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S U M M A R Y 

In this study, we applied the ‘ in-situ Vp/Vs method’ to monitor variations of seismic velocity 

ratio (Vp/Vs) within swarms, providing insights into eruption processes. This method, particu- 
larl y ef fecti v e in volcanic re gions, estimates Vp/Vs b y comparing P - and S -w ave arri v al times 
of closely located earthquake pairs, reducing errors from unknown crustal velocity variations 
and is well-suited for detecting rapid changes associated with volcanic swarms. Our study 

focused on seismic swarms on the Reykjanes Peninsula, south–west Iceland w here, s warms 
have been frequent since 2017 and led up to eruptions in 2021, 2022 and 2023. We analysed the 
entire period (2017–2023) as well as the 2021 swarm separately using data from over 40 000 

seismic events recorded by the REYKJANET network. We observed significant decrease in 

the Vp/Vs ratio before major pre-eruption swarms, compared to the background Vp/Vs value 
of 1.78. From the 2020 swarm, we observed a lower Vp/Vs of 1.72, but the lowest estimated 

v alue w as 1.70, associated with the 2021 pre-eruption sw ar m that preceded Fag radalsfjall’s 
first eruption after 7000 yr. Reduced Vp/Vs ratios were also noted before the 2022 and 2023 

eruptions, suggesting supercritical fluids in the crust during these stages. We also introduce 
the concept of ‘ change points ’ to interpret Vp/Vs variations along the dyke. Change points 
denote specific locations or times of significant Vp/Vs shifts, potentially indicating subsurface 
changes such as fluid influx or new fracturing from magma intrusion. Identifying these points 
allows us to pinpoint key moments when the system undergoes substantial changes, offering 

insights into eruption timing and location. Focusing on 2021 pre-er uption swar m, interestingly 

the spatial change point found in a location very close to the eruption site. Temporal analysis 
identified two main change points: the first corresponding with initial activity in the nor ther n 

dyke and the second with a shift to the southern segment, ultimately leading to eruption. These 
points mark stages in magma progression, with each showing an initial rapid Vp/Vs drop that 
could indicate CO 2 -rich fluid infiltration, followed by an increase as magma enters. The in-situ 

Vp/Vs method’s sensitivity to changes in seismic properties makes it a powerful tool for real- 
time volcanic monitoring. By detecting critical Vp/Vs changes with minimal computational 
demand, this method has potential for integration with online seismic networks, providing an 

ef fecti ve earl y w arning system for volcanic hazards. 

Key words: Seismic tomo graphy; Rheolo gy: crust and lithosphere; Eruption mechanism and 

flow emplacement; Volcano monitoring; Volcano seismology. 
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1 .  I N T RO D U C T I O N  

Predicting volcanic eruptions is a significant goal in volcanological 
research (Voight & Cornelius 1991 ; Chardot et al. 2015 ; Bou é et al. 
2016 ; Salvage & Neuberg 2016 ; Bell et al. 2018 ; Poland & Ander- 
son 2020 ). This task is challenging due to the complex and diverse 
nature of precursory activities. Thus, identifying these signals is 
a major focus in volcano seismology. Following the Sundhn úkur 
eruptions in December 2023, which caused significant damage and 
1726 
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e v acuations in Grindav ́ık, detecting volcanic activity signals has be- 
come a central focus in Iceland. Analysing volcanic seismicity and 
observing changes in the rheological properties of Earth materials, 
exemplified by the Vp/Vs ratio, are crucial, as these efforts not only 
enhance eruption forecasting but also advance our understanding of 
the fundamental processes governing volcanic eruptions. 

This study identifies changes in rheological properties near an 
eruption site as potential precursory signals for volcanic eruptions. 
To achieve this, we employ the in-situ Vp/Vs method (Lin & Shearer 
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Figure 1. Seismicity map of the Reykjanes Peninsula (RP) from 2017 July 26 to 2023 September 29. Events from se ven sw arm periods are colour-coded as 
indicated in the legend. Black triangles represent the locations of REYKJANET network seismic stations operated by Czech Academy of Science. Yellow, blue 
and red stars mark the locations of the 2021, 2022 and 2023 eruptions, respecti vel y. Bro wn arro ws sho w the direction of plate spreading between the North 
American and Eurasian plates. The red rectangle in the inset map of Iceland highlights the study area on the RP. Another inset shows the extent of lava fields 
from the 2021 (yellow), 2022 (orange) and 2023 (red) eruptions (Hennig 2023 ). The volcanic systems on the RP—Svar tsengi, Fag radalsfjall and Kr ýsuv ́ık—are 
labelled in bold from west to east. The location of Grindav ́ık city is also marked on the map. 
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007 ) to assess changes in the Vp/Vs velocity ratio over specific
ime intervals and spatial regions, including pre-eruption, eruption
nd post-eruption periods. 

Our case study focuses on the Fagradalsfjall volcano in the central
e ykjanes Peninsula, Iceland. Sev eral seismic swarms occurred in

his region in 2017, 2019 and 2020, with the 2021 swarms leading
o an eruption. Additional swarms in 2022 and 2023, two of which
esulted in eruptions, provide a unique natural laboratory for testing
ur method (Fig. 1 ). 

This method’s robustness makes it valuable for various type of
tudies and field like lithological and petrological characterization
Wcislo et al. 2018 ; Merrill & Bostock 2019 ), fluid detection and
onitoring (Lin & Shearer 2009 ; Dahm & Fischer 2014 ; Bachura
 Fischer 2016 ), geothermal exploration (Megies & Wassermann

014 ; Lin 2019 ; Roth et al. 2023 ), induced seismicity (He et al.
021 ), structural and tectonic studies (Mesimeri, Ganas & Pankow
022 ; Liu et al. 2023 ), crustal studies (Bloch et al. 2018 ; Yoshida
021 ), aftershock analysis (Maeda et al. 2019 ; Lin & Fan 2024 ), and
olcanic monitoring (Lin et al. 2015 ; Schuler et al. 2015 ; Yukutake
t al. 2015 ; Lin & Shearer 2021 ). The method is not sensitive to
arthquake location errors and is less affected by velocity variations
n the surrounding crust (Lin 2007 ), making it well-suited for mon-
toring volcanic areas where path and site effects can be significant
McNutt 2005 ). Recent applications have shown its ability to reveal
ne-scale structures beyond traditional Vp/Vs estimation methods

ike tomography (Lin & Shearer 2009 ; Lin et al. 2015 , 2019 ) or
ethods that separately estimate Vp and Vs (Gritto & Jarpe 2014 ).
he robustness of the method was enhanced by Liu et al. ( 2023 ) by
 xcluding ev ent pairs with calculated Vp/Vs ratios that fell outside
 reasonable range. This refinement allows the method to identify
ven minor variations in the in-situ Vp/Vs ratio of the focal volume.

