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S U M M A R Y 

Ambient noise seismic tomography has proven to be an ef fecti ve tool for subsurface imaging, 
particularly in volcanic regions such as the Reykjanes Peninsula (RP), SW Iceland, where 
ambient seismic noise is ideal with isotropic illumination. The primary purpose of this study 

is to obtain a reliable shear wave velocity model of the RP, to get a better understanding 

of the subsurface structure of the RP and how it relates to other geoscientific results. This 
is the first tomographic model of the RP which is based on both on- and off-shore seismic 
stations. We use the ambient seismic noise data and apply a novel algorithm called one-step 3- 
D transdimensional tomography. The main geological structures in the study area (i.e. covered 

by seismic stations) are the four NE–SW trending volcanic systems, orientated highly oblique 
to the plate spreading on the RP. These are from west to east; Reykjanes, Eldv örp-Svartsengi, 
Fagradalsfjall and Kr ýsuv ́ık, of which all except Fagradalsfjall host a known high-temperature 
geothermal field. Using surface waves retrieved from ambient noise recordings, we recovered 

a 3-D model of shear wave velocity. We observe low-velocity anomalies below these known 

high-temperature fields. The observed low-velocity anomalies below Reykjanes and Eldv örp- 
Svartsengi are significant but relatively small. The low-velocity anomaly observed below 

Kr ýsuv ́ık is both larger and stronger, oriented near-perpendicular to the volcanic system, and 

coinciding well with a pre viousl y found low-resisti vity anomal y. A low-velocity anomal y in 

the depth range of 5–8 km extends horizontally along the whole RP, but below the high- 
temperature fields, the onset of the velocity decrease is shallo wer , at around 3 km depth. 
This is in good agreement with the brittle–ductile transition zone on the RP. In considerably 

greater detail, our results confirm previous tomographic models obtained in the area. This 
study demonstrates the potential of the entirely data-driven, one-step 3-D transdimensional 
ambient noise tomography as a routine tomography tool and a complementary seismological 
tool for geothermal exploration, providing an enhanced understanding of the upper crustal 
structure of the RP. 

Key words: Interferometr y; Tomog raphy; Seismic noise; Surface waves and free oscillations. 
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 I N T RO D U C T I O N  

he Reykjanes Peninsula (RP), southwest Iceland, is the onshore
ontinuation of the Mid-Atlantic Ridge. As such, it is part of the di-
ergent plate boundary of the North American and Eurasian plates.
n the RP, this plate boundary strikes N70 ◦E (Sigmundsson et al.
020 ), and the divergence of the plates is expressed in six en-echelon
C © The Author(s) 2023. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
ift segments, which accommodate the rifting (Sæmundsson et al.
020 ). These rift segments, or volcanic systems, are areas with the
ighest density of eruptive fissures and tectonic faults and fractures.
urrently, there are two geothermal power plants in production on

he RP, that is in Reykjanes (100 MWe) and Svartsengi (76 MWe
nd 150 MWt), mainly producing from depths of 1–2.5 km (Fig. 1 ;
ri ð leifsson et al. 2020 ). 
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
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Figure 1. The seismic network and the geological setting of the study area. Green triangles are IMAGE seismic stations (both on- and off-shore). Blue 
inverted triangles are additional seismic stations from other existing seismic networks in the area. Red and black fault lines denote postglacial volcanic 
eruptive and opening fissures, respectively; the volcanic systems are shaded light brown and marked with a bold letter, R: Reykjanes, E-S: Eldv örp-Svartsengi, 
F: Fagradalsfjall, K: Kr ýsuv ́ık, B: Brennisteinsfj öll, H: Hengill (Sæmundsson & Sigurgeirsson 2013 ); black dashed polygons show the extent of the high- 
temperature geothermal fields on the Peninsula according to resistivity measurements (summarized in Fl óvenz et al. 2022 ) and the geothermal power plants 
of Svartsengi and Reykjanes are shown with red stars. The approximate location of the 2021 and 2022 Fag radalsfjall er uptions (Pedersen et al. 2022 ), as well 
as the 2023 eruption, is shown with a yellow star. The black-dashed rectangle shows the map extent of Fig. 5 . Main roads are in black, and main landmarks 
referenced in the text are shown on the map. The inset shows volcanic zones of Iceland (orange) with blue arrows indicating the plate spreading rate in Iceland 
(Sigmundsson et al. 2020 ). The red rectangle on the inset shows the location of the zoomed-in area. 
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Further exploration of deep geothermal resources is currently 
underway. In 2016–2017, a deep exploratory well (IDDP-2) was 
drilled down to a depth of 4.6 km in Reykjanes to examine the 
economic potential of the production of supercritical fluids from 

greater depths than conventional production wells. The IDDP-2 
well reached both supercritical conditions, evidenced by a temper- 
ature estimated to be around 600 ◦C at the bottom of the well (Bali 
et al. 2020 ), and permeability at depths greater than 3 km, evi- 
denced by a total loss of circulation below 3 km during drilling. In 
addition, seismicity was induced below 3 km, in a zone that was gen- 
erally aseismic prior to drilling (Gudnason et al. 2020 ; Fri ð leifsson 
et al. 2020 ). For fur ther geother mal utilization, more investigation is 
needed to better understand the cr ustal str ucture beneath the RP as a 
whole. 

The RP has been the subject of se veral dif ferent geolo gical 
(Clifton & Kattenhorn 2006 ; Sæmundsson & Sigurgeirsson 2013 ; 
Sæmundsson et al. 2020 ) and geophysical studies. See Jousset et al. 
( 2020b ) for an e xhaustiv e list of recent geophysical studies. In par- 
ticular, the recent volcano-tectonic unrest period at Fagradalsfjall 
and the subsequent eruptions in 2021, 2022 and 2023 (the first 
eruptions on the RP in roughly 780 yr) have drawn Fagradalsf- 
jall and the RP as a whole into the spotlight (Fl óvenz et al. 2022 ; 
Halld órsson et al. 2022 ; Pedersen et al. 2022 ; Sigmundsson et al. 
2022 ; Einarsson et al. 2023 ). Relati vel y high-resolution shear w ave 
images have the potential to reveal more details of the RP’s sub- 
surface in general and the volcanic systems in particular. Ambient 
noise surface wave tomography (ANSWT) has great potential in 
this context (e.g. Lehujeur et al. 2016 ; Zhang et al. 2020 ). This is 
due to (i) the 3-D shear wave images it can provide in the absence of 
active seismic sources, (ii) its relatively low costs, supplementary 
to a local seismic network and (iii) the considerable investigation 
depth it can reach, compared to many other geophysical methods 
(Cr uz-Her n ández et al. 2022 ). 

Jousset et al. ( 2016 ) used recordings by 26 seismic stations on the 
RP to retrieve both surface and body waves. The seismic stations 
used by Jousset et al. ( 2016 ) constitute a subset of the IMAGE 

seismic network (for details regarding the IMAGE project we refer 
to Hersir et al. 2020b ; Blanck et al. 2020 ). Martins et al. ( 2020 ) 
used the noise recorded by (almost) the same subset as Jousset et al. 
( 2016 ) to image part of the RP by means of deterministic ANSWT. 
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ven though their findings enhanced details compared to previous
odels, the resolution and lateral extent of the obtained images are

imited. Both studies used a subset of the IMAGE stations because
he recordings by the Ocean Bottom Seismometers (OBSs; also
eployed in the context of IMAGE) were subject to clock drift. In
ddition, the IMAGE seismic network was extended with stations
rom other existing seismic networks on the RP. We henceforth refer
o the combined set of stations as the ‘extended IMAGE seismic
etw ork’ (i.e. the IMA GE stations complimented with additional
tations from the existing seismic networks; see Section 3 for further
etails). The recordings by some of the additional stations of the
xisting networks also turned out to be subject to timing errors in the
requency band of interest. Weemstra et al. ( 2021 ) quantified both
he average clock drift by most of the OBSs and the timing errors
f most of the stations of the existing seismic networks. Removal of
he recovered timing errors allows those recordings to be used for
NSWT. This significantly increases lateral extent and resolution

ompared to Jousset et al. ( 2016 ) and Martins et al. ( 2020 ). We
nally highlight that what is referred to as the extended IMAGE
eismic network in this study, is referred to as the Reykjanes array
RARR) in Weemstra et al. ( 2021 ) and Rahimi Dalkhani et al.
 2021 ). 

In this study, we use a recentl y de veloped probabilistic tomo-
raphic algorithm (Zhang et al. 2018 , 2020 ; Rahimi Dalkhani et al.
021 ) to perform ANSWT of the RP. The shear wave velocities
btained in this study result from a 3-D, one-step Bayesian tomo-
raphic inversion (Zhang et al. 2018 ), which has its roots in the
ransdimensional inversion algorithm introduced by Bodin & Sam-
ridge ( 2009 ). Rahimi Dalkhani et al. ( 2021 ) modified the algorithm
n the sense that they update the ray paths less frequently (i.e. not
t every perturbation step), while at the same time still honouring
he non-linear aspect of the tomographic problem. They tested the

odified algorithm on synthetic station–station traveltimes gener-
ted for the configuration of the extended IMAGE seismic network
nd the surface wave frequencies of interest (i.e. 0.1–0.5 Hz). In
his study, we apply the modified algorithm to the extended IMAGE
ata set. First, we retrieve station–station surface wave phase travel-
imes from the time-corrected ambient noise recordings (Weemstra
t al. 2021 ). Then, w e use these surface wa v es’ dispersion curv es
o generate 3-D images of the RP subsurface’ shear wave velocity.
inally, we interpret the recovered shear wave velocities, discuss
ow they compare to other recent geophysical studies, and list the
ost important conclusions. 

