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S U M M A R Y 

As the high-frequency analogue to field-scale earthquakes, acoustic emissions (AEs) provide 
a valuable complement to study rock deformation mechanisms. During the load-stepping 

creep experiments with CO 2 -saturated water injection into a basaltic sample from Carbfix site 
in Iceland, 8791 AE events are detected by at least one of the seven piezoelectric sensors. 
Here, we apply a cross-correlation-based source imaging method, called geometric-mean 

reverse-time migration (GmRTM) to locate those AE events. Besides the attractive picking- 
free feature shared with other waveform-based methods (e.g. time-reversal imaging), GmRTM 

is advantageous in generating high-resolution source images with reduced imaging artefacts, 
especially for experiments with relatively sparse receivers. In general, the imaged AE locations 
are found to be scattered across the sample, suggesting a complicated fracture network rather 
than a well-defined major shear fracture plane, in agreement with X-ray computed tomography 

imaging results after retrie v al of samples from the deformation apparatus. Clustering the events 
in space and time using the nearest-neighbour approach revealed a group of ‘repeaters’, which 

are spatially co-located over an elongated period of time and likely indicate crack, or shear 
band g rowth. Fur ther more, we select 2196 AE events with high signal-to-noise-ratio (SNR) 
and conduct moment tensor estimation using the adjoint (backpropagated) strain tensor fields 
at the locations of AE sources. The resulting AE locations and focal mechanisms support 
our pre viousl y assertion that creep of basalt at the experimental conditions is accommodated 

dominantl y b y distributed microcracking. 

Key words: Creep and deformation; Acoustic emission; Induced seismicity. 
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 I N T RO D U C T I O N  

itigation of human-induced climate change necessitates capture
nd storage of CO 2 to prevent further rise of global temperatures.
ne possible strategy is to inject CO 2 -rich fluids into mafic and
ltramafic rocks, which contain abundant di v alent cations such as
a 2 + and Mg 2 + that can react with the injected fluids and form

olid carbonate minerals (e.g. CaCO 3 , MgCO 3 ; Lackner et al. 1995 ).
his mineralization approach has been successfully applied at the
arbFix site in Iceland since 2012 resulting in rapid carbon miner-
lization and permanent carbon storage over geological timescales
Matter et al. 2016 ). Injection of large fluid volumes will be nec-
ssary to offset the approximately 40 Gt of CO 2 emitted annually
IPPC 2.5 ◦C report). Fluid injection modifies the stress state in the
eservoir and can induce deformation and seismicity that needs to
e managed. It is therefore critical to improve our understanding
f deformation of mafic and ultramafic rocks in the presence of
C © The Author(s) 2024. 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
eactive fluids inducing various dissolution-precipitation reactions
nd ultimately leading to carbon mineralization. 

Deformation at typical reservoir pressure and temperature con-
itions amenable to mineralization is dominated by brittle phenom-
na such as fracturing, frictional sliding and cataclastic flow. Of
articular interest is ‘brittle creep’ deformation, also referred to as
static fatigue’, which is commonly observed in all types of rocks
e.g. Scholz 1968 ; Atkinson & Meredith 1987 ; Heap et al. 2011 ;
rantut et al. 2012 ) as an important mechanism during long-term

ock deformation. Brittle creep allows crack propagation at a stress
elow the critical fracture toughness of rocks and is acti v ated b y
 chemicall y sensiti ve process called stress corrosion (Ashby &
ammis 1990 ). Minor changes to the stress state or fluid chem-

stry can lead to rapid growth and interconnection of the cracks
ltimately resulting in large-scale failure along faults, potentially
nducing seismicity and endangering the stability of the reservoir.
rittle creep phenomena are typically modelled as occurring on
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
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inclined shear cracks that nucleate tensile cracks at their tips as they 
slide, interacting with surrounding flaws during growth (so-called 
wing-crack/sliding-crack model, Ashby & Sammis 1990 ; Brantut 
et al. 2012 ; Bernab é & Pec 2022 ). Resolving the location, timing, 
fracture mode and impulsiveness of these growing and interacting 
flaws is therefore useful for studying brittle creep. 