Since Iceland is the only part of the Mid-Atlantic Ridge exposed
bov e sea lev el, it provides a unique opportunity to study a diver-
ent boundary onshore. Many studies have prepared 2-D and 3-D
elocity and tomography models for this area using different meth-
ds (e.g. Allen et al. 2002 ; Du et al. 2002 ; Mitchell et al. 2013 ).
ome focused on the southwest of Iceland (Bjarnason et al. 1993 ;
oulger et al. 1995 ; Amoroso et al. 2022 ), particularly the Reyk-
anes Peninsula (Weir et al. 2001 ; Tryggv ason, R ögnv aldsson, &
l óvenz 2002 ; Jousset et al. 2016 ; Malek, Broke šov á, & Novotn ý
019 ; Martins, Hey & H öskuldsson 2020 ; Hobe et al. 2021 ; R ů žek
021 ; Rahimi Dalkhani et al. 2024 ). Ambient seismic noise has also
een used to monitor volcanic systems (e.g. Donaldson et al. 2019 ;
ee et al. 2024 ), but results can be affected by temperature varia-

ions, changes in groundwater level and rainfall and noise source
istribution (i.e. Bi èvre et al. 2018 ; Guillemot et al. 2021 ). 

The high-resolution Vp/Vs estimation method excels due to
ts sensitivity to near-source materials and ability to detect rapid
patiotemporal variations, unlike traditional tomography that often
isses shor t-ter m changes (Lin & Fan 2024 ). Additionall y, it ef fec-

i vel y studies spatial and temporal v ariations b y selecting specific
v ents, ov ercoming non-uniqueness issues in classic tomography,

art/ggaf122_f1.eps
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and is applicable in investigating changes in volcanic areas (Lin & 

Shearer 2021 ). 
In this paper, we analyse the spatial and temporal variations of 

local Vp/Vs ratio, which were estimated using the in-situ Vp/Vs 
method near the Fag radalsfjall er uption site. This analysis focuses 
on seismic swarms recorded by the REYKJANET seismic network 
between 2017 and 2023. Special attention is given to the 2021 seis- 
mic s warm, w hich led to the first eruption in the area. We highlight 
the key locations and time along the dyke where significant changes 
occur red (refer red to as ‘change points’) and provide interpretations 
of these changes. 

1.1. Fagradalsfjall 2021 eruption 

Iceland, situated on the Mid-Atlantic Ridge where the Eurasian 
and North American tectonic plates div erge, e xperiences div ergent 
tectonic activity and mantle plume hotspots, with a spreading rate 
of 18–19 mm yr −1 in a N105 ◦E direction (Martinez 2020 ). The 
Reykjanes Peninsula (RP) in southwest Iceland, a key segment of 
this plate boundary, connects the Reykjanes Ridge with the Hengill 
Triple Junction (Sigmundsson 2020 ). This region, characterized 
by the Reykjanes Peninsula Oblique Rift, experiences extensive 
volcanic and seismic activity across six volcanic systems (Einarsson 
1991 , 2008 ) defined by NE–SW fissure swarms, N–S strike-slip 
faults, high-temperature geothermal activity, and episodic volcanic 
eruptions (Einarsson et al. 2023 ). 

Seismic activity on the RP occurs in episodic bursts approxi- 
matel y e very 30 yr (Einarsson 2008 ). Crustal deformation happens 
in two modes: seismic (dry) mode involving strike-slip faulting, 
and magmatic (wet) mode involving dyke intrusions and acti v a- 
tion (Hreinsd óttir et al. 2001 ). Magmatic activity in RP is highly 
episodic, occurring roughly every 800–1000 yr. The last major erup- 
tive period on RP ended 781 yr ago, with the Fagradalsfjall volcanic 
system’s last eruptive activity occurring more than 6000 yr ago. Ac- 
tivity appears to migrate from east to west with a temporal spacing of 
100–200 yr (Saemundsson et al. 2020 ). In recent decades, there has 
been no significant evidence of magmatic contributions (Einarsson 
2008 ). 

The seismicity pattern along the RP demonstrates a system- 
atic transition from earthquake swarms in the west to mainshock–
aftershock sequences in the east, associated with a shift from normal 
to oblique strike-slip stress states, reflecting underlying tectonic and 
geolo gical structures (K eiding 2009 ). The brittle–ductile transition 
(BDT) zone beneath the RP, typically at a depth of 6–7 km, ascends 
to 3–5 km in high-temperature areas (Blanck et al. 2020 ; Fl óvenz 
et al. 2022 ; Rahimi Dalkhani et al. 2024 ). 

Fagradalsfjall, centrally located on the Reykjanes Peninsula be- 
tween the Svartsengi and Kr ́ısuv ́ık systems, lacks its own geother- 
mal system (Fig. 1 ). The 2021 and 2022 eruptions there were driven 
by magmatic intrusions along NE–SW trends and surface fractures 
along N–S faults. The stress field, with a maximum principal stress 
oriented N45 ◦E and a minimum N135 ◦E, influences fault struc- 
tures. Earthquakes and magmatic activity are closely linked. As 
dikes propagate to shallower depths where the crust becomes more 
brittle, magma flow may be diverted into pre-existing N–S striking 
strike-slip faults, potentially triggering faulting before leading to 
an eruption. These faults can also serve as pathways for magma 
ascent, particularly during dike intrusion and eruption episodes, as 
observed in the Fagradalsfjall volcanic system (Einarsson 2023 ). 
The Fagradalsfjall area shows pronounced swarm activity with sig- 
nificant swarms in August 1998, November 2000 and July 2004, 
characterized by high b values in the west and lower b values in the 
east and Kr ́ısuv ́ık. The area has a consistent low background seis- 
micity rate, punctuated by episodic bursts during swarms (Keiding 
2009 ). 

Before 2021 March 19 eruption, several precursors were ob- 
served, including increased seismic activity in the RP. Between 
2013 and 2019, earthquake swarms concentrated in the Fagradals- 
fjall volcanic system. An aseismic dyke identified during the 2017 
swarm ( M < 3.7) indicated crustal weakening and potential duc- 
tile magmatic intrusion (Hrubco v á, Doubravo v á & Vavry ̌cuk 2021 ; 
Hr ubcov á & Vavr y ̌cuk 2023 ). Another swar m ( M < 3.7) occurred 
in December 2019, followed by three significant seismic swarms 
( M < 4.3) in 2020, accompanied by inflation and deflation in the 
RP (Cub uk-Sab uncu et al. 2021 ). 