 G E O L O G I C A L  S E T T I N G  

he tectonic structure of the RP is characterized by six volcanic
ystems, arranged en-echelon along the divergent plate boundary
f the North American and Eurasian plates. On the RP, this plate
oundary is approximately 60 km long, from the SW tip of the
eninsula, until it joins the Western Volcanic Zone and the South
celand Seismic Zone at the Hengill triple junction in the east.
he RP oblique rift is expressed by a 5–10 km wide seismic and
olcanic zone along the Peninsula, and is highly oblique with the
preading direction of N120 ◦E in this region (Sigmundsson et al.
020 ; Sæmundsson et al. 2020 ). Four of the six identified volcanic
ystems of the RP are within our area of study (all six are shown in
ig. 1 as shaded light brown polygons). 
The volcanic systems on the RP are grouped by the presence of

ruptive fissures and the density of tectonic faults and fractures.
heir outlines or boundaries are rough estimates, drawn according

o Sæmundsson & Sigurgeirsson ( 2013 ). During the last RP rifting
pisode, ca . 1200–780 yr before present, all the RP’s volcanic sys-
ems were volcanically active in intervals, except Fagradalsfjall and
engill (Sæmundsson & Sigurgeirsson 2013 ). The extensional com-
onent of the rifting is accommodated by the intrusion of magma in
E–SW oriented dykes, oblique to the plate boundary. The remain-

ng strike-slip component of the rifting is accommodated by N–S
riented strike-slip faults, which are known to be capable of pro-
ucing earthquakes of moment magnitude as high as 6 (Einarsson
991 ; Bj örnsson et al. 2020 ). The volcanic systems (Fig. 1 ) are from
est to east: (1) Reykjanes, (2) Eldv örp-Svar tsengi, (3) Fag radalsf-

all, (4) Kr ýsuv ́ık, (5) Brennisteinsfj öll and (6) Hengill. All, except
agradalsfjall, comprise a known high-temperature (HT) geother-
al field (black dashed polygons in Fig. 1 ). The HT polygons show

he extent of the geothermal fields, according to resistivity values
t 1 km depth (Fl óvenz et al. 2022 , and references therein). Both
he Eldv örp-Svartsengi and Reykjanes HT fields host an operating
eothermal power plant. It is worth noting that Eldv örp is a subfield
f Svartsengi, and as such, Eldv örp is included in the resistivity
utline of Svartsengi. 

The upper crustal structure of the RP is built of e xtrusiv e basaltic
ocks with a downward-increasing alteration and a greater propor-
ion of intrusive rocks. The upper crust is roughly 4.5 km thick on
he RP (P álmason 1971 ; Fl óvenz et al. 1980 ; Weir et al. 2001 ). It
s believed that intrusive rocks build the lower crust down to Moho,
hich is located at a depth of around 15 km (Weir et al. 2001 ). The
rittle–ductile transition (BDT) zone, with an estimated tempera-
ure of around 600 ◦C in basaltic rocks ( ́Ag ústsson & Fl óvenz 2005 ;
iolay et al. 2012 ), is typically located at 6–7 km depth beneath

he RP and rises up to 3–5 km depth below the HT fields (Blanck
t al. 2020 ; Gudnason et al. 2020 ; Fl óvenz et al. 2022 ). Crustal
hickening along the RP from west to east is observed both by wide-
ngle reflection seismic (Weir et al. 2001 ) and local earthquake
omog raphy (Tr yggvason et al. 2002 ). 

 A C Q U I S I T I O N  A N D  DATA  

s a part of IMAGE (Integrated Methods for Advanced Geothermal
xploration; Hersir et al. 2020b ), a dense seismic network was

nstalled on and around the RP in 2014 (Jousset et al. 2020a ; Blanck
t al. 2020 ). It consisted of 30 on-land stations and 24 OBSs. In
ddition to this temporary IMA GE netw ork, data from other existing
eismic networks in the area were made available to the project.
hese were (i) a local monitoring network run by HS Orka/ ́ISOR,

ii) REYKJANET (Hor álek 2013 ) run by the Czech Academy of
cience (CAS) in co-operation with ́ISOR on the central and eastern
art of the Peninsula and (iii) permanent stations run by the Icelandic
eteorolo gical Of fice (IMO; Icelandic Meteorolo gical Of fice 1992 ;

akobsd óttir 2008 ). Results based on the seismic data from the 30
nshore stations of the IMA GE netw ork have been published by, for
xample Jousset et al. ( 2016 ), Verdel et al. ( 2016 ), Weemstra et al.
 2016 ) and Martins et al. ( 2020 ). In this study, we use the recordings
y all four seismic networks (i.e. blue and green triangles in Fig. 1 ),
hose combination we refer to as the ‘extended IMAGE seismic
etwork’. 

The extended IMAGE seismic network sampled the seismic noise
eld between April 2014 and August 2015 using a total of 83 seis-
ic stations. Weemstra et al. ( 2016 ) computed the surface wave

esponses (i.e. time-averaged cross-correlation functions) from the
ecorded ambient noise data. Ho wever , many of the stations turned
ut to be subject to timing errors. Consequently, Martins et al.
 2020 ) used a subset of the stations (the ones without the timing
rrors: 30 onshore seismometers of the IMAGE seismic network)
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in a two-step linearized ANSWT algorithm. Then, Weemstra et al. 
( 2021 ) recovered the timing errors for most of the additional sta- 
tions, subsequently allowing them to also correct the computed 
cross-correlation functions. T ime-a veraged cross-correlations as- 
sociated with four of the 83 stations had to be discarded after all. 
This was due to an unrecoverable timing error (one station; O20; 
see Weemstra et al. 2021 ), and insufficient noise recordings (three 
stations; VSV, O12 and O05; see fig. 1 of the supplementary mate- 
rials of Weemstra et al. 2021 ). The active stations are depicted in 
Fig. 1 by green triangles. See Weemstra et al. ( 2021 ) for more details 
regarding seismic instruments and network characteristics. We only 
used vertical component recordings, because these are best suited 
for recovering Rayleigh waves; in particular in such a heterogeneous 
area (e.g. Haney et al. 2012 ). 

Fig. 2 shows the interferometric responses of the extended IM- 
A GE seismic netw ork for the vertical components of the seismome- 
ters. The term interferometric is derived from ‘seismic interferom- 
etry’, which refers to the process of retrieving Green’s function 
estimates from recordings of ambient seismic noise (Wapenaar & 

Fokkema 2006 ). The interferometric responses are the result of 
time-averaged cross-correlations of the recorded noise between the 
station couples. For the processing steps applied to the raw (noise) 
data to retrieve the interferometric responses, we refer to Weemstra 
et al. ( 2021 ). Similar to Weemstra et al. ( 2021 ) and Martins et al. 
( 2020 ), we focus on surface waves in the 0.1–0.5 Hz frequency 
range, which give the most reliable results. 

We retrieve the frequency-dependent phase velocities from the 
interferometric responses computed and corrected by Weemstra 
et al. ( 2021 ) for each station couple, by calculating and picking the 
most sensible zero-crossings (e.g. Ekstr öm et al. 2009 ; K ästle et al. 
2016 ; Lindner et al. 2018 ). Details are provided in Appendix A . 
The picked phase velocities are then converted to the frequency- 
dependent phase traveltimes, which are inverted for shear wave 
velocities using the one-step transdimensional algorithm (Zhang 
et al. 2018 ; Rahimi Dalkhani et al. 2021 ). 

4  I N T E R F E RO M E T R I C  T R AV E LT I M E S  

We extract phase velocity dispersion curves from the interferomet- 
ric responses (station–station time-averaged cross-correlations; see 
Fig. 2 ). The procedure, algorithm and criteria are explained and ex- 
emplified in Appendix A . Fig. 3 (a) shows all the picked dispersion 
curves as blue dotted lines. The mean phase velocity, and curves 
representing two, and three standard deviations (calculated sepa- 
rately at each frequency) are depicted as black, green and red lines, 
respecti vel y. After a careful analysis of these dispersion curves, we 
decided to discard dispersion curves whose velocity deviates more 
than three standard deviations from the mean. This analysis involved 
e v aluating the spatial distribution of the station couples associated 
with dispersion curves whose velocity exceeded two standard de- 
viations (following Schippkus et al. 2018 ). By simply displaying 
the corresponding rays (with the phase velocity colour-coded; see 
Fig. S1), we find that the discarded station couples are concentrated 
in a specific area, which coincides with an area traversed by rays that 
exhibit (anomalously) low shear wave velocities (resulting from an 
inversion with the retained dispersion curves; i.e. within two stan- 
dard deviations of the mean). In other words, there is no random 

pattern in the spatial distribution of the outliers. Also, the Fig. S1 
reveals that it is not a single station that is a source of error. This 
suggests that the discarded dispersion curves are merely represen- 
tative of the velocity structure in the area. It is therefore that we 
retain all dispersion curves that are within three standard deviations 
of the mean. We hence discard a limited number of station–station 
cross-correlations. 

The number of retained phase velocity measurements per fre- 
quency is depicted in Fig. 3 (b). Note the variation between different 
frequencies is predominantly to (i) the decreasing SNR with in- 
creasing frequency (and hence the picking being terminated by the 
picking algorithm) and (ii) the increasing number of station cou- 
ples exceeding the aforementioned condition that the station–station 
distance needs to exceed one and a half wavelength. The most sen- 
sitive depth is also depicted for each period by means of a red stem 

plot in Fig. 3 (b). As a rule of thumb, fundamental-mode Rayleigh 
waves are most sensitive to the shear wave speed at depths around 

one-third ( 
1 

3 
) of their corresponding wavelength (Fang et al. 2015 ; 

Rahimi Dalkhani et al. 2021 ), where the corresponding wavelength 
at each period is computed based on the mean dispersion curve 
(black curve in Fig. 3 a). 

Fig. 3 (b) shows that the retrieved surface waves are most sen- 
sitive to structures with a depth of 2–8 km [sensitivity kernels are 
explicitly computed for a few characteristic phase velocity func- 
tions with depth in Rahimi Dalkhani et al. ( 2021 )]. This implies 
that (small-scale) structures near the surface (shallower than 2 km) 
are not expected to be resolved very well. To reveal more details 
of the near-surface, higher frequencies would need to be included 
in the in version. P otential residual timing errors (Weemstra et al. 
2021 ), lower SNRS, and interference of higher modes did not allow 

us to extract reliable fundamental-mode phase velocities at frequen- 
cies beyond 0.5 Hz [let alone potential cross-modal terms obscuring 
the time-averaged cross-correlations; Halliday & Curtis ( 2008 )]. 

Figs 3 (c) and (d) shows the eligible station couples as straight 
rays at two different frequencies. The colour of the rays indicates the 
picked phase velocity for that station couple at that frequency. Note 
that some structures (in terms of shear wave velocity) can already be 
inferred from Figs 3 (c) and (d). For the purpose of the 3-D (McMC) 
tomographic inv ersion, frequenc y-dependent phase v elocities are 
converted to frequency-dependent traveltimes by dividing station–
station distances by the phase velocities. 