Acoustic emission (AE) monitoring is one of the most popular in 
situ imaging methods for studying brittle phenomena in laboratory 
rock deformation experiments during which the ele v ated tempera- 
ture and pressure conditions often prohibit direct observation. An 
AE occurs when a rapid stress drop in a localized zone generates 
an elastic w ave. Theoreticall y, an y rapid defect motion can generate 
AEs. In practice, only a small portion of defects emit recordable 
AEs due to the limited sensor sensitivity and frequency range any 
data acquisition system can record (e.g. Lockner 1993 ; Zang et al. 
1998 ; Ghaffari & Pec 2020 ; O’Ghaffari et al. 2023 ). The ‘loud- 
est’ events are typically associated with microcracking, yet only 
a small portion of cracks emit recordable AEs in laboratory set- 
tings (Lockner 1993 ). Nevertheless, direct AE event counting and 
rele v ant statistical anal ysis (e.g. b -v alue) provides most straight- 
forward indication of the rock deformation process (Kiyoo 1962 ; 
Goodman 1963 ). Locating AE events represents a leveraged level 
of study that reflects their temporal and spatial patterns (Manthei 
& Eisenbl ätter 2008 ). AE imaging and analysis has been widely 
used in the experimental studies of rock deformation and provided 
insights on the mechanism underlying fracturing and faulting (e.g. 
Meredith & Atkinson 1983 ; Lockner et al. 1991 , 1992 ; Baud & 

Meredith 1997 ; Benson et al. 2007 ; Goebel et al. 2012 ; Brantut 
2018 ). 

In general, AE source localization improves with the amount of 
receivers recording the event. Current state-of-the art approaches to 
locating AEs necessitate a broad sensor coverage (12–16 sensors) 
which allows for an accuracy of about 1–2 mm in source location 
(e.g. Brantut 2018 ; Petru ž álek et al. 2018 ). Ho wever , such complete 
sensor coverage competes for limited space on the sample surface 
with other sensors such as strain gauges necessitating large sam- 
ples. Reliable source location techniques that can work also with 
a smaller sensor coverage would be therefore useful. Fur ther more, 
most of the AE location methods used are based on traveltime infor- 
mation (Benson et al. 2007 ; Dong et al. 2020 ), which can be easily 
biased by picking errors (Benson et al. 2007 ). Free from arri v al 
time picking, waveform-based imaging methods (e.g. time-reversal 
imaging or TRI) prove to be more robust for locating events with low 

signal-to-noise (SNR) data and/or for locating synchronized events. 
In conventional TRI (Fink 1997 ), or arithmetic-mean reverse-time 
migration (AmRTM; Nakata & Beroza 2016 ), the data are reversed 
in the time axis before being simultaneously injected at the corre- 
sponding receivers. With sufficiently accurate velocity model and 
wide acquisition apertures, the backpropagated wavefields are sup- 
posed to focus at the original spatio-temporal location. Ho wever , 
with sparse receivers in some AE experiments, especially those at 
ele v ated temperatures and pressures, TRI often suffers from strong 
artefacts caused b y insuf ficient recei ver w avefield sampling. Be- 
sides, the onset time estimation of TRI (especially for 3-D images) 
is non-trivial which further adds the uncertainty of source location 
estimation. 

To overcome these challenges, Nakata & Beroza ( 2015 ) and 
Sun et al. ( 2015 ) proposed the geometric-mean reverse-time mi- 
gration (GmRTM), which replaces the wavefield summations from 

TRI with cross-correlations. Ef fecti ve in producing high-resolution 
source images with fewer imaging artefacts, GmRTM enables stack- 
ing over time and circumvents the tedious onset time search. The 
trade-off is the substantial increase in computational cost since Gm- 
RTM breaks the linear-superposition law and consequently requires 
separate wavefield propagation at each receiver. Combining the con- 
ventional AmR TM and GmR TM, a hybrid GmR TM scheme (Sun 
et al. 2015 ; Bai et al. 2022b ) strikes a balance between image reso- 
lution and computational cost, and provides a more feasible option 
for real-data applications. 