The 2021 Fagradalsfjall volcanic eruption was preceded by sig- 
nificant seismic activity. The sequence began with a major earth- 
quake (ML 5.3) on 2021 Febr uar y 24, triggering a swarm in the 
region. This mainshock and subsequent seismic bursts were linked 
to magma movement and dyke propagation (Fischer et al. 2022 ). 
Notably, there were 64 ML ≥ 4.0 earthquakes, nearly 20 more than 
recorded in the previous two decades (Sigmundsuun et al. 2022 ). 

Detailed seismic data analysis identified two main clusters: one 
trending NE–SW mapping the dyke and another WSW–ENE along 
the oblique plate boundary. Seismic activity progressed in stages, 
initiall y acti v ating the nor ther n dyke segment, followed by the cen- 
tral, and then the southern segment, and finally erupted at centre, 
indicating dyke propagation driven by magma intrusion. 

The seismic swarm before the 2021 eruption indicated a complex 
interpla y betw een tectonic stress and magmatic activity, concen- 
trated at depths of 2–6 km (Fischer et al. 2022 ). The 9 km dyke 
breached the surface on 2021 March 19, leading to a six-month ef- 
fusive er uption, for ming a 120 m high volcanic cone with a steady 
magma discharge of about 7 m 

3 s −1 (Pedersen et al. 2022 ). The 
eruption created a lava field covering 5 km 

2 , with an estimated 
dense rock equi v alent volume of 0.1 km 

3 (Bindeman et al. 2022 ). 
Notably, seismicity and deformation rates declined before the erup- 
tion, deviating from typical patterns (Sigmondsuun et al. 2022 ). 

After the Fagradalsfjall eruption in 2021, a seismic swarm in 
December 2021 did not result in a successful dyke intrusion. On 
2022 August 3, Fagradalsfjall erupted in Meradalir valley, and on 
2023 July 10, an eruption occurred at Litli-Hrutur, lasting about 
four weeks (Fig. 1 ). In December 2023, seismic activity shifted, 
causing a fissure near Grindav ́ık and leading to e v acuations. This 
was followed by another eruption in January 2024. 

2 .  M E T H O D  

2.1. In-situ Vp/Vs method 

The robust in-situ Vp/Vs method was utilized to e v aluate the near- 
source P -wave to S -wave velocity ratio, denoted as γ = Vp/Vs 
(gamma ratio) (Lin & Shearer 2007 ), as a means of detecting magma 
presence across different temporal and spatial intervals. 

The classical Wadati diagram (Wadati 1928 ), estimates average 
Vp/Vs ratios by plotting differences between P and S wave arrival 
times. Though primarily used for earthquake location (Kisslinger 
& Engdahl 1973 ), the method has been enhanced with cross- 
correlation techniques and double-difference methods to improve 
relati ve e vent location accuracy (Poupinet et al. 1984 ; Ito 1985 ; 
Maurer & Deichmann 1995 ; Slunga et al. 1995 ; Shearer 1997 ; 
Menke 1999 ; Waldhauser 2000 ). 

Lin & Shearer ( 2007 ) introduced the ‘ in-situ Vp/Vs method ’ to 
estimate local Vp/Vs ratios by using accurate P and S waves differ- 
ential times (dtp and dts) derived from waveform cross-correlation. 
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Figure 2. A schematic diagram illustrating how the in-situ Vp/Vs method 
works. (a) Triangles represent seismic stations, and circles indicate earth- 
quakes that occurred in the focal zone. 1 and 2 are two arbitrary earthquakes 
that occurred close to each other within the cluster. (b) Blue: Differential 
P -w ave arri v al times ( � t p ) compared to dif ferential S -w ave arri v al times 
( � t s ) for various pairs of events inside a compact cluster. Red: Demeaned 
� t p versus demeaned � t s . 
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Figure 3. Representation of the 2021 swarm data before (left) and after 
(right) filtering out unreliable measurements using the method of Liu et al. 
( 2023 ). Each point corresponds to the differential body-wave traveltime 
differences ( δts versus δtp ) for an event pair recorded at a single station. 
The blue crosses correspond to different event pairs that were retained for 
estimating the Vp/Vs slope, while grey crosses indicate outlier differential 
times that were removed using the hybrid L1–L2 method (Huber 1973 ).`
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his approach is particularly useful for e v aluating medium prop-
r ties near ear thquake sources. Building on this concept, Dahm &
ischer ( 2014 ) modified the method to simultaneously determine
p/Vs ratios at both the seismic network scale and the local fo-

al volume scale, referring to it as the ‘ Double-Difference Wadati
ethod’ . To enhance robustness, they incorporated a least median
f squares regression to reduce the influence of outliers. 

.2. Application of the method 

his method estimates the Vp/Vs velocity ratio in the earthquake
warm’s source re gion. A ke y advantage is that it is not sensitive to
arthquake location errors and has reduced sensitivity to unknown
elocity variations in the crust beyond the source region. Unlike to-
ography methods, this approach is not bound to the resolution of

he grid as it focuses on source cluster. Additionally, it is straightfor-
ard to implement and does not require significant computational
o wer , making it suitable for monitoring purposes (Lin 2007 , 2021 ).

To achieve this, two closely located earthquakes within the focal
olume are selected, ensuring nearly identical ray paths due to their
ro ximity (F ig. 2 a). Differences in their P and S traveltimes at
arious stations are attributed to velocity changes within the focal
olume. The local Vp/Vs ratio within the focal zone is deduced
rom the slope of the scatter plot of P -wav e v ersus S -wav e arri v al
ime differences for a specific event pair (Fig. 2 b). For numerous
vent pairs situated within the focal volume, each contributing to P
ersus S arri v al time dif ferences, the resulting scatter plots showed
arallel lines with a consistent slope. These lines are shifted from
ero due to variations in their origin times. By demeaning each
vent pair from the mean of all stations within the focal volume, a
onclusive slope is obtained, signifying the Vp/Vs ratio specific to
he focal volume. 

Eq. ( 1 ) illustrates the fundamental concept of this method for
vent pairs in a focal volume recorded by common stations, where
 is the event pair index, and j is the station index. The terms inside
he angle brackets denote the mean of the arri v al time differences
or each event pair i across all stations j . 

t P i j − 〈 �t P i j 〉 j = 

(
V P 

V S 

) (
�t S i j − 〈 �t S i j 〉 j 

)
(1) 

The bootstrap approach (Efron & Gong 1983 ; Efron & Tibshirani
991 ) is employed to estimate errors, wherein pairs of differential
 and S times within the same cluster are randomly resampled 500

imes. This approach provides a local measurement of the average
p/Vs within earthquake clusters, typically a few kilometers across.
t is particularly effective for analysing volcanic swarms, as their
-D distribution helps mitigate errors from variations in P and S
 ave take-of f angles (Lin & Shearer 2007 ). 