5  S U R FA C E  WAV E  T O M O G R A P H Y  

Once the frequency-dependent traveltimes are retrieved from all 
eligible interferometric responses and for all eligible discrete fre- 
quencies f i , the data vector can be built. This data vector contains the 
frequency-dependent station–station traveltimes and serves as input 
to our probabilistic tomographic algorithm in order to recover the 
shear wav e v elocity structure of the subsurface. The core of every 
probabilistic algorithm is the forward function. In our context, this 
is a function that maps a known shear wave velocity distribution 
v s ( x , y , z ) to the data vector d . Ef fecti vel y, the forw ard process can
be considered a two-step function: 

v s ( x , y , z) 
F 1 

[ 
v s ( x ,y ,z ) , f i 

] 

−−−−−−−−−→ c r ( x , y , f i ) 
F 2 

[ 
c r ( x ,y , f i ) , x k , x l 

] 

−−−−−−−−−−−→ d ( x k , x l , f i ) , (1) 

where v s ( x , y , z ) is a known 3-D shear wave velocity model as a
function of geographical location ( x and y ) and depth ( z ), c r ( x , y , f i )
the frequency-dependent phase velocity as a function of x and y , and 
d ( x k , x l , f i ) the data vector containing the station–station traveltimes 
for all station couples and eligible discrete frequencies f i . Here, x k 
and x l are source and receiver locations ( k = l = 1, 2,..., N , where 
N is the number of seismic stations). Similar to c r ( x , y , f i ), these 
locations depend on x and y only as we ignore topography. The 
latter is justified by the fact that ele v ation dif ferences in the area of 
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Figure 2. T ime-a veraged cross-correlations of recordings of ambient seismic noise filtered between 0.1 and 0.5 Hz. Cross-correlations are sorted by station–
station distance and indi viduall y amplitude normalized. Showing all 79 stations used in the analysis. 
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nterest do not exceed a few hundred meters, whereas the shortest
avelengths are in the order of 4 km (Rahimi Dalkhani et al. 2021 ).
he data vector d ( x k , x l , f i ) contains the frequency-dependent phase

raveltimes depicted in Fig. 3 . It is useful to note that v s ( x , y , z ) is
ften also referred to as a model vector m (Rahimi Dalkhani et al.
021 ; Bodin & Sambridge 2009 ). Here, we should add that the P -
av e v elocity v p ( x , y , z ) is assumed to be a linear function of v s ( x ,
 , z ) according to v p = 1.78 v s (Allen et al. 2002 ) and that the mass
ensity ρ( x , y , z ) is assumed to be related to the latter according to
= 2.35 + 0.036( v p − 3) 2 , where v p and v s are in km s −1 and ρ in
 cm 

−3 (Kurita 1973 ; Zhang et al. 2020 ). 
The function F 1 is the dispersion curve modelling algorithm

e.g. the modal approximation method of Herrmann 2013 ), whereas
 2 uses the fast marching method to solve the 2-D eikonal equa-

ion (e.g. Rawlinson & Sambridge 2004 ). This two-step forward
unction is the standard way to compute surface waves’ frequency-
ependent phase or group traveltimes. Similarly, a two-step process
s commonly used to recover shear wave velocity structure from
requenc y-dependent trav eltimes: 

 ( x k , x l , f i ) 
F −1 

2 

[
d ( x k , x l , f i ) 

]
−−−−−−−−−→ c r ( x, y, f i ) 

F −1 
1 

[
c r ( x ,y , f i ) 

]
−−−−−−−−→ v s ( x, y, z) . 

(2) 
irst, a 2-D phase velocity map is recovered from the inversion of
raveltimes at each frequency, F 

−1 
2 (for different inversion methods

ee Rawlinson et al. 2003 ; Yao et al. 2006 ; Saygin & Kennett
012 ; Bodin et al. 2012 ; Cabrera-P érez et al. 2021 ). Then, the
hase velocity maps are used together in a second inversion step,

F 

−1 
1 , to recover the shear wave velocity structure (e.g. Yao et al.
008 ; Haney & Tsai 2015 ; Lehujeur et al. 2021 ). The two-step
urface wave forward and inverse modelling are illustrated in the
igs S2(a)–(e) using a synthetic block model. 

.1 One-step transdimensional approach 

he two-step inversion approach suffers from two issues. First, the
nitial 2-D inversion introduces (unknown) errors in the subsequent
-D inversions. This is because usuall y onl y the mean and the stan-
ard deviation serve as input to the second step of the inversion.
hat is, implicitly, a Gaussian distribution is assumed. Most likely,
o wever , the posterior distribution associated with this first step is
on-Gaussian, as such introducing the (unknown) errors. Secondly,
s the subsequent step involves many independent 1-D inversions,
t fails to honour the lateral correlation of the shear wave velocity in
he subsurface. To improve the lateral correlation in the second step,
ehujeur et al. ( 2021 ) suggested inverting all the local dispersion
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Figure 3. Analysis of picked dispersion curves. (a) All picked dispersion curves (blue) and their mean ( μ; black cur ve). The g reen cur ves show μ ± 2 σ and 
the red curves show μ ± 3 σ , where σ is the standard deviation. Data outside of the two red curves are discarded as outliers. (b) The number of active rays per 
period used in the inversion (blue bars), and the most sensitive depth related to each period (red stem plot). Active rays at periods of (c) 3.5 s and (d) 7 s are 
depicted as straight rays with the colour of each ray indicating the corresponding phase velocity. 
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curves simultaneously using a linearized 3-D inversion algorithm. 
In a similar vein, Fang et al. ( 2015 ) combined the two inversion 
problems into one. They proposed a one-step linearized 3-D in- 
version algorithm to recover the 3-D shear wave velocity directly 
from the frequency-dependent phase or group traveltimes. Recently, 
Zhang et al. ( 2018 ) proposed another one-step 3-D surface wave to- 
mography algorithm using a reversible jump Markov chain Monte 
Carlo (rjMcMC), which we refer to as the one-step transdimen- 
sional method. It recovers the shear wave velocity directly from the 
frequenc y-dependent trav eltimes. 

d ( x k , x l , f i ) 
F −1 

[
d ( x k , x l , f i ) 

]
−−−−−−−−−→ v s ( x, y, z ) , (3) 

where F 

−1 represents the one-step transdimensional probabilistic 
algorithm (i.e. the rjMcMC approach). Importantly, this one-step 
transdimensional algorithm results in an estimate of the posterior 
probability density. This implies that it allows us to quantify the 
uncertainty. In this case, we use the pointwise standard deviation 
of the ensemble of models for this purpose. This is the standard 
deviation with respect to the pointwise average of the same ensemble 
[i.e. at each position ( x , y , z ), standard deviation and average of the 
shear wav e v elocities are computed using all retained models]. The 
pointwise average has been shown to closely resemble the true 
velocity structure (Bodin & Sambridge 2009 ; Zhang et al. 2018 ; 
Rahimi Dalkhani et al. 2021 ). This one-step algorithm is illustrated 
in Fig. S2. 

One-step transdimensional tomography involves the use of the 
reversible jump Markov chain Monte Carlo method which deploys 
a variable model geometry, a variable number of cells partitioning 
the model space and an unknown noise level in the input data. As 
such, the algorithm avoids the selection of fixed parametrizations 
and any regularization in the inversion process. This makes the 
algorithm less dependent on (often) subjective choices. Like many 
McMC algorithms, the one-step transdimensional algorithm starts 
with a random initial model, which is parametrized by Voronoi 
polyhedra with a randomly chosen number of Voronoi cells. The 
shear wav e v elocity is also assigned to each Voronoi cell randomly. 
The shape or geometry of each Voronoi cell is then defined by 
the surrounding cells. We refer to Zhang et al. ( 2018 ) and Rahimi 
Dalkhani et al. ( 2021 ) for a detailed description of the 3-D Voronoi 
partitioning. 

The next step of the algorithm (which yields the second sample 
of the Markov chain) is to perturb the initial velocity model us- 
ing one of the five possible perturbation steps, including a move 
step, a velocity update step, a birth step, a death step and a noise 
update step. After the perturbation, we compute the shear wave ve- 
locity on a fine rectangular grid so that the velocity can be used in 
the forward function to calculate the frequency-dependent travel- 
times. For a detailed description of the w orkflo w, we refer to Rahimi 
Dalkhani et al. ( 2021 ). These traveltimes are then compared with 
the measured surface wave phase traveltimes. The new velocity 
model is accepted or rejected based on the acceptance probability 
(see Bodin et al. 2009 ; Zhang et al. 2018 , for more details). Con- 
tinuously sampling the model space [i.e. proposing new v s ( x , y , z )], 
we asymptotically approach the posterior probability distribution 
of the model parameters. The pointwise average and standard de- 
viation of these samples are subsequently computed, yielding the 
most probable velocity model and associated uncertainty, respec- 
ti vel y. In order to remove the effects of the initial velocity model 
on the posterior distribution, an initial set of samples is discarded 
(usually referred to as the ’burn-in period’). In addition, to ensure 
the collected samples are uncorrelated, samples are retained at only 
a certain level (e.g. every 200 iterations); this process is usually 
referred to as ‘thinning’. 
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.2 Application to the extended IMAGE data 

rior to our probabilistic inv ersion, we recov er an av erage 1-D
hear wave velocity profile of the study area using a 1-D inversion
lgorithm (Xia et al. 1999 ). We used the mean phase velocities (the
lack curve in Fig. 3 a) in this 1-D least-squares iterative algorithm.
e used a 1-D velocity profile based on Tryggvason et al. ( 2002 )

s the initial model for this inv ersion. The recov ered shear wave
elocity profile is depicted in the Fig. S3(a). The sensitivity kernels
t different periods are also depicted in the Figs S3(b) and (c). It
hows that the sensitivity decreases significantly below 15 km depth.
he recovered velocity is constant below 15 km depth, which is the
ost likely depth of the Moho discontinuity (e.g. Weir et al. 2001 ;

acoby et al. 2007 ). To include this discontinuity, we sampled the
ubsurface down to 20 km depth (i.e. we populated it with Voronoi
ells down to this depth). The half space below 20 km depth is
ssigned the velocity of the bottom layer (i.e. the velocity of the
eepest Voronoi at each gridpoint), meaning that it is also laterally
ariable. Based on several studies focusing on the study area (e.g.
eir et al. 2001 ; Du et al. 2002 ; Foulger et al. 2003 ), the upper

rustal shear wave velocity can reach 3.7 km s −1 and the lower
rustal shear wave velocity can reach 4.2 km s −1 . Consequently, we
onsidered a uniform prior ranging from 1.5 to 4.5 km s −1 for the
hear wav e v elocity. The upper bound of 4.5 km s −1 was chosen
ased on the fact that the shear wav e v elocity in the mantle has been
hown to not exceed 4.5 km s −1 below the RP (e.g. Du et al. 2002 ;
oulger et al. 2003 ). 