In addition to the estimated source locations, the AE source mech- 
anism analysis can further facilitate crack characterization, for ex- 
ample, estimating orientation and other mechanical properties, dur- 
ing the loading process (e.g. Ohtsu 1991 ; Chang & Lee 2004 ; Aker 
et al. 2014 ). Based on the arithmetic-mean values of the recorded 
first-motion polarities, Zang et al. ( 1998 ) define three crack types: 
type-S (shear), type-T (tensile) and type-C (collapse), and conduct 
source analysis in granite cores. Using Zang’s method, Lei et al. 
( 2000 ) categorize cracks as type-S, type-T, type-TS (a slip along the 
crack with tensile cracking at the end), and type-TTS (combination 
of two type-TS cracks) in a hornblende schist. Despite its simplicity 
and computational efficiency, the average-polarity method has re- 
strictions on the inferred source types (Graham et al. 2010 ). Taking 
advantage of the first-motion amplitude information, the moment 
tensor inversion (MTI) method (Ohtsu 1991 ; Chang & Lee 2004 ; 
Manthei 2005 ; Petru ž álek et al. 2018 ; Jia et al. 2022 ) can provide 
more detailed source information, for example, associated volume 
change, source orientation and opening directions, etc, (Graham 

et al. 2010 ). 
Acting as approximate solutions to the inverse problems, the 

adjoint operations (Tromp et al. 2005 ; Fichtner et al. 2006 ) can 
sometimes perform better than the inversion operators (Claerbout 
2014 ) and are widely used in seismology community, for example, 
for gradient computation in full-waveform in version (V irieux & 

Operto 2009 ; Plessix 2006 ). Similarly, the traditional MTI methods 
can be approximated by their adjoint operation, the TRI or back- 
projection method (Kawakatsu & Montagner 2008 ), as has been 
applied on several microseismic data sets (Gharti et al. 2011 ; Vl ̌cek 
et al. 2016 ; Finger & Saenger 2021 ). 

In this study, w e ha ve applied the GmRTM method to locate AEs 
and analyse the moment tensor on data obtained from laboratory 
rock deformation study of brittle creep (Xing et al. 2022 ). Xing 
et al. ( 2022 ) performed long-term creep experiments with CO 2 -rich 
aqueous pore fluid on a basalt sample from the Carbfix field and, 
based on the mechanical and microstructural observations, con- 
cluded that distributed microcracking is the dominant deformation 
mechanism. The observed time dependence of strain accumulation 
at constant stress is likely caused by subcritical crack growth in the 
presence of the reactive fluids. Here, we complement the study of 
Xing et al. ( 2022 ) with source location and focal mechanism anal- 
ysis using GmRTM and elastic time-reversal method, respecti vel y, 
and try to improve the understanding of the underlying deformation 
mechanisms that facilitate long-term brittle creep in a porous basalt 
undergoing carbonation. 

2  DATA  A N D  M E T H O D  

2.1 Material 

The sample material was from a drill core collected at the Carb- 
fix site (e.g. Gislason et al. 2010 ) from a formation called the 
Hellishedi basalt at a depth of ∼350 m, and ground to a right rect- 
angular cylinder with ∼ 40 mm in diameter and 80 mm in length 
(Xing et al. 2022 ). The rock has an average porosity of 8 per cent 
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ccording to the hydrological and tracer recovery modelling (Al-
redsson et al. 2008 ; Matter & Kelemen 2009 ; Arad óttir et al. 2012 ;
næbj örnsd óttir & Gislason 2016 ). Laboratory measurements using
rchimedes’ method and CT (Computed Tomography) data show