.3. Data pre-processing and regression 

he data for this study was sourced from the REYKJANET seismic
etwork (Horalek 2013 ) on the Reykjanes Peninsula, operational
ince 2013 under the Czech Academy of Science and comprising
5 stations equipped with broad-band 3-component velocity meters.
arthquake arri v al times ( P and S ) required for the in-situ Vp/Vs
ethod were automatically obtained using Pepin (Fischer 2003 ;
 áldy and Fischer 2025 ). For stronger e vents, manuall y processed
igh-quality picks provided by IG (Institute of Geophysics of Czech
cademy of Science) were used. These arri v al times were further

efined through waveform cross-correlation, and the event locations
ere subsequently improved using Growclust (Trugman & Shearer
017 ) 

The available data set consists of 40 245 events from swarms oc-
urring between 2017 and 2023, containing approximately 3630 000
ifferential times and about 58 800 event pairs. Pre-processing tech-
iques play a crucial role in ensuring the ef fecti veness of our
ethodology, as outliers can significantly skew results, especially in

maller clusters. Initially, in the quality-control procedure, the input
atalogue is refined by filtering events with magnitudes greater than
 ML and depths less than 12 km (the typical focal depth of the
e gion). Ev ents with location root mean square error (rms) values
xceeding 0.5 are excluded. Event pairs exhibiting cross-correlation
oefficients below 0.85 are eliminated to mitigate the influence of
otentially inaccurate phase picks, which could distort traveltimes.
vent pairs with both S and P arri v al times recorded at more than
ix stations are selected to ensure the robustness of the data set. 

For pre-processing step, the method proposed by Liu et al. ( 2023 )
s adopted to calculate the Vp/Vs ratio for each event pair within
he focal volume. Event pairs with ratios falling outside the reason-
ble interval of 0.5 to 3 are excluded. The data are then fitted using
r thogonal reg ression, integ rating a hybrid L1–L2 method (Huber
973 ), similar to Bachura & Fischer ( 2016 ). This approach effec-
i vel y addresses outliers in the differential traveltime data, which
ould otherwise bias numerical fitting. These two processing steps
ollecti vel y contribute to enhanced accuracy and reliability of the
esults. Fig. 3 illustrates the results before and after using Liu et al.
 2023 ) method for the 2021 swarm. 
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Figure 4. Time–magnitude e v aluation of seismic activity in the Fagradalsfjall region, along with the temporal variation of the Vp/Vs ratio representative of 
each swarm from 2017 to 2023. Swarms are colour-coded as shown in Fig. 1 . Triangles indicate the Vp/Vs ratio for each swarm, positioned at their respective 
swarm periods and aligned with the right Y -axis labels for reference. Eruption icons mark the onset of the 2021, 2022 and 2023 eruptions. The Vp/Vs ratio for 
the 2017 swarm is not shown due to its higher error compared to other swarms. 

Table 1. Number of events, the number of observations (common P and S differential times), Vp/Vs value for the whole 
cluster, and the estimated bootstrap error for each swarm from 2017 to 2023. 

Swarm No. of events No. of observations Vp/Vs Bootstrap error 

2017 974 1021 1.766 0.280 
2019 925 1803 1.768 0.018 
2020 2634 1304 1.723 0.014 
2021(Feb–Mar) 14 446 178 040 1.699 0.002 
2021(Sep) 1494 9375 1.774 0.015 
2021(Dec) 5125 34 334 1.738 0.005 
2022 3797 3904 1.737 0.010 
2023 4345 20 487 1.738 0.008 
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To ensure reliability, clusters with at least 40 events and more 
than 200 event pairs are included. This ensures at least 1200 ob- 
servations (common dtp and dts) for fitting the regression line, 
strengthening the credibility of the analyses. This exceeds the cri- 
teria (1000 observations) set by Roth et al. ( 2023 ) for obtaining 
tr ustwor thy results. 

3 .  R E S U LT S  

3.1. Overview of swarms and Vp/Vs ratios 

The 2021 swarm continues the series of swarms from 2017, 2019 
and 2020 in the central part of the Reykjanes Peninsula. To study 
long-term changes in Vp/Vs ratios, the in-situ Vp/Vs method was 
applied to swarms from 2017 to 2023. Table 1 lists the correspond- 
ing Vp/Vs values, and Fig. 4 shows the computed values for each 
swarm along a magnitude plot. The lowest Vp/Vs value is associated 
with the pre-eruption 2021 s warm, w hich preceded the first erup- 
tion of Fagradalsfjall. The calculated Vp/Vs for the 2020 swarms is 
1.72, while for the pre-er uption 2021 swar m, it is 1.70. For compar- 
ison, Blanck et al. ( 2020 ) reported that the background seismicity 
in the area during 2014–2015 had a Vp/Vs of approximately 1.78, 
consistent with earlier studies by Menke et al. ( 1994 ), Wier et al. 
( 2001 ), and Brandsd óttir & Menke ( 2008 ). Thus, the computed 
Vp/Vs values for these swarms are notably lower than the back- 
ground seismicity Vp/Vs value, especially from 2020. 

3.2. Spatial and temporal evolution of the 2021 swarm 

According to Fischer et al. ( 2022 ), the 2021 Fagradalsfjall swarm 

began in the nor ther n region, moved to the central par t, mig rated 
southw ards and e ventuall y returned to the central area, where the 
eruption occurred. This temporal evolution and spatial distribution 
of the swarm are illustrated in Fig. 5 . For a thorough investigation, 
the entire area w as di vided into four distinct parts. The calculated 
Vp/Vs values for different active areas during the 2021 swarm are 
presented in Fig. 5 and Table 2 . These values indicate lower Vp/Vs 
ratios in the southern regions compared to the nor ther n par t of 
Fagradalsfjall. 

3.2.1. Vp/Vs variation along the dyke (spatial analysis) 

The study aimed to understand the velocity changes along the dyke 
during the pre-eruption sw arm. To anal yse the spatial distribution 
of Vp/Vs ratios during the 2021 pre-eruption swarm, the method 
was applied to data collected along the dyke using equally spaced 
windows. The data, rotated along the dyke, with Vp/Vs ratios calcu- 
lated at equal 0.5 km windo ws, are sho wn in Fig. 6 . Several changes 
in Vp/Vs values along the dyke raise questions about the signif- 
icance of these variations. To identify the most significant point, 
the concept of the Change Point was introduced, where the mea- 
sured quantity shows the most significant change in terms of its 
uncertainty. 