Table 1 lists the modelling and inversion parameters used in
he application of the one-step transdimensional inversion to the
urface wave data retrieved from the RP ambient noise data. An
rbitrary first model (the ‘initial model’) was chosen, meaning that
he number of Voronoi cells, their positions, and their velocities
ere chosen randomly. We used a coarser grid to compute the

requenc y-dependent trav eltimes (forward modelling) while sam-
ling the model space, and a finer grid for calculating the post-
urn-in pointwise average and standard deviation of the sampled
odels. 
Gaussian proposal (probability) distributions are used for draw-

ng new velocity values and new nuclei. The proposal width of these
aussian distributions affects the chance of a proposed model being

ccepted and consequently the transdimensional algorithm’s con-
ergence rate. Too narrow or too wide proposal distributions both
esult in slower convergence rates. A narrow proposal distribution
ncreases the acceptance ratio but explores the parameter space

ore locally. By contrast, a wide proposal distribution explores the
pace more widely but leads to lower acceptance ratios and as such
lso to a slo wer con vergence rate (Rahimi Dalkhani et al. 2021 ).
ccording to previous research, an effective proposal width results

n a 25–50 per cent acceptance rate (Bodin et al. 2009 ; Gelman et al.
996 ). The width of the proposal distributions listed in Table 1 are
etermined in a pre vious, purel y synthetic study, but using the same
tation configuration (Rahimi Dalkhani et al. 2021 ). This also ap-
lies to the proposal widths of the noise hyperparameters (detailed
n the paragraph below). 

We assumed a (non-infor mative) unifor m prior probability dis-
ribution for the model parameters. What we refer to as the ‘valid
ange’ in Table 1 defines, for each parameter, the range for which the
rior probability is non-zero. To reduce computational costs, while
till preserving the non-linearity of the problem we updated ray
aths every 250 iterations (similar to Rahimi Dalkhani et al. 2021 ).
hinning was achieved by retaining every 200th model. The noise
as assumed to be uncorrelated and normally distributed, with the
ariance being a frequency-dependent, linear function of traveltime,
hat is with d i representing the i th element of the data vector d (and
ence traveltime), σ i = a ∗d i + b . This linear relationship between
ra veltime and tra veltime error is usually assumed (e.g. Bodin et al.
012 ; Galetti et al. 2017 ; Zhang et al. 2020 ; Rahimi Dalkhani et al.
021 ). The a and b are assumed to be unknown and therefore also
stimated by the Markov chain process (see, e.g. Bodin et al. 2012 ).

To suf ficientl y sample the posterior distribution, we used 20 in-
ependent McMC chains, each sampling 3 × 10 6 samples from
he posterior probability density of model parameters given the
requenc y-dependent trav eltimes. Fig. 4 shows some statistical mea-
ures of these 20 McMC chains. Different colours represent different
ampling chains. Noise hyper-parameters are presented for a single
requency as they vary by frequency. We observe that the misfit,
he number of cells, and the noise hyper-parameters stabilize after
enerating approximately 0.5 × 10 6 samples. This suggests that
he Markov chain has mixed suf ficientl y well and that the poste-
ior probability density is properly sampled. To be on the safe side,
o wever , we discarded the first million samples (usually referred
o as the burn-in phase). The rest of the samples are retained at
 very 200th iteration. Consequentl y, combined the 20 chains lead to
 total of 200 000 posterior samples to be retained. These are sub-
equently used to compute pointwise mean and variance. Residual
hase velocity errors are provided in Fig. S4. 

 T O M O G R A P H I C  R E S U LT S  

e present the pointwise average of the retained post-burn-in sam-
les as our final tomographic solution and the pointwise standard
eviation of retained samples as the uncertainty related to the so-
ution model. Several horizontal and vertical slices of the posterior
ean are presented in Figs 5 –9 . Only the most densely sampled

egion of the study area is presented, which has lower uncertainties;
n area of approximately 38 km by 45 km (see the dashed black
o x in F igs 1 or B1 ). The model uncertainties are presented in Ap-
endix B . The uncertainty for the whole area covered by the seismic
tations (120 km by 70 km) is presented in F ig. B1 . F igs B2 –B5 are
he posterior standard deviation (i.e. uncertainty) associated with
he posterior mean presented in Figs 6 –9 , respecti vel y. As expected,
he areas with more seismic stations show lower uncertainty due to
he higher number of station–station paths in these areas. We have
elected the most reliable area based on these uncertainties. 

Fig. 5 shows the pointwise mean of the shear wav e v elocity be-
eath the RP at six different depths (0.5, 3, 4, 6, 8 and 10 km). The
oastline and the three known HT fields of Reykjanes, Eldv örp-
vartsengi and Kr ýsuv ́ık (black dashed polygons in Fig. 1 ) are

ncluded in these figures for reference. It should be noted that the
T polygons show the extent of the geothermal fields, according

o the resisti vity v alues (the resistive core) at 1 km depth (as sum-
arized in Fl óvenz et al. 2022 ). Significant velocity anomalies

re observable in Fig. 5 . At shallow depths (0.5 km; Fig. 5 a) the
ldv örp-Svartsengi and Kr ýsuv ́ık HT geothermal fields show high-
elocity anomalies, the same applies to the Fagradalsfjall volcanic
ystem. The anomalies invert at depths of around 2 km. At a depth
f 3–6 km (Figs 5 b–d) the known HT fields appear as low-velocity
nomalies, most pronounced at Eldv örp-Svartsengi, Kr ýsuv ́ık and
n the vicinity of the Fagradalsfjall’s recent eruption site (yellow star
n Fig. 5 ). The low-velocity at Reykjanes is most pronounced from
 to 8 km depth (Figs 5 d and e). A striking NW–SE trending low-
elocity anomaly, almost perpendicular to the Kr ýsuv ́ık volcanic
ystem, is apparent in Figs 5 (c)–(f). At the depth of 4 km (Fig. 5 c)
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Table 1. Modelling and sampling parameters used in the probabilistic one-step inversion of the interferometric traveltimes. 

Modelling and sampling parameters Value 

Model dimension (km) 120 (east–west) × 70 (north–south) × 20 
Number of gridpoints in McMC sampling 121 × 71 × 41 
Number of gridpoints for calculating post-burn-in pointwise average 241 × 141 × 81 
Valid range of shear wave velocity (km s −1 ) 1.5–4.5 
Valid range of noise hyperparameter a 10 −5 –1 
The valid range of noise hyperparameter b 0–2 
Proposal width for a move step. Md is the model dimension 0.07 ∗Md 
Velocity proposal width (km s −1 ) 0.3 
Proposal width for a 10 −3 

Proposal width for b 10 −2 

Thinning level 200 
Ray path update step 250 
Number of sampling chains 20 
Number of samples per chain 3 × 10 6 

Number of burn-in samples per chain 1 × 10 6 

Figure 4. Chain statistics of the 20 McMC chains. Each colour represents a different chain. (a) Misfit, (b) number of cells, (c) the noise hyperparameter a and 
(d) the noise hyper-parameter b . Histograms of the posterior distribution for the retained models for each parameter are shown as insets on the left side of each 
panel in (b–d). These graphs are used to assess the convergence of the sampler. 
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the low-velocity anomalies are small and mainly limited to the HT 

fields of Eldv örp-Svartsengi and Kr ýsuv ́ık. At 8 km depth (Fig. 5 e), 
ho wever , the area is dominated by low shear wave velocities, where 
the NW–SE Kr ýsuv ́ık anomaly is the strongest. A weak trend along 
the plate boundary (N70 ◦E) is observable in both the high-velocity 
of Fig. 5 (a) and low-velocity of Fig. 5 (b). 

Differences are observed in the shape and size of the low-velocity 
patches with respect to the known HT fields constrained by resis- 
tivity data at 1 km depth (black dashed lines in Fig. 5 ; Fl óvenz et al. 
2022 ). At depths of 6–8 km below the Reykjanes HT field (Figs 5 d 
and e), the low-velocity anomaly is smaller than the HT field and 
placed slightly north of it. Within the Eldv örp-Svartsengi HT field, 
the low-velocity anomaly is located right below the correspond- 
ing HT field at a depth of 4 km (Fig. 5 c) with a comparable size. 
Ho wever , the size of the low-velocity anomaly is greater than the 
corresponding HT field at the depth of 6 km and stretching to the 
north. The Kr ýsuv ́ık low-velocity anomaly is the most prominent, 
that is both the largest and the strongest anomaly we observe on the 
RP, while it is slightly smaller in size than the corresponding HT 

field. At 4–10 km depth it stretches from the centre of the HT field 
towards the southeast, almost perpendicular to the volcanic system 

(Figs 5 c–e). 
In the vicinity of the Fagradalsfjall 2021–2023 eruption sites (yel- 

low star in Fig. 5 ), we observe low-velocity anomalies at 4–6 km 
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Figure 5. Pointwise averaged shear wave velocities (from the retained post-burn-in samples) at six different depths: (a) 0.5 km, (b) 3 km, (c) 4 km, (d) 6 km, 
(e) 8 km and (f) 10 km, of the area with the highest resolution and the lowest uncertainties (38 km by 45 km). The green polygons show the outlines of the 
volcanic systems. The dashed black polygons are the known high-temperature geothermal fields. The black circle in (c) indicates the low-velocity observed 
at the boundaries of the Eldv örp-Svartsengi and Fagradalsfjall volcanic systems. The yellow star inside the Fagradalsfjall volcanic system is the approximate 
location of the 2021, 2022 and 2023 eruptions. Note that the colour scale is not the same on all slices. Uncertainties (posterior standard deviation associated 
with the posterior mean presented) are displayed in Fig. B1 . 