n average porosity of 5–15 per cent as displayed in Fig. 1 , in broad
greement with porosity estimates from field data (Gislason et al.
010 ). The pores are spherical and approximately equi-dimensional
ith a mean diameter of ∼400 μm frequently filled with secondary

lteration minerals and potassium feldspar. The rock is formed by
n aphanitic matrix that consists of crystals of feldspar laths (with
 mean length of approximately 150 μm and an aspect ratio of
0:1), interstitial clinop yrox ene and olivine (with a mean grain size
f approximately 35 μm) with frequent dendritic morphology. The
resence of glass and secondary alteration minerals such as smec-
ite and zeolite is commonly observed (Fig. 1 ). More details about
he starting material microstructure can be found in Xing et al.
 2022 ). 

.2 Data acquisition and pre-processing 

even piezoelectric sensors were installed around the sample to
llow the acquisition of compressional waves during the deforma-
ion experiment as presented in Fig. 2 . Note that we only analyse
Es occurring during creep at constant stress and exclude any AEs

hat occur during the imposed load steps. The experiment was per-
ormed at a temperature of ∼80 ◦C with an ef fecti ve pressure of
0 MPa. The load-stepping method was adopted where during each
tep cycle, a constant load was kept for ∼24 hr, while deformation
f the sample was monitored (see details in Xing et al. 2022 ). In
otal, 12 creep steps were achieved before the sample failed at 131

Pa differential stress. 
With continuous monitoring, the SNR in a moving-time window

t the selected master channel is used for AE event detection. Once
xceeding a pre-defined threshold, two combined four-channel uni-
ersal serial bus (USB) oscilloscopes start to record the data at 50
S s −1 with a 12-bit resolution (Xing et al. 2022 ). During the en-

ire experiment, a total of 8791 AE events are detected and recorded
uring the time when stress is held constant (see Fig. 3 for AE data
xamples). The signal was amplified using low-noise amplifiers
ITASCA) with a flat gain of 60 dB in a frequency range of 50 kHz
o 1.5 MHz (for further details on the ultrasound probe array, see
haffari & Pec 2020 ). 
For data pre-processing, we remove the mean and the trend of the

ata before conducting bandpass filtering in the frequency range of
0 and 500 kHz. Among the seven sensors, sensor no. 3 (Figs 2 c
nd d) at the top is characterized with extremely low-SNR data
Figs 3 c and d) due to a different sensor setup. Including such data
roves to compromise the imaging result, and hence is rejected in
ur source location and moment tensor estimation implementations.
n the remaining channels, strong coda waves (e.g. reflections) are
till frequently observed. Hence, we further multiply the data with
ts corresponding ST A/LT A (short-time average over long-time av-
rage) ratios (Akazawa 2004 ), which helps suppress the coda waves
nd highlights the primary arri v als (Fig. 3 ). The lengths of the STA
nd LTA window are 10 and 180 samples (or 0.8 and 14.4 μs),
especti vel y. 

Our sensors are calibrated using laser Doppler vibrometer and
he recordings reflect the values of particle velocity (Ghaffari et al.
021 ), which are then converted to displacement through time inte-
ration for the moment tensor estimation. Using the estimated AE
ource locations, we correct for the sensor directivity (e.g. Aker et al.
014 ) assuming a cosine sensitivity function. After that, the one-
omponent vector (along the source-sensor line) is decomposed into
hree (Z-, E- and N-) components in Cartesian coordinate, which is
uitable for adjoint elastic wave propagation (see eq. 3 below). 

.3 Geometric-mean r e verse-time migration 

onventional TRI highlights the coherence of the overall wavefield
t the source location by stacking each different receiver wavefield
 i ( x , t ): 

I ( x , t) = 

N ∑ 

i= 1 
R i ( x , t) , (1) 

here t and x are time and spatial v ariables, respecti vel y, N denotes
he number of receivers and R i ( x , t ) denotes the i th backpropagated
avefield (displacement or pressure or particle velocity) using the

orresponding time-reversed data. In practice, a scan over the time
xis for the maximum amplitude or best focusing is needed to
etermine the onset time t 0 , at which we extract the source image
 ( x , t 0 ). 