To determine this point, an expanding window was used instead 
of the moving windo w sho wn in Fig. 6 , spanning from the beginning 
to the end of the dyke. At each step, the mean Vp/Vs values in two 
windows—one to the left and one to the right of the separation 
point—were computed and compared (Supplementary Material 2) 
and (Fig. 7 c). To account for the uncertainty and identify the point 
of greatest difference in Vp/Vs values ( �V ) between the two sides, 
the following formula was applied: 

�V = 

( g L − g R ) 

( σL + σR ) 
(2) 
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Figure 5. (a) Map view and two perpendicular cross-sections of relocated seismic events from the Febr uar y–March 2021 swar m, colour-coded by origin time. 
(b) Time–magnitude distribution of the swarm leading up to the 2021 March 19, Fag radalsfjall er uption, based on Fischer et al. ( 2022 ). The red star marks 
the eruption point, while the cross indicates the hypocentre of the M 5.3 earthquake on February 24. Triangles represent seismic stations from the Reykjanet 
network. The rift zone is shown as a grey band. The active region is divided into four par ts: Nor ther n Fag radalsfjall (blue), Central region (g reen), Souther n 
region (red) and Kr ýsuv ́ık area (yellow). The Vp/Vs ratio for each region during the swarm is annotated within the respective area. The inset in the upper right 
corner illustrates two segments of dyke and also rift zone activity, along with their orientations and respective activity levels. 

Table 2. Number of events, the number of observations (common P and S differential times), the Vp/Vs value for whole cluster, and 
the estimated bootstrap error for each divided area shown in Fig. 5 during the 2021 pre-eruption Fagradalsfjall swarm. 

Area Fag radasfajl nor ther n par t Fagradasfajl central part Fag radasfajl souther n par t Krisuvik 

Vp/Vs 1.71 1.70 1.66 1.73 
No. of events 4199 6490 3156 1118 
No. of observations 46 956 70 603 42 105 1403 
Errors 0.005 0.003 0.005 0.031 

Figure 6. Spatial analysis of the Vp/Vs ratio along the dyke during the 2021 
sw arm e vents, with Vp/Vs v alues calculated at 0.5 km window in a rotated 
coordinte system. The colours represent Vp/Vs values, as indicated in the 
legend. The north arrow in the northwest corner indicates the orientation of 
the plot relative to geographic north. 
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here g L and g R represent the mean values of the Vp/Vs for the
eft and right windows, respecti vel y, and σL and σR are the standard
eviations in these left and right windows at each step (e.g. Fig. 7 d).

The significance of � V is tested using the Kolmogoro v–Smirno v
KS) test (Massey 1951 ), which compares the Vp/Vs distributions
n the left and right windows of the change points to check for
issimilarity. To find multiple potential change points, the method
 as applied recursi vel y to the left windows and right windows sep-

rately. This process continued until either an insufficient number
f event pairs for the anal ysis w as encountered or the KS test failed,
ndicating that the distributions in the left and right windows were
he same. 

Using the change point analysis we identified one significant
hange point (Fig. 7 ). It occurs very close to the eruption site, with
ean Vp/Vs ratio of 1.66 to in the left window and 1.71 in the right
indow. Its coincidence with the eruption site points to different

ock properties on either side of the eruption. 
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Figure 7. (a) Map view showing the spatial distribution of events before the change point (blue) and after the change point (red) in space. (b) Time–magnitude 
distribution of events before and after the change point in space during the 2021 sw arm. (c) Cumulati ve Vp/Vs values on the left and right sides of the extended 
windo w, with the windo w size incrementall y increased b y 0.3 km at each step along the dyke. (d) Dif ferences in Vp/Vs v alues between the left and right 
windows, normalized by their standard deviation. The dark green marker indicates the eruption point. 
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3.2.2. Vp/Vs variation along the dyke (temporal analysis) 

The temporal variation of Vp/Vs for the 2021 pre-eruption swarm, 
shown in Fig. 8 (a), was computed using windows with the same 
number of event-pairs ensuring consistent statistical sampling 
across all intervals. This approach was necessary because the 
seismic activity is strongly clustered in time and using equidis- 
tant time windows would have resulted in poorly constrained 
Vp/Vs values in windows with only a few event pairs (see 
Fig. S1, Supplementary Material 1 ). To generate Fig. 8 (a), 600 event 
pairs were utilized for each data point analysis. Larger and smaller 
numbers of event pairs were also tested, revealing that while the 
trends remained consistent, the error margins v aried. Specificall y, 
using longer event-pair intervals resulted in reduced errors, whereas 
fe wer e vent pairs provided more detailed insights into the variations. 
The trend of variation shown as a moving average (the magenta line) 
remained the same, regardless of the number of event pairs used. 
Fig. 8 (b) illustrates similar results using a time-equidistant axis. 
In fact, Fig. 8 (b) was created to present the results in a standard 
time-equidistant format, while Fig. 8 (a) is included to demonstrate 
how the method works. The resulting graph shows sharp and rapid 
declines during two distinct periods, followed by notable peaks in 
subsequent windows. 

Application of the change point method to the temporal varia- 
tion of Vp/Vs of the 2021 swarm identified the first change point 
on 2021 Febr uar y 27 at 07:20 (Fig. 9 a). Prior to this point, the 
Vp/Vs value is lower at 1.65, (left window) and after this point, 
the Vp/Vs value increased to 1.69 (right window). By recursi vel y 
applying the method to the right window, another change point was 
found on 2021 March 09 at 09:00 (Fig. 9 e). Interestingly, the sec- 
ond change point separates the entire swarm into two episodes, 
which are also separated in space. The first episode involves 
activity in the nor ther n and central parts (dark green events), while 
the second episode involves activity in the souther n par t (orange 
events). 

To identify which part of the dyke relates to the occurrence of 
the two change points in time, we analysed the temporal variation 
of the Vp/Vs ratio separately for the nor ther n region (blue in Fig. 5 ) 
and the central and southern regions (green and red in Fig. 5 ). By 
comparing the timing of change points with these trends (Fig. 10 ), 
one can see that the first change point aligns with activity in the 
nor ther n dyke, while the second change point aligns with activity in 
the southern dyke. Each change point is characterized by a notable 
drop in Vp/Vs values, followed by an increase. 

F inally, F ig. 11 illustrates the variation of Vp/Vs over time from 

2019 to 2023. Three Fagradalsfjall pre-eruption swarms and one 
unsuccessful dyke swarm, along with their Vp/Vs variations, are 
highlighted in the figures. 