d  

f  

a  

o  

t
d  

u  

B

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/236/1/621/7338268 by D

elft U
niversity of Technology user on 19 D

ecem
ber 2023
epth at the boundaries of the Eldv örp-Svartsengi and Fagradals-
jall volcanic systems. The Fagradalsfjall anomalies, ho wever , are
ll fairly weak. Finally, two significant low-velocity anomalies are
bserved at 10 km depth (Fig. 5 f) indicated by black rectangles. Due
o the low density of ray paths at these two locations (see Figs 3 c–
) we refrain from interpreting these anomalies. Fur ther more, the
ncertainties of both anomalies are very high in Figs B1 (e), (f) and
3 (d). 
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Figure 6. Vertical cross-sections, centred at the location of the Reykjanes HT geothermal field, of the pointwise averaged shear wave velocities of the retained 
post-burn-in samples. (a) Map of the area showing the location of the three reference points, and the extent of the known high-temperature geothermal fields 
of Reykjanes, Svartsengi and Kr ýsuv ́ık (dashed black polygons), blue lines show the locations of the vertical cross-sections of the shear wav e v elocities along 
an east-west profile (b), N70 ◦E oriented profile (c) and N20 ◦W oriented profile (d). The yellow star is the approximate location of the 2021, 2022 and 2023 
er uptions. Uncer tainties (posterior standard deviation associated with the posterior mean presented) are display ed in F ig. B2 . 
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To better visualize the velocity structure of the RP focusing on the 
HT geothermal fields, we present the recovered 3-D velocity struc- 
ture in three dif ferentl y oriented vertical cross-sections centring at 
the Reykjanes, Eldv örp-Svartsengi and Kr ýsuv ́ık HT fields, and the 
Fag radalsfjall er uption site, respecti vel y (Figs 6 –9 ). In each figure, 
the first vertical cross-section is oriented along an east–west profile 
(B–B’), the second along a profile striking N70 ◦E (C–C’), approxi- 
mately along the plate boundary, and the third cross-section is along 
a profile striking N20 ◦W (D–D’), approximately perpendicular to 
the plate boundary. We observe, in general, across the whole surv e y 
area, that the shear wav e v elocity increases with depth from about 
2 km s −1 at the surface to approximately 3.8 km s −1 at a depth of 
5 km. A decrease in shear wav e v elocity with depth (due to a large 
number of low-velocity anomalies) is generally observed across the 
RP between depths of 4–8 km, but notably shallowest under the HT 

fields. 
Figs 6 (b)–(d) present the vertical cross-sections centred at the 

location of the Reykjanes power plant and hence centred at the 
Reykjanes HT geothermal field (labelled ‘1’ in map view and on 
the cross-sections), The B–B’ cross-section (Fig. 6 b) lies across the 
Reykjanes HT field and along the coast to the east. A low-velocity 
patch is observed directly below the Reykjanes HT field. Between 
6 and 8 km depths, it extends laterally towards the east, passing 
the area below the Eldv örp-Svartsengi HT field, the Fagradalsf- 
jall volcanic system, and all the way east of the Kr ýsuv ́ık HT 

field. The C–C’ cross-section in Fig. 6 (c) transects all four vol- 
canic systems of Reykjanes, Eldv örp-Svar tsengi, Fag radalsfjall and 
Kr ýsuv ́ık along the plate boundary. It shows a similar low-velocity 
image as Fig. 6 (b), but here the Reykjanes anomaly is clearer, and 
also the connection to Eldv örp-Svartsengi to the NE. A large low- 
velocity zone is visible below the Kr ýsuv ́ık HT field (labelled ‘3’). 
Slightly lower velocities are also observed at 7–10 km depth at 
a longitude of −22.3 ◦W, located between ‘2’ and ‘3’, where the 
Fagradalsfjall volcanic system lies. This anomaly seems weakly 
connected to the Kr ýsuv ́ık low-velocity anomaly (Fig. 6 c). The low- 
velocities seem to highlight a more or less continuous zone along 
the plate boundary at ca . 6–10 km depth. The low-velocity patch 
below the Reykjanes HT field is also observable in Fig. 6 (d), cross- 
section D–D’, down to 8 km depth. Another significant low-velocity 
anomaly at 6–10 km depth can be seen to the nor th–nor thwest of 
the Reykjanes HT field in Fig. 6 (b). 

Fig. 7 presents the vertical cross-sections centred at the loca- 
tion of the Svartsengi power plant, labelled ‘2’. A low-velocity 
anomaly is observable below the Eldv örp-Svartsengi HT field on 
cross-section B–B’. This low-velocity zone appears at around 3 km 

depth and extends to approximately 7 km depth, dipping from E 

to W with an approximate lateral extent of 8–10 km (Fig. 7 b). 
This low-velocity patch is visible in Fig. 7 (c) as well. A horizontal 
low-velocity anomaly at around 6 km depth in Fig. 7 (c) is ob- 
served possibly linking the Reykjanes and Eldv örp-Svartsengi HT 

fields at depth. Below the Kr ýsuv ́ık HT field, the pronounced low- 
velocity column (see Fig. 6 c) is again visible in Figs 7 (b) and (c). 
Below the Fagradalsfjall volcanic system, the low-velocity patch ob- 
served at around 8 km depth in Fig. 6 (c) is also visible in Figs 7 (b) 
and (c). 

Fig. 8 presents the vertical cross-sections centred at the Kr ýsuv ́ık 
HT field (labelled ‘3’). A large and prominent low-velocity column 
is clearl y observ able below the Kr ýsuv ́ık HT field at roughly 5–
12 km depth in all three vertical cross-sections. Fig. 8 (d) also shows 
clearly that the pronounced low-velocity anomaly is extending to 
the southeast and it is the shallowest of all three, reaching up to 
about 3 km depth, just southeast of ‘3’. Due to the 2021–2023 
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Figure 7. Vertical cross-sections, centred at the location of the Eldv örp-Svartsengi HT geothermal field, of the pointwise averaged shear wave velocities of 
the retained post-burn-in samples. (a) Map of the area showing the location of the three reference points, the transects associated with the vertical cross- 
sections (blue dashed lines), and the extent of the known high-temperature geothermal fields of Reykjanes, Eldv örp-Svartsengi and Kr ýsuv ́ık (black dashed 
polygons). Cross-sections of the shear wav e v elocities along an east–west profile (b), N70 ◦E oriented profile (c) and N20 ◦W oriented profile (d) are shown. 
The yellow star is the approximate location of the 2021, 2022 and 2023 eruptions. The ver tical g reen dashed lines on the cross-sections indicate the extension 
of the corresponding point in depth for reference. Uncertainties are displayed in Fig. B3 . 

Figure 8. Vertical cross-sections, centred at the location of the Kr ýsuv ́ık HT geothermal field, of the pointwise averaged shear wave velocities of the retained 
post-burn-in samples. (a) Map of the area showing the location of the three reference points, the transects associated with the vertical cross-sections (blue 
dashed lines) and the extent of the known high-temperature fields (black dashed polygons). Cross-sections of the shear wave velocities along an east–west 
profile (b), N70 ◦E oriented profile (c) and N20 ◦W oriented profile (d) are shown. The yellow star is the approximate location of the 2021, 2022 and 2023 
er uptions. Uncer tainties are display ed in F ig. B4 . 
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Figure 9. Vertical cross-sections, of the pointwise averaged shear wave velocities, centred at the location of the 2021–2023 eruptions site, within the 
Fagradalsfjall volcanic system. (a) Map of the area showing the location of the three reference points, the transects associated with the vertical cross- 
sections (blue dashed lines), and the extent of the known high-temperature fields (black dashed polygons). Cross-sections of the shear wav e v elocities along an 
east–west profile (b), N70 ◦E oriented profile (c) and N20 ◦W oriented profile (d) are shown. The yellow star is the approximate location of the 2021, 2022 and 
2023 eruptions. The black circles in (b–c) indicate the low-velocity observed below the Fagradalsfjall volcanic system. Uncertainties are displayed in Fig. B5 . 
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volcano-tectonic unrest on the RP, we also present the vertical cross- 
sections centred at the location of the recent eruption site in Fig. 9 . 
It should however be noted that the data used in this study are from 

2014 to 2015. 
To summarise the most important observations, which will be 

discussed in the next section: 

(i) In general, from the top (Earth’s surface) to the bottom (20 km) 
of the model, the pointwise average of the sampled shear wave 
velocity increases, but a decrease in velocity is observed within the 
depth range of 5–8 km. 

(ii) Close to the surface within and around the known HT geother- 
mal fields, and somewhat NE–SW along the fissure swarms of the 
RP, relati vel y high-velocity patches are observed (Fig. 5 a). At depths 
greater than 3 km, these higher velocities invert (decrease) to rela- 
ti vel y low-velocities (in comparison to shear wave velocities in the 
same horizontal plane). 

(iii) Low-velocities are dominant at depths of 6–8 km, but be- 
neath the HT fields, the low-velocities rise up to 3–4 km depth. 

(iv) The size and location of these low-velocity bodies coincide 
overall fairly well with the extent of the HT geothermal fields de- 
rived from electrical resistivity studies, despite deviating somewhat. 

(v) A large and strong low-velocity anomaly is observed below 

the Kr ýsuv ́ık HT geothermal field, and extends down to around 
15 km depth. This pronounced anomaly stretches from the centre 
of the HT field towards the southeast from a depth of 3 km. 

(vi) A low-velocity zone is observed at the northwest border of 
the Fagradalsfjall volcanic system, at a depth of approximately 4–
5 km (Figs 5 c and d). This low-velocity slopes down to below the 
recent eruption site at a depth of 7–9 km (Figs 9 b–d). 

(vii) The shear wave velocity below 15 km depth is almost con- 
−1 
stant with velocities above 4.2 km s . 
7  D I S C U S S I O N  

In this section, we provide an interpretation of the pointwise aver- 
aged shear wave velocities, qualitati vel y comparing our final model 
to other geophysical models, and relating it to the existing geolog- 
ical and geophysical literature and interpretation of the RP. Prior 
to interpreting the observed shear wave velocities, we consider our 
models’ resolution. Resolution tests using synthetic surface wave 
responses for the RP and the extended IMAGE seismic network 
station configuration are presented in a previous study (Rahimi 
Dalkhani et al. 2021 ). In that study, we concluded that for the area 
of interest (black box in Fig. 1 ), the transdimensional algorithm is 
able to recover quite well a 3-D velocity model with blocks of 5 
b y 5 b y 2.5 km (in the north, east and depth directions, respec- 
ti vel y). This suggests that structures of that size (or larger) are well 
resolved. 