For acquisition systems with sparse receivers, summation is often
ot suf ficientl y ef fecti ve in suppressing the imaging artefacts and
ighlighting the source area, which in turn challenges the excitation
ime estimation. A cross-correlation-based imaging condition, or
he GmRTM (Nakata & Beroza 2016 ) proves to be ef fecti ve in
enerating high-resolution source images with fewer artefacts under
his scenario: 

I ( x ) = 

∑ 

t 

N ∏ 

i= 1 
R i ( x , t) . (2) 

q. ( 2 ) requires no t 0 estimation, which makes GmRTM more effi-
ient in determining source spatial locations than AmRTM (eq. 1 ).
till, the temporal information of sources can be obtained by adopt-

ng partial stacking (Sun et al. 2015 ) in eq. ( 2 ). 

.4 Adjoint w av e pr opagation for moment tensor 
stimation 

ith estimated source locations, we proceed to estimate the mo-
ent tensor elements to further characterize the sources. As more

han six sensors are usually required to stabilize the MTI algorithm
Chang & Lee 2004 ), we instead adopt the adjoint-state method
or estimating focal mechanisms, which tolerates a larger degree
f data imperfections (Claerbout 2014 ). Note that GmRTM can be
sed directly for MTI (Zhang et al. 2023 ), but again, we need denser
etworks to stabilize the inversion. 

The forward simulation for a point source in elastic media can be
ritten as: 

ü − ∇ · ( c : ∇u ) = −M · ∇δ( x − x s ) S( t) , (3) 

here ρ and c denote the density and stiffness tensor, respectively,
nd u is the displacement. On the right (source side), M is the
eismic moment tensor, δ( x − x s ) and S ( t ) denote the spatial δ-
unction and source time function, respecti vel y. 

The gradients of the conventional l 2-norm objective function
ith respect to the moment tensor elements M ij can be derived with

he adjoint-state method (Jarillo Michel & Tsvankin 2017 ): 

M i j = −
∫ T 

ε
† 
i j ( x s , t ) S( T − t )dt, (4) 
0 
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Figure 1. Starting material microstrucutre and porosity distribution. (a) Scanning electron microscope backscattered electron image. Some primary pores are 
filled with potassium feldspar (Kfs), while others are empty. Aphanitic matrix consists of plagioclase, p yrox ene and olivine. (b)–(d) Porosity profiles retrieved 
from CT scans of three separate basalt cores by gre y-lev el thresholding. Thick lines—mean porosity, and thin lines—error estimates by dilating and contracting 
the images by 1 pixel, respectively. 
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where ε† is the adjoint strain tensor and T denotes the recording 
time. Eq. ( 4 ) implies the relative magnitudes of moment tensor 
elements can be approximated by the adjoint strain tensors at the 
spatio-temporal locations of AE sources. The feasibility of applying 
the adjoint-state method for moment tensor estimation is verified 
with a set of synthetic tests (Fig. S5, Supporting Information), where 
we reconstructed the moment tensor elements of a point source at 
27 different locations across three heights in the sample. 

art/ggae058_f1.eps
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(a) (b)

(c) (d)

Figure 2. The AE acquisition system: (a) photo of the sample assembly. (b) Sketch of the AE recording system. (c) and (d) Depicts the sensor locations. Panels 
(a) and (b) are modified from Xing et al. ( 2022 ). 
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 R E S U LT S  