4 .  D I S C U S S I O N  

The Vp/Vs ratio depends on elastic moduli and density of the 
medium which is influenced by various factors such as mineral 
composition, fluid composition, rock porosity, hydrothermal alter- 
ation, pore fluid pressure and saturation and temperature (Toksoz 
et al. 1976 ; Ito et al. 1979 ; Tryggvason et al. 2002 ; Mavko et al. 
2009 ; Amoroso 2022 ). 

4.1. Previous studies on Vp/Vs anomalies in Reykjanes 

Low Vp/Vs anomalies beneath the Hengill volcanic system have 
been interpreted as high-porosity regions containing supercritical 
fluids rather than e xtensiv e zones of partial melt, based on the 
3-D velocity model of SW Iceland b y Tryggv ason et al. ( 2002 ). 
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Figure 8. (a) Temporal analysis comparing the variation of Vp/Vs values within equal event pair windows (600 event pairs per window) during the 2021 
pre-er uption swar m. The magenta line represents the smoothed variation (for each point 5 windows w ere used). (b) T ime-equidistant variation of Vp/Vs during 
the 2021 pre-eruption swarm. Each point represents the mean Vp/Vs value for 600 event pairs. 
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he greater reduction in P -wave velocities compared to S -wave
elocities suggests the presence of supercritical fluids within the
olcanic fissure system. This interpretation is supported by evidence
hat pore content significantly influences rock compressibility and
 -wav e v elocities but has less impact on S -wav e v elocities. Similar

ow Vp/Vs ratios during swarm episodes in NW Bohemia (Dahm
 Fischer 2014 ) further support this view. 
Geoffroy & Dorbath ( 2008 ) identified low Vp/Vs ratios in the

ower brittle crust in their 3-D tomography model for the RP, at-
ributing them to high fluid pressures rather than magma chambers.
hey suggested these anomalies result from trapped supercritical
eothermal fluids, which enhance crustal deformation through hy-
rofracturing and stress-corrosion microcracking. Large seismic
 vents temporaril y increase permeability, enabling fluid infiltration
nd recharging of lower crustal reservoirs. 

Time-dependent tomography below Krysuvik and neighbour-
ng areas (2004–2018) also showed two low Vp/Vs anomalies
 b  
Hobe et al. 2021 ). One, located in Fagradalsfjall, is linked to seis-
ic activity and disappears when seismicity ceases, as fractures heal

nd Vp/Vs values return to regional averages. The other, beneath the
entre of inflation in Krysuvik, remains stable over time and is in-
erpreted as a supercritical reservoir. These anomalies are attributed
o magma degassing, fluid expansion fracturing an impermeable
arrier or a combination of both mechanisms. 

Amoroso et al. ( 2022 ) also interpreted low Vp/Vs ratios as
team-dominated zones and high temperatures near the Nesjavellir
eothermal field reservoir. 

.2. Long-ter m Fag radalsfjall Vp/Vs variations 

n this paper, by analysing the variation in Vp/Vs values for seismic
warms between 2017 and 2023, we demonstrate that most swarms
ince 2020 have exhibited lower Vp/Vs values compared to the
ackground seismicity . Notably , the pre-eruption swarm of 2021
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Figure 9. First (top) and second (bottom) change points in time. (a) Map view showing events occurring before the first change point in time along the dyke 
(blue), and events after the change point (red). (b) Time–magnitude distribution of events before and after the change point in time during the 2021 swarm. (c) 
Cumulati ve Vp/Vs v alues on the left and right sides of the extended window, with the window size incrementally increased by 8 hr at each step for events along 
the dyke. (d) Differences in Vp/Vs values between the left and right windows, normalized by their standard deviation. (e) The same analyses for the second 
change point, which corresponds to the right window of the first change point (marked by purple braces). Events before the second change point are shown in 
dark green, and those after are in orange. 
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had a Vp/Vs value of 1.70, the lowest estimated during this period. 
This v alue w as 4 per cent lower than for the background seismicity 
and occurred just before the first eruption at Fagradalsfjall. In terms 
of the interpretation re vie wed above, this suggests the presence of 
significant amounts of supercritical fluids and magma, which could 
be considered eruption precursors. Additionally, the 2020 swarms 
exhibited a reduced Vp/Vs value of 1.72, indicating overpressurized 
gas and/or water vapour from magma at that time. 

Similar velocity drops were observed by Cubuk et al. ( 2021 ) dur- 
ing these three episodes of rapid inflation and associated seismic 
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Figure 10. (a) Time-equidistant variation of Vp/Vs for two distinct segments compared to the overall activity during the 2021 pre-eruption swarm. The 
nor ther n dyke segment is represented in green, the southern dyke segment in red and the entire data set by a blue line. (b) Time–magnitude distribution of the 
2021 swarm episodes, illustrating two distinct change points in time. Events before the first change point are shown in green, those between the first and second 
change points in violet and events occurring after the second change point in orange. (c) Map view depicting the spatial distribution of events relative to the 
two change points. The colour coding follows the scheme in panel (b). 
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ctivity near inflation source at Mt. Þorbj ör n-Svar tsengi, Iceland,
n 2020, using the seismic ambient noise method. By analysing
ata from April 2018 to November 2020, they suggested that these
ecreases in seismic velocity were likely caused by crustal magma
ntrusions and the formation of new cracks to accommodate magma
ropagation. Centroid moment tensors for earthquakes with magni-
udes greater than 2.7 predominantly exhibited shallow strike-slip

echanisms with significant positive isotropic components during
he 2020 swarms in the RP, indicating coseismic volume expansion
B üy ükakpınar et al. 2025 ). They interpret these positive isotropic
 M iso ) components as being associated with coseismic widening of
ikes and an increase in gas-saturated pore spaces near faults, driven
y magmatic intrusions. 

As detailed in the results section, applying the method to equal
ventpair windows and representing it on a time-equidistant axis for
he 2021 pre-er uption swar m (Fig. 8 b) generates a graph showing
harp and rapid declines during two distinct periods, followed by
otable peaks in subsequent windows (pulse-like trend in Fig. 8 b)
hich is the most significant observation during the swarm. This
attern suggests the presence of supercritical fluids (CO2 and/or
ater) originating from magma within pores and fractures, followed
y intruding magma characterized by higher Vp/Vs. 

Such rapid declines have been observed in pre-eruption swarms
t other volcanoes. For example, Hong et al. ( 2014 ) reported a
apid decrease in the Vp/Vs ratio before the 2009 Redoubt Volcano
ruption, which they attributed to increasing amounts of overpres-
urized gas and water in the medium. Similarly, Lin et al. ( 2015 )
ound a cluster with a very low Vp/Vs ratio near the Kilauea caldera.
heir discussion on velocity variations with CO2, water and melt
nclusions as a function of porosity aspect ratios, based on the
heoretical Crack Model (Kuster & Toksoz 1974 ), suggests that

ow Vp/Vs values are associated with CO2-filled cracks in that
rea. 