7.1 High-velocity anomalies 

The first observation is the relati vel y high shear w av e v elocities 
close to the surface around the location of the known HT geother- 
mal fields (compared to the surrounding areas; Fig. 5 a). This is 
in particular valid for Eldv örp-Svartsengi and Kr ýsuv ́ık, where the 
anomalies also show a weak trend along the fissure s warms; w hereas 
the anomaly in Reykjanes is very small. It is worth noting that the 
Reykjanes HT field is much smaller in areal extent than the Eldv örp- 
Svartsengi and Kr ýsuv ́ık HT fields based on the resistivity studies. 
Our findings are consistent with a high-velocity zone found by 
Adelinet et al. ( 2011 ) around the Kr ýsuv ́ık HT field at a depth of 
2 km. Similarly, Jousset et al. ( 2016 ) observed high shear wave 
velocities for the Reykjanes and Eldv örp-Svartsengi HT fields at 
a depth of 200 m. An explanation for the relati vel y high-velocity 
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ones near the surface at the location of the HT geothermal fields
ould be the intense mineral alteration (caused by higher temper-
tures) in the uppermost 1–2 km, filling up pores and fractures
hich in turn increases the seismic velocities in those areas near the

urface. 

.2 Brittle–ductile transition 

he second notable observation is the horizontally extended ve-
ocity decrease between 5 and 8 km depth dominating the whole
rea (Figs 6 –9 b and c), in comparison to higher velocities at greater
epth. This low-velocity anomaly domes up to a depth of 3 km
elow all the known HT fields. This kind of low shear wave veloc-
ty anomaly is commonly observed within volcanic systems (Takei
017 ), and commonly attributed to partial melt (e.g. Lees 2007 ).
o wever , some geochemical observations (e.g. McKenzie 2000 )

uggest that the melt fraction is too small in an area with partial
elt (0.1 per cent) to have the shear wave velocity drop signifi-

antly (Priestley & McKenzie 2006 ; Takei 2017 ). Additionally, the
emperature at the location of low-velocity anomalies within the
olcanic systems is sometimes lower than the solidus temperature
f the rocks. For example, the solidus temperature of basalt (i.e. the
ain composition of rocks in RP’s crust) exceeds 1000 ◦C (Chen

t al. 2017 ), whereas the temperature is estimated to be around
00 ◦C at a depth of 6–7 km on the RP (Violay et al. 2012 ; Bali
t al. 2020 ), representing the BDT zone, evidenced by the IDDP-2
rilling. 

Recent studies suggest that these low shear wav e v elocity anoma-
ies are more likely due to the combination of high temperature
nd an-elasticity (Priestley & McKenzie 2006 , 2013 ; Karato 2014 ;
ak ei 2017 ). An-elasticity mak es the effect of increasing tempera-

ure significant by decreasing the shear wave velocity rather abruptly
Takei 2017 ). In our case, the an-elasticity is likely associated with
he known BDT zone, between the upper crust and the lower crust,
hich is estimated to be at around 6–7 km depth on the RP, dom-

ng up to 3–5 km depth below the HT geothermal fields (Blanck
t al. 2020 ; Gudnason et al. 2020 ; Fl óvenz et al. 2022 ). The BDT
epth range coincides well with our observation of a general ve-
ocity decrease within the depth range of 5–8 km, suggesting that
n-elasticity and ele v ated temperatures also play a significant role
n the shallow onset of the velocity-decrease at around 3 km depth
elow the HT fields. 

.3 Magma accumulation 

ecently, Caracciolo et al. ( 2023 ) presented an interesting concep-
ual model for the magma plumbing architecture on the RP, based on
etrochemical analysis of the lava flows of the 800–1240 AD Fires
n the Peninsula. This was the last volcano-tectonic episode prior
o the 2021–2023 Fagradalsfjall episode, with eruptions within all
he volcanic systems of the RP, except Fagradalsfjall. Caracciolo
t al. ( 2023 ) find that during the 800–1240 AD Fires, magma accu-
ulation occurred at around 7–10 km depth below the Reykjanes,
ldv örp-Svartsengi and Kr ýsuv ́ık systems, a controlling factor for
olcanic eruptions within these systems. Ho wever , deeper plumbing
tructure applies to the Fagradalsfjall system, where petrochemi-
al analysis of the 2021 magma shows that it was tapped directly
rom near-Moho reservoirs at 15–20 km depth, with little or no
talling in the upper most cr ust prior to eruptions (Halld órsson et al.
022 ). 
The depth extent of where the low-velocity anomalies are in-
ensified in our model, at a depth of 7–10 km between the Reyk-
anes and Eldv örp-Svartsengi HT fields and at a depth of 5–12 km
epth below the Kr ýsuv ́ık HT field (vertical cross sections along
he plate boundary in Figs 6 –8 c), is in good agreement with
he magma plumping architecture suggested by Caracciolo et al.
 2023 ). 

.4 HT geothermal fields 

.4.1 Kr ́ysuv ́ık volcanic system 

he largest and most significant seismic feature we observe is re-
ated to the Kr ýsuv ́ık volcanic system. Kr ýsuv ́ık hosts an unhar-
ested HT geothermal system, which heat source is considered
o be dyke intrusions (Arn órsson et al. 1976 ; Arn órsson 1987 ;
ersir et al. 2020a ), perhaps also indicated by an indicative grav-

ty high in the area (Gu ð mundsson et al. 2004 ). The relati vel y
ide vertical low-velocity column we observe seems to be cen-

red 4 km west of Lake Kleifarvatn (Fig. 1 ). This coincides well
ith the results of a recent electrical resistivity study in the area,
hich indicated a large conductive body at approximately 2 km
epth in the same area (Hersir et al. 2020a ). The centre of this
onductive body is labelled ‘3’ in Figs 6 –8 , where it is also ev-
dent that the Kr ýsuv ́ık HT field is the largest out of the three
nown HT fields, as determined by both resistivity studies and AN-
WT. 
The conductive body of Hersir et al. ( 2020a ) is located near

he central part of the Kr ýsuv ́ık geothermal area, where its body
oncurs horizontally with the source of inflation and deflation ob-
erved in Kr ýsuv ́ık since 2009 with both GPS and InSAR mea-
urements, modelled at 4–5 km depth (Michalczewska et al. 2012 ;
l óvenz et al. 2022 ). Adelinet et al. ( 2011 ) suggest the presence
f a gaseous or supercritical fluid at around 6 km depth, based on
he analysis of P - and S -wave tomographic results. Hob é et al.
 2021 ) also predict a large supercritical reservoir below 5 km
epth. 

The pronounced low-velocity anomaly extends from the
r ýsuv ́ık HT area to the southeast almost perpendicular to the
r ýsuv ́ık fissure swarm. Anomalies perpendicular to the main ge-
logical structures are not uncommon within HT fields in Iceland.
his is observed in Reykjanes (e.g. Khodayar et al. 2018 ), Krafla

e.g. Árnason 2020 ) and in Hengill (e.g. Hersir et al. 1990 ; Árnason
t al. 2010 ; Obermann et al. 2022 ). In Hengill, a resistivity low,
 zone of intense geothermal surface manifestations, and a mag-
etic low, all transect the Hengill volcanic system. In Kr ýsuv ́ık, our
bserv ed low-v elocity anomal y coincides fairl y well with a v ague
one of geothermal surface manifestations as well as trends of low
esistivity structure caused by hydrothermal alteration (Hersir et al.
020a ). 

.4.2 Fagradalsfjall volcanic system 

he Fagradalsfjall volcanic system is of enhanced interest due to
he 2021–2023 volcano-tectonic rifting event (e.g. Fischer et al.
022 ; Halld órsson et al. 2022 ; Pedersen et al. 2022 ; Sigmundsson
t al. 2022 ). The Fagradalsfjall volcanic system differs in both size
nd in terms of eruption frequency compared to other volcanic sys-
ems on the RP (Sæmundsson et al. 2020 ). Most of the volcanic
ystems hav e e xperienced volcanism and rifting e vents e very 800–
000 yr for the last 4000 yr, while Fagradalsfjall has not experienced
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Figure 10. Vertical cross-sections transecting the Kr ýsuv ́ık volcanic system; comparing the electrical resistivity (a, b) and the recovered shear wave velocity 
(c, d). The two electrical resistivity profiles (a, b) show hydrothermal alteration and measured temperature in wells close to the cross-sections (taken from 

Hersir et al. 2020a with permission from Elsevier [License number: 5673120502348]). The location of the two cross-sections is depicted in the Fig. S5. 
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volcanism for over 6000 yr (Sæmundsson et al. 2020 ). According 
to the literature (e.g. Fl óvenz et al. 2022 ), there is no known HT 

geothermal field within the Fagradalsfjall volcanic system (Fig. 1 ), 
but notably, no resistivity surv e y has been carried out nor have ex- 
ploratory wells been drilled in the area. At this point in time, there is 
not much published on the geophysics of the Fagradalsfjall volcanic 
system. 

We observe a low-velocity anomaly at the depth of 4 km at the 
boundaries of the Eldv örp-Svartsengi and Fagradalsfjall volcanic 
systems, indicated by a black circle in Fig. 5 (c). The anomaly ex- 
tends to greater depths and towards the northwest in Fig. 5 (d) with 
a perpendicular direction to the plate boundary. At the depth of 
4 km (Fig. 5 c), this low-velocity anomaly is located around 1 km 

northwest of the 2021, 2022 and 2023 Fag radalsfjall er uption sites 
indicated by the yellow star (Pedersen et al. 2022 ). Consequently, it 
is plausible that this low-velocity anomaly might be related to the 
recent eruptions in the area, perhaps aided by the suggested crustal 
weakening under tension at this location (Fischer et al. 2022 ). It 
should, ho wever , be noted that the seismic data used in our ANSWT 

are from 2014 to 2015. 
The vertical cross sections at the location of the recent eruptions 

sites (Fig. 9 ), display a rather high-velocity patch between 3 and 
6 km depth, while the velocity decreases between 7 and 11 km depth. 
The seismicity within the brittle part of the RP crust between 2017 
and 2022, is mostly confined to 2–6 km depth (Fischer et al. 2022 ; 
Ág ústsd óttir et al. 2023 ) and, therefore, lies within the same depth 
range as the high shear wave velocity patch below Fagradalsfjall. 
The deep long-period earthquakes below Fagradalsfjall at 8–12 km 

depth observed by Greenfield et al. ( 2022 ) lie within the ductile 
part of the crust and are likely due to higher strain rates (fluid or 
gas movements). These deep earthquakes coincide with the low 

shear w ave anomal y w e observe betw een longitudes −22.3 ◦W to 
−22.2 ◦W at a depth of 7–11 km indicated by the black circles in 
Figs 9 (b) and (c). 
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Figure 11. Cross-section transecting the Reykjanes volcanic system; comparing the electrical resistivity (a) and the recovered shear wav e v elocity (b). The 
electrical resistivity profile (a) shows hydrotherrmal alteration in wells close to the cross-section, the inset figure shows the location of the cross-section (taken 
from Karlsd óttir et al. 2020 with permission from Elsevier [License number: 5673120690717]). The red star marks the bottom of the IDDP-2 well. 
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.4.3 Ar e ther e links between the HT fields on the RP? 

n a number of our figures, there are hints of potential links between
he HT fields on the RP (Figs 5 –8 ). Ho wever , these could also reflect
ariations of the BDT zone, and the way cross-sections are plotted.
n some cases, we are likely imaging the BDT zone and how it
oincides in a location with the low shear wave anomalies below
he HT fields, as in Fig. 6 (b), but in other cases, we are likely imaging
otential links, for examplw between Kr ýsuv ́ık and Fagradalsfjall in
igs 7 (c) and 8 (c). At the depth of 8 km (Fig. 5 e), the low-velocity
 < 3.6 km s −1 ) can be observed to connect all the volcanic systems,
nd, therefore, the HT fields too. 

