mainshock extended to the Hjalli-Olfus area, and seemingly reduced
the horizontal stresses here. The stress-drop seems to have been gradual over the post-seismic period of the
Hengill earthquake (perhaps due to pore pressure), occurring prior to the November 1998 Hjalli-Olfus main-
shock (Mw = 5.1). The Hjalli-Olfus mainshock added to the stress-drop on the Hjalli-Olfus fault structures.

4. The combined unloading of stresses following the Hengill and the Hjalli-Olfus mainshocks resulted in a
counterclockwise rotation of ~5° (95% confidence level) of the maximum horizontal stress (SHmax) in
the Hjalli-Olfus area. The SHmax rotated counterclockwise toward ~N-S faults with respect to the main
~ENE-WSW (N75°E) striking seismic lineaments in the Hjalli-Olfus aftershock period.

5. In a yearlong post-seismic period after the Hjalli-Olfus mainshocks, the stress-state seems to return to initial
conditions, that is, similar to state of stress in the RP, before the influence of the unrest near Hengill.

Through this study we illustrate the utility of measuring the rotation of maximum horizontal stress to estimate
stress loading and unloading during tectonic events (deformation) in enhancing our understanding of earthquake
mechanics, for example, earthquake triggering on neighboring faults over seismic and interseismic periods.

Data Availability Statement

The relocated earthquake catalogues, station lists, and seismic velocity model used have all been uploaded
to the Open Science Framework website following the AGU FAIR-data policy (https://osf.io/a58fv/?view_
only=02c75823f6c24da98cabadbab5543567). The fault plane solutions were obtained directly from the Icelan-
dic Meteorological Office (IMO), and are uploaded to the Open Science Framework website (https://osf.io/46k-
fr/?view_only=f61b8664d2c74b7d93819db24b300d4d). The project facilitated the procurement of seismic data
recorded by the SIL seismic network from the IMO. Additional raw data can be obtained from the IMO. No new
data has been generated in this study and the details of the uploaded data can be found in the Supplementary
material of a previous publication https://doi.org/10.1029/2019JB019203.
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