.3. Role of CO2 in magmatic processes 

he intrusion of magma-derived volatiles, particularly CO2, into a
ealed aquifer led to cycles of inflation and rapid subsidence, which
a y ha ve triggered intense ear thquake swar ms in 2017 and 2019 on

he RP, according to the Flovenz et al. ’s ( 2022 ) poroelastic model.
his model is based on the migration of magmatic volatiles from a
ub-Moho reservoir located at depths of 15–20 km. Accumulation
f gases at the BDT zone caused overpressure buildup, leading
o periodic releases of gas into shallow geothermal aquifers and
esulting in surface uplift. The final overpressure event in Febr uar y
021 generated enough stress to fracture the brittle crust, causing
 magmatic dyke intrusion and subsequent eruption. The injected
uid is interpreted as either pure CO2 or a CO2 mixture with up to
3 per cent magma. 

Another conceptual model, based on geochemical analysis of
ava, suggests that melts form in the mantle and rise to a storage
rea near the Moho, where they undergo crystallization, mixing
nd degassing processes before e ventuall y erupting (Halld órsson
t al. 2022 ). This idea, that volatile-charged magma injections into
eep crustal levels trigger eruptions on the RP, is fur ther suppor ted
y Fischer et al. ( 2024 ), who found that CO2 emissions during
he 2023 eruption at Litli Hr útur originated from fresh, undegassed
agma, distinct from the magma remaining after the 2022 eruption.
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Figure 11. (Top) : Temporal analysis showing the variation of Vp/Vs values within equal event pair windows (400 event pairs) from 2019 to 2023; the time 
axis is not linear. The green line represents the smoothed variation using a window of 400 points length. (Bottom) : Time–magnitude view of the swarm; the 
time axis is linear. Different swarm episodes are colour-coded in both figures. The 2021, 2022 and 2023 eruptions are indicated by orange arrows, while the 
unsuccessful dyke (December 2021 swarm) is indicated by a dark green arrow. 
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Eruptions cease once the magma degasses and resume only with new 

injections of volatile-rich magma. 
Water degassing of ascending magmas was confined to the upper 

few hundred meters below the surface during the 2021 eruption 
(Radu et al. 2023 ). So, CO2 exsolution played a dominant role at 
deeper depths in the pre-eruptive phase, significantly contributing to 
pressure buildup and triggering volcanic activity at Fagradalsfjall. 
At least 70 per cent of CO2 e xsolv ed from the magma, along with 
other volatiles, leading to the formation and accumulation of gas 
bubbles within the magma reservoir. 

The migration of CO2-rich fluids through fractures, or the high 
strain rates caused by magma intrusion, has been considered the 
primary cause of deep long-period (DLP) earthquakes that occurred 
in June 2020 and August 2021 at depths of 10–12 km. This is a shift 
from the earlier belief that these earthquakes were triggered by 
active magma transport near the magma storage region (Greenfield 
et al. 2022 ). Notably, DLP seismicity stopped at the onset of the dyke 
intrusion but reappeared in a different location during periods of 
var ying er uption discharge rates and fountaining styles (Greenfield 
et al. 2022 ). 

The ascent of magmatic fluids, primarily CO2, from a mid-crustal 
basaltic dyke intrusion in Iceland, triggered shallow seismic events. 
This occurred because the gas weakened pre-existing fractures, 
which were under relati vel y low elastic stress due to the dyke’s 
inflation (Martens and White 2013 ). This is supported by the fact 
that many of the early high-magnitude events of 2021 swarm, in- 
cluding the 5.3 magnitude event on Febr uar y 24, the 4.4 on March 
4, the 4.6 on March 7 and the 4.6 on March 14, occurred through- 
out the rift zone, most probably the weakest area in the region. 
Fractures developed along existing weakness planes within the rift 
zone’s widespread fabric. 

The pore pressure from the volatiles reduced ef fecti ve normal 
compressive stress on faults, which raised the chances of failure. 
This reduction allowed even minor stress changes from the intrusion 
to trigger further failure. The time delay between the deep intru- 
sion and the shallow earthquake clusters can be attributed to the 
movement of volatiles through the crust (Martens and White 2013 ). 

CO2 triggering is also discussed b y Shell y ( 2011 ) for swarms 
at Mammoth Mountain, California, Reyners ( 2007 ) on the south- 
western end of the Taupo Volcanic Zone in New Zealand or Fis- 
cher et al. ( 2017 ) and Hainzl et al. ( 2016 ) for West Bohemia, 
Europe. 

While our initial interpretation emphasized the role of supercrit- 
ical fluids in explaining low Vp/Vs ratios, we should also consider 
additional mechanisms. Poisson’s ratio of the solid matrix deter- 
mines whether increasing fluid-saturated porosity leads to higher 
or lower Vp/Vs, depending on pore geometry. Thin cracks tend 
to lower Vp/Vs as porosity increases, while spherical pores may 
increase it, depending on the fluid-to-solid bulk modulus ratio 
(Brantut and David 2019 ). In our study, the observed low Vp/Vs 
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alues could be partially attributed to cracks in the host rock, aligned
ith critical Poisson’s ratio conditions where fluid-saturated poros-

ty reduces Vp/Vs. Also, laboratory e xperiments rev eal that pore
hape (cracks versus vesicles) and rock lithology significantly af-
ect Vp/Vs ratios. Vesicle-dominated rocks show minimal pressure
ependence, while cracked rocks exhibit substantial sensitivity to
ressure changes (Bustos & Adam 2023 ). 

.4. Interpretation of change points 

eismicity of the 2021 pre-eruption swarm at Fagradalsfjall has been
nterpreted by several studies using a two-segment dyke model. Fis-
her et al. ( 2022 ) divided the swarm migration into several episodes:
rom the main shock on Febr uar y 24 to March 2, activity was con-
entrated in the nor ther n par t (b lue in F ig 5 a); from March 2 to
arch 9, the central part and rift zone were active; and from March

 onward, the southern part became active (red in Fig 5 a). Similarly,
he dyke was modelled as a two-segment structure by Sigmundsson
t al. ( 2022 ), with distributed opening and slip, in alignment with
elocated seismicity. 

As shown in the results section, the Vp/Vs change points in time
dentified on Febr uar y 27 and March 9 (Fig. 9 ) coincide with the
or ther n and southern parts of the dykes, respecti vel y (Fig. 10 ).
e infer that the two change points are associated with successive

pening of the nor ther n and souther n par ts of the dyke, as discussed
n related studies. Additionally, a change in surface deformation
fter March 9 is observed in the Interferometric Synthetic Aperture
adar (InSAR) data (extended data fig. 6 in Sigmundsson et al.
022 ). 