It is not unreasonable that all or many of the volcanic systems
n the RP may be interconnected, as the y hav e all erupted during
he same rifting episodes over the last 4000 yr, except Fagradalsfjall
Sæmundsson et al. 2020 ). The Sæmundsson et al. ( 2020 ) dating
f Holocene lava flows has shown that during rifting episodes over
he last 4000 yr, the volcanic activity has affected each system
ndi viduall y, with the acti vity jumping successi vel y from east to
est. Fur ther more, Fl óvenz et al. ( 2022 ) suggest that geothermal
uids can move along the BDT zone between HT fields, and ele v ated
eismicity in one RP volcanic system also affects the other systems
Sigmundsson et al. 2022 ). 

.5 The Moho discontinuity 

he Moho is the boundary between the crust and the mantle of the
arth. It is estimated to be at a depth of around 8–20 km below the
P, most likely at 15 km depth (e.g. Weir et al. 2001 ; Jacoby et al.
007 ). Below the Moho depth, the shear wave velocity is almost
onstant and estimated to be around 4.3–4.5 km s −1 . Looking at
he vertical cross sections of Figs 6 –9 , we see an almost constant
elocity below 15 km depth. Assuming a velocity of 4.3 km s −1 

round the depth of the Moho, the Moho depth appears to vary a
it in the study area but can approximately be considered to be at a
epth of 15 km. 
.6 Qualitative comparison of shear wave and electrical 
 esisti vity images 

inally, we compare our shear wave images below the Kr ýsuv ́ık and
he Reykjanes HT geothermal fields with electrical resistivity im-
ges obtained in two recent studies (Hersir et al. 2020a ; Karlsd óttir
t al. 2020 ). A clear (qualitative) correlation between low shear
av e v elocities and low resistivities in the uppermost 2–3 km can
e observed (Figs 10 a–d and 11 a, b). Interestingly, a similar struc-
ure can be inferred from both the resistivity and seismic images,
hat is some sort of up-doming from 4–6 km depth to 1–2 km
epth (Figs 10 a, c and 11 a, b). Both methods likely reflect a heat
p-flow, although they map different physical parameters. Our seis-
ic results are smoother and provide less detail, particularly in the

op 2 km. This is inherent to the adopted probabilistic method, the
hosen ra y-based tra veltime approach, and the frequencies of the
urface waves we used in this study, which are limited to 0.1–0.5 Hz.
till, the shear wave velocities are low and show a weak up-doming

n agreement with the up-doming shallow low resistivity. As we
iscussed in Fig. 3 , our data are mostly sensitive to shear wave ve-
ocities at depths between 3 and 8 km. For a higher resolution and
ence more details of the top 2 km of the subsurface, higher fre-
uency surface waves would need to be included in our probabilistic
nversion. At higher frequencies, residual timing errors and inter-
erence from higher modes prevented us from identifying reliable
hase velocities for the fundamental mode. Nevertheless, the elec-
rical resistivity cross-sections and the corresponding shear wave
elocity cross-sections appear to be roughly consistent with each
ther , sho wing similar broad features. 

Fig. 10 (a) shows well the up-doming of the low resistivity at
–9 km along the cross-section well with the up-doming of low-
elocities on Fig. 10 (c), as well as the high resistivity captured by
igher shear waves speeds. Fig. 10 (b) is simpler, here it is more clear
hat the central up-doming of low resistivity (at 5–7 km distance
long the cross-section) can be associated with up-doming of lower-
elocities in Fig. 10 (d) at the same location. It should be noted
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that the 3-D resistivity models are somewhat non-unique. It is, 
ho wever , encouraging that the two different geophysical approaches 
give comparable results. S ánchez-Pastor et al. ( 2021 ) also observed 
a correlation between resistivity and shear wav e v elocity within the 
Hengill HT geothermal field. The added benefit of this study is 
that it covers a large area, the entire RP, and has a larger depth of 
investigation. It can, therefore, give good first indications on where 
to find geothermal heat up-flow. 

Fig. 11 (a) shows a resistivity profile transecting the Reykjanes 
volcanic system, taken from Karlsd óttir et al. ( 2020 ). The corre- 
sponding shear wav e v elocity profile is shown in Fig. 11 (b). A good 
(qualitative) correlation between the low-velocities and the resistiv- 
ity structure is observed. Similar to Fig. 10 , the shear wave velocity 
profiles are smoother than the resistivity profiles but still capture the 
up-doming of the low shear wave velocity, with higher resistivity 
and higher shear wave velocities on either side. 

8  C O N C LU S I O N  

We used ambient noise cross-correlations between 79 seismic sta- 
tions from the extended IMAGE seismic network on- and off-shore 
the RP to obtain a (relati vel y) high-resolution shear wave veloc- 
ity model of the RP. Actually, this is the first tomographic model 
of the whole RP which is based on both on- and off-shore seis- 
mic stations. We first extracted fundamental mode phase velocity 
dispersion curves using (frequency-dependent) phase traveltimes 
in the frequency range of 0.1–0.5 Hz, resulting in the best-resolved 
depths at 2–8 km depth. Subsequently, we used a recently developed 
one-step transdimensional McMC algorithm to recover the poste- 
rior probability distribution of the possible 3-D shear wave velocity 
models. In general, we observe that the velocity increases from the 
Earth’s surface down to 20 km depth of the pointwise averaged 
shear wave velocity model. At 5–8 km depth, a decrease in velocity 
is observed, consistent with the BDT on the RP. Moreover, at 7 km 

depth, all the volcanic systems are on some level connected by a 
relati vel y low-velocity anomaly. 

Interestingly, the velocity reduction domes up to 3 km depth 
belo w all kno wn HT geothermal fields on the RP, that is Reyk- 
janes, Svartsengi and Kr ýsuv ́ık (Fig. 1 ). This correlates well with 
pre viousl y recorded up-doming of the BDT below the same HT 

fields. We suggest that the observed low-velocity anomalies are 
due to the an-elasticity of the BDT zone, combined with the high 
temperatures of the HT fields, although some amount of partial 
melt can not be excluded. The observed low-velocity anomalies 
below Reykjanes and Eldv örp-Svartsengi are relatively small but 
still significant, while the low-velocity anomaly below Kr ýsuv ́ık is 
much larger. The Kr ýsuv ́ık low-velocity anomaly extends almost 
perpendicular to the volcanic system towards the southeast, coin- 
ciding with geothermal surface manifestations and the resistivity 
structure. More interestingly, a low-velocity anomaly is observed 
at 3–6 km depth about 1 km northwest of the recent Fagradalsfjall 
eruption site. 

The (qualitative) correlation of our recovered shear wave veloc- 
ities with resistivity studies conducted on the RP, suggests that the 
one-step transdimensional algorithm has successfully recovered the 
shear wav e v elocity structure below the RP. Our shear wav e v elocity 
model is smoother and contains fewer details than the recent resis- 
ti vity studies, especiall y near the surface ( < 2 km depth), due to 
the limited frequency range of the fundamental mode surface waves 
used, but it captures well the same broad features of the heat up-flow. 
Considering that this algorithm needs less user-defined (and hence 
some what subjecti ve) parameters, it has great potential to become 
a routine tool for surface wave seismic tomography. 
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DATA  AVA I L A B I L I T Y  

The original MCTomo package for doing the one-step transdimen- 
sional tomography algorithm is available here ( https://blogs.ed.ac. 
uk/imaging/research/codes/ ), which is based on Zhang et al. ( 2018 , 
2020 ). Ho wever , we have modified the package in two ways. First, 
w e ha v e remov ed the dependenc y on e xternal packages like CGAL. 
Secondly, we update the ray paths less often to make the algorithm 

computationally less demanding, while at the same time preserv- 
ing the non-linearity of the solution (see Rahimi Dalkhani et al. 
2021 , for details). The modified package is available upon request. 
The data underlying this manuscript are published open access (see 
Rahimi Dalkhani et al. 2023 ). The frequency-dependent Rayleigh 
wa ve phase tra veltimes ( ttimes.dat ), dispersion curves ( DCs.dat ), 
location of stations ( sources.dat & receivers.dat ) and the input file 
for running the MCTomo package ( MCTomo.inp ) are accessible 
at https://doi.org/10.4121/3c97b1c8- 1736- 495d- a2f9- bd26dc9585 
75 . The 3-D posterior mean and uncertainty models and the MAT- 
LAB files to regenerate all the figures are also included in the 
above-mentioned repository. A MATLAB script for retrieving phase 
velocities from the interferometric responses (Appendix A ) is also 
included. 
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Supplementary data are available at GJI online. 
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aracciolo , A. , Bali, E., Halld órsson, S., Gu ð finnsson, G., Kahl, M.,
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Jakobsd óttir , S.S. , 2008. Seismicity in Iceland: 1994–2007, J ̈okull, 58 (1), 
75–100. 

Jousset , P. et al. , 2016. Seismic tomography in Reykjanes, SW Iceland, in 
European Geothermal Congress 2016, Extended Abstract , Strasbourg, 
France. 

Jousset , P. et al. , 2020a. IMAGE (Integrated Methods for Advanced Geother- 
mal Exploration), doi:10.14470/9Y7569325908. 

Jousset , P. , Mortensen, A.K., Fridleifsson, G. ́O., Ág ústsson, K. & Gud- 
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Rahimi Dalkhani , A. , Ág ústsd óttir, T., Gudnason, E. ́A., Hersir, G.P., Zhang, 
X. & Weemstra, C., 2023. Data underlying the publication: Transdimen- 
sional ambient-noise surface wave tomography of the Reykjanes Penin- 
sula, SW Iceland, 4TU.ResearchData , Dataset, doi: 10.4121/3c97b1c8- 
1736-495d-a2f9-bd26dc958575. 

Rawlinson , N. & Sambridge, M., 2004. Wave front evolution in strongly 
heterogeneous layered media using the fast marching method, Geophys. 
J. Int., 156 (3), 631–647. 

Rawlinson , N. , Sambridge, M. et al. , 2003. Seismic traveltime tomography 
of the crust and lithosphere, Adv. Geophys., 46, 81–199. 

Sæmundsson , K. & Sigurgeirsson, M., 2013. Reykjanesskagi, in N ́att ́uruv ́a 
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P P E N D I X  A :  R AY L E I G H  WAV E  P H A S E  

E L O C I T Y  R E T R I E VA L  

a yleigh wa ves are interface wa ves that tra vel along the free surface
f a solid medium. They become dispersive if the medium’s shear
av e v elocity varies (usually increases) with depth. This disper-

ive behaviour means that at different frequencies, Rayleigh waves
ropagate along the Earth’s surface at different velocities. In other
ords, their wave speed is frequency-dependent in a vertically het-
ro geneous medium. Consequentl y, each phase reaches the recei ver
t a different time. Extracting frequency-dependent traveltimes from
 set of interferometric surface wa ves tra v ersing a re gion, therefore
llows one to estimate the shear wav e v elocity structure of that
egion. 

The theory underlying seismic interferometry predicts that time-
veraged cross-correlations of long recordings of ambient seismic
oise may coincide with the surface wave part of the medium’s
reen’s function (Wapenaar & Fokkema 2006 ). This implies that

hese cross-correlation functions can be used to extract frequency-
ependent phase or group traveltimes. These traveltimes may sub-
equently be used to solve a tomographic inverse problem, resulting
n 3-D shear wave velocity images of the subsurface. This has been
emonstrated at various scales and in different contexts (Shapiro
 Campillo 2004 ; Weemstra et al. 2013 ). At the same time, the

imitations have also been pointed out by various authors (e.g.
eaver et al. 2009 ; Tsai 2009 ). For a detailed deri v ation of the

elation between the surface wave Green’s function and the time-
veraged cross-correlation, including underlying assumptions and
imitations, we, therefore, refer to Halliday & Curtis ( 2008 ). 
Assuming a lossless, laterall y inv ariant subsurface, and ignor-
ng higher order modes (i.e. only considering the fundamen-
al mode), the real part of the surface wave Green’s function
frequency-domain representation) coincides with a zeroth order
essel function of the first kind [ J 0 ( α); e.g. Boschi et al. 2013 ].
ere, 

= 

2 π ∗ f ∗ r 

c( f ) 
, (A1) 

here f is frequency, r the station–station distance and c ( f ) the
Ra yleigh wa v e) phase v elocity at frequenc y f . The latter function is
he sought-for phase velocity dispersion curve. The above implies
hat the dispersive character of the medium between two specific sta-
ions, which are separated by a distance r , can be estimated by equat-
ng the zeros of the real part of the time-averaged cross-correlation
o the zeros of J 0 ( α). Because the amplitudes of interferometric sur-
ace wave responses may suffer from both processing artefacts and
iolated conditions, equating the zeros is preferred over equating
he real part in its entirety (Ekstr öm et al. 2009 ; Weemstra et al.
014 , 2015 ). 

For a specific station couple separated by distance r , the (average)
hase velocity along the ray connecting the two stations is estimated
s follows. At each frequency f for which the real part of the cross-
pectrum coincides with zero, a set of candidate phase velocities
 j ( f ) ( j = 1, 2,...) exists. These c j are obtained by equating the zeros
f J 0 (2 π fr / c ( f )), for all c ( f ), to the cross-spectrum’s zeros. This is
one for each zero separately. Fig. A1 illustrates this process for
hree different station couples. The top row depicts the computed
ime-averaged cross-correlations. The middle row presents the real
art of the cross-spectrum, which is interpolated using cubic splines,
here the zeros are represented as solid red dots. For each zero, the
ifferent candidate phase velocities c j are shown as open blue circles
n the bottom row. 

After calculating the candidate phase velocities for each station
ouple and zero, the next step is to determine the set of phase
elocities (i.e. the non-interpolated dispersion curve) that best rep-
esents the true phase velocities. To that end, surface wave dis-
ersion associated with a reference model is often used (for ex-
mple the preliminary reference Earth model PREM; Dziewonski
 Anderson 1981 ). This curve (yellow line in Fig. A1 ) is used to

dentify the start of the dispersion curve at the lower end of the
pectrum, such as 0.05–0.2 Hz. At higher frequencies, the refer-
nce curve flattens out because the PREM does not account for
small-scale) near-surface structure. By imposing a constraint that
ur picked curve should be continuous, we stop the picking pro-
ess at the frequency where there is a jump or discontinuity in
hase velocity between adjacent frequencies. (For details regarding
he picking algorithm we refer to K ästle et al. 2016 ). The ratio-
ale behind this is the following: the signal-to-noise ratio (SNR)
f the interferometric surface waves decreases with increasing fre-
uency, which may result in such jumps. This decrease in SNR
ith increasing frequency can be due to (i) stronger attenuation

t higher frequencies, (ii) stronger scattering at higher frequencies
and hence a less pronounced ballistic surface wave), (iii) cross-
odal terms (Halliday & Curtis 2008 ) or (iv) a combination of

hese. 
The solid blue circles in the bottom row of Fig. A1 are the picked

hase velocities. By means of a cubic spline algorithm, we inter-
olate those points to obtain phase velocities at an a priori defined
et of discrete frequencies f i ( i = 1, 2,...). The latter is the same
or each station couple and hence facilitates a tomographic inver-
ion. The interpolation result is the red line; red plus signs indicate
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Figure A1. Examples of picked phase velocities for three station couples with station–station distances of (a) 25.1 km, (b) 50 km and (c) 99 km. The top 
ro w sho ws the time-averaged cross-correlation of the corresponding station couple filtered between 0.1 and 0.5 Hz. The middle row shows the real part of 
the cross-spectrum, interpolated using cubic splines. The bottom row shows candidate phase velocities c j for each zero (open blue dots). The picked, and 
subsequently interpolated dispersion curve, is depicted as a red line. The red plus signs depict phase velocities at an a priori defined set of frequencies. The 
corresponding data and codes are accessible in Rahimi Dalkhani et al. (2023 ). 
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the selected phase velocities at the a priori defined frequencies. 
Importantl y, howe ver, not all of these selected phase velocities are 
deemed reliable. They need to fulfil the criteria that the associated 
station–station distances exceed one and half a wavelength (at the 
a priori defined frequenc y). This wav elength is computed using the 
reference phase velocity curve. For closely separated stations, in 
particular, this implies that several selected phase velocities at the 
lower end of the frequency spectrum are discarded. The reason to 
discard phase velocities associated with closely separated stations 
(in terms of wavelengths) is that these phase velocities are highly 
sensiti ve to de viations from a uniform noise illumination pattern 
(Weaver et al. 2009 ; Froment et al. 2010 ). Green circles in Fig. A1 
show the phase velocities that are deemed reliable and used in the 
inversion. 
A P P E N D I X  B :  M O D E L  U N C E RTA I N T I E S  

As we discussed in the text, quantifying solution uncertainties is an 
advantage of probabilistic inversion algorithms. Here, we present 
the posterior standard deviation (i.e. a measure of uncertainty) with 
respect to the posterior means (pointwise average of the retained 
post-burn-in samples ) provided in the body of this article. Figs B1 –
B5 present the posterior standard deviation with respect to the pos- 
terior means presented in Figs 5 –9 . Fig. B1 shows horizontal slices 
of the posterior standard deviation at the same depths as Fig. 5 , but 
for the (greater) area that was covered by all stations. Clearly, the 
uncertainties are lower in the areas that have a high station density 
(indicated by the black dashed box in Fig. B1 ). It is the (pointwise) 
average of the ensemble of shear wave velocities inside this black 
box that is discussed and (geolo gicall y) interpreted in Section 7 . 
ecem
ber 2023
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Figure B1. Pointwise standard deviation (from the retained post-burn-in samples) at six different depths: (a) 0.5 km, (b) 3 km, (c) 4 km, (d) 6 km, (e) 8 km 

and (f) 10 km. The area with the highest resolution and the lowest uncertainties (40 km by 45 km) is indicated by the dashed black box. 
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Figure B2. Vertical cross-sections, centred at the location of the Reykjanes HT geothermal field, of the pointwise standard deviation of the retained post-burn-in 
samples. (a) Map of the area showing the location of three reference points, known high-temperature geothermal fields of Reykjanes, Svartsengi and Kr ýsuv ́ık 
(dashed b lack polygons), b lue lines show the locations of the vertical cross-sections of the shear wav e v elocities along an east-west profile (b), N70 ◦E oriented 
profile (c) and N20 ◦W oriented profile (d). 

Figure B3. Vertical cross-sections, centred at the location of the Eldv örp-Svar tsengi HT geother mal field, of the pointwise standard deviation of the retained 
post-burn-in samples. (a) Map of the area showing the location of three reference points, known high-temperature geothermal fields of Reykjanes, Svartsengi 
and Kr ýsuv ́ık (dashed b lack polygons), b lue lines show the locations of the vertical cross-sections of the shear wave velocities along an east-west profile (b), 
N70 ◦E oriented profile (c) and N20 ◦W oriented profile (d). 
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Figure B4. Vertical cross-sections, centred at the location of the Kr ýsuv ́ık HT geothermal field, of the pointwise standard deviation of the retained post-burn-in 
samples. (a) Map of the area showing the location of three reference points, known high-temperature geothermal fields of Reykjanes, Svartsengi and Kr ýsuv ́ık 
(dashed b lack polygons), b lue lines show the locations of the vertical cross-sections of the shear wav e v elocities along an east-west profile (b), N70 ◦E oriented 
profile (c) and N20 ◦W oriented profile (d). 

Figure B5. Vertical cross-sections of the pointwise standard deviation, centred at the location of the 2021–2023 eruptions site, on the Fagradalsfjall volcanic 
system. (a) Map of the area showing the location of three reference points, known high-temperature geothermal fields of Reykjanes, Svartsengi and Kr ýsuv ́ık 
(dashed b lack polygons), b lue lines show the locations of the vertical cross-sections of the shear wav e v elocities along an east-west profile (b), N70 ◦E oriented 
profile (c) and N20 ◦W oriented profile (d). 

C © The Author(s) 2023. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access 
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