Interestingly, a decreasing trend followed by fast Vp/Vs increase
as observed during the successful dyke intrusion and eruption of

he Febr uar y–March swar m. In contrast, only a decreasing trend
as exhibited by the unsuccessful dyke swarm in December 2021.
his is consistent with interpreting the Vp/Vs decreases by gas
ccurrence in the rock volume and Vp/Vs increases by magma
mplacement in the dyke. 

Our finding are in agreement with the Halld órsson and Flovenz
odels. Geochemical analysis of lava samples reveals that the
agma contains approximately 70 per cent CO2. Water degassing,

o wever , is limited to just a few hundred meters below the surface,
ndicating that CO2 plays a more significant role at greater depths.
t is suggested that batches of CO2 are responsible for triggering
eismic activity by migrating from the BDT zone along pre-existing
ractures. This movement increases pore pressure, reduces ef fecti ve
ormal stress, weakens the crust, and facilitates the opening of
ykes, allowing magma to intrude. This explanation also accounts
or the rapid migration of seismicity observed during the swarm.
nitially, gas batches from magma migrate from deeper layers to
ust beneath the BDT zone, causing DLP earthquakes. As the gas
scapes from this zone, it triggers seismic swarms in shallower lay-
rs, resulting in lower Vp/Vs ratios compared to the normal Vp/Vs
n the region. 

While the presence of supercritical fluids remains a plausible
xplanation for low Vp/Vs values, this interpretation should be
ntegrated with alternative mechanisms. Pore geometry (Brantut
 David 2019 ), pore shape and rock lithology (Bustos & Adam

023 ) can independently or synergistically produce similar seis-
ic signatures These findings suggest that crack formation dur-

ng dyke intrusion or stress accommodation may explain the ob-
erved Vp/Vs anomalies, alongside the potential role of supercritical

uids. r
.  C O N C LU S I O N  

his study presents a comprehensive analysis of temporal and spa-
ial Vp/Vs variations using the in-situ Vp/Vs method, focused on
eismic swarms near Fagradalsfjall, a volcanic system on Iceland’s
eykjanes Peninsula, from 2017 to 2023. The findings show a no-

able decrease in Vp/Vs ratios during swarm periods since 2020,
ith the lowest values recorded prior to the 2021 pre-eruption swarm
hich culminated by the first eruption at Fagradalsfjall in 7000 yr,

nd similarly low values were also noted prior to the 2022 and 2023
ruptions. These decreased Vp/Vs ratios could be interpreted as a
ign of supercritical fluids in the subsurface medium. Additionally,
rack formation during dyke intrusion and stress accommodation
ould also contribute to these low values, either independently or in
ombination. 

A focused examination of the 2021 pre-eruption swarm revealed
 sharp and rapid decline in Vp/Vs values during two distinct in-
erv als, followed b y notab le peaks (pulse-like trend), w hich likely
uggest the presence of supercritical magmatic fluids within the
ore and fracture netw ork, subsequently follo wed by magma in-
rusion. To identify significant changes along the dike, we applied
 change point detection method. Spatially, the identified change
oint aligns closely with the eruption site. Temporally, two distinct
hange points were detected: the first one correlates with increased
ctivity in the nor ther n segment of the dike, and the second one with
le v ated acti vity in the southern segment, with both timings align-
ng with InSAR-detected stress changes and seismicity variations
ocumented in previous studies. 

Temporal Vp/Vs variations can serve as valuable indicators for
orecasting upcoming eruptions, offering a potential earl y w arning
ignal for public safety. When integrated with online networks like
eykjanet, this method could enable efficient, near real-time vol-
anic monitoring with minimal computational demands, making it a
owerful tool for both understanding and tracking volcanic activity.
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ahimi Dalkhani , A. , Ág ústsd óttir, T., Gudnason, E. ́A., Hersir, G.P., Zhang,
X. & Weemstra, C., 2024. Transdimensional ambient-noise surface wave
tomography of the Reykjanes Peninsula, SW Iceland, Geophys. J. Int.,
236 (1), 621–643. 

eyners , M. , Eberhart-Phillips, D. & Stuart, G., 2007. The role of fluids
in lower-cr ustal ear thquak es near continental rifts, Nature , 446 (7139),
1075–1078. 

oth , M.P. , Verdecchia, A., Harrington, R.M. & Liu, Y., 2023. Infer-
ring rock strength and fault acti v ation from high-resolution in situ
Vp/Vs estimates surrounding induced earthquake clusters, Seismica, 2 (2).

http://dx.doi.org/10.1029/2001JB000428
http://dx.doi.org/10.1016/j.tecto.2023.229761
http://dx.doi.org/10.1016/j.epsl.2021.116875
http://dx.doi.org/10.1214/aos/1176342503
http://dx.doi.org/10.26443/seismica.v4i1.1373
http://dx.doi.org/10.1029/2008JB006253
http://dx.doi.org/10.1029/2024GL108883
http://dx.doi.org/10.1029/2024GL109171
http://dx.doi.org/10.1029/2009GL039098
http://dx.doi.org/10.1029/2021GL094636
http://dx.doi.org/10.1016/j.geothermics.2019.101740
http://dx.doi.org/10.1029/2022JB025310
http://dx.doi.org/10.1186/s40623-019-1073-z
http://dx.doi.org/10.1016/j.earscirev.2019.102956
http://dx.doi.org/10.1016/j.jvolgeores.2019.106685
http://dx.doi.org/10.1080/01621459.1951.10500769
http://dx.doi.org/10.1111/j.1365-246X.1995.tb06873.x
http://dx.doi.org/10.1146/annurev.earth.33.092203.122459
http://dx.doi.org/10.1016/j.geothermics.2014.01.002
http://dx.doi.org/10.1785/BSSA0890041143
http://dx.doi.org/10.1111/j.1365-246X.1994.tb04017.x
http://dx.doi.org/10.1785/0120190055
http://dx.doi.org/10.1093/gji/ggac081
http://dx.doi.org/10.1002/grl.50899
http://dx.doi.org/10.1029/2021GL097125
http://dx.doi.org/10.1029/2018JB016974
http://dx.doi.org/10.1029/JB089iB07p05719
http://dx.doi.org/10.1007/s00445-023-01641-4
http://dx.doi.org/10.1093/gji/ggad435
http://dx.doi.org/10.1038/nature05743
http://dx.doi.org/10.26443/seismica.v2i2.498


1740 A. Masihi and T. Fischer 
D

ow
nloaded from

 https://academ
ic.oup.com

/gji/article/2
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