.1 AE events distribution from imaging 

he locations of the 8791 AE events extracted from the correspond-
ng GmRTM image cubes (such as those in Fig. 4 ) are displayed in
ig. 5 . Some horizontal heat maps at different heights (Fig. 5 b) are
elected to highlight the AE location densities. Note that the spatial
esolution is set as 1 mm due to the high computational cost of the
-D imaging. While the general distribution of located AEs shows
o localization, denser AE distributions are observed especially at
eights of 36–50 mm in the northwest quadrant (Fig. 5 b). Ho wever ,
emporal distribution does not show similar clustering (Fig. 6 ). 
A  
The deformed rock sample was scanned and reconstructed using
-ray computed tomography with scan parameters of ∼150 kV

nd ∼250 μA (Xing et al. 2022 ). Fig. 7 shows a horizontal and a
ertical cross-section from the X-ray tomographic image (with a
ixel size of ∼90 ×90 μm) of the deformed sample, overlaid by the
raced fractures (yellow lines) and the located AEs (black dots) using
mRTM. Overall, the dense fracture networks from the X-ray image

re reasonably well-matched with the high-density AEs depicted in
he heat map. Ho wever , certain traced fractures located at the bottom
nd upper left section of the vertical cross-section (Fig. 7 b) are not
eflected in the AE distribution. This discrepancy may be attributed
o the limited acquisition geometry and the ‘invisibility’ of certain
Es associated with those fractures. If subcritical microcracking is

art/ggae058_f2.eps
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(a) (b)

(c) (d)

Figure 3. (a) and (b) Two sets of bandpass-filtered seismograms recording three AE events. (c) and (d) The zoomed-in (120–200 μs) counterparts. Black: the 
filtered data; and red: data additionally multiplied by the ST A/LT A ratios. 

(a) (b)

Figure 4. Image cubes corresponding to the sample AE events in (a) Fig. 3 (a) and (b) Fig. 3 (b). Each subplot compares the GmRTM image (left) and the 
AmRTM image (right). The blue lines mark the locations of the 2-D slices, which intersect with the source location estimated using GmRTM. 
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responsible for time-dependent strain accumulation as pre viousl y 
inferred, a large portion of growing cracks might be propagating 
without emitting acoustic waves. 
The AE distributions at each loading stage (Fig. 6 ) also show a 
distributed nature. Here, the recorded AEs are grouped by the load- 
ing steps with time lapse after each loading encoded by colour. The 

art/ggae058_f3.eps
art/ggae058_f4.eps
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(a) (b)

Figure 5. (a) The distributions of all the AEs (black dots) across the specimen and (b) selected horizontal slices, overlaid by heat maps highlighting the density 
of AE distribution. The projection of the imaged source locations (black dots) is restricted to those within 1 mm from the corresponding slice heights. The 
green triangles denote the projected location of sensors. 
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mount of detected AEs at different stages varies, but the spatial-
emporal distribution of all the located AEs appears to be random
nd shows no localization across all stages, that is, we do not ob-
erve an evolving fault growth pattern towards the final failure as
ommon in shor t-ter m failure experiments (e.g. Lockner et al. 1991 ;
enson et al. 2007 ). 
The tempo-spatial distribution of the AE events can be classified

nto two g roups: backg round events and repeaters (Fig. 8 ), using the
earest-neighbour approach (Zaliapin & Ben-Zion 2020 ). Specifi-
all y, the AE e vents are sorted b y the so-called nearest-neighbour
ro ximity, w hich combines the temporal and spatial distances. The
backgroud’ events take place in close temporal distance, while
howing large variation in spatial distribution. Therefore these
vents are likely random ‘background’ events and are unlikely cor-
elated to each other. While those from the other category, take place
n close spatial proximity but occur over an extended period of time
nd are named ‘repeaters’, which can be interpreted as the impulsive
rowth of existing cracks. As expected, the repeaters occur more
requently at later loading stages. 

.2 Focal mechanism estimation 

or moment tensor estimation, we select 2196 AE events whose
edian (over the seven channels) SNR exceeds 20. Here, the SNR

s defined as the ratio of the root-mean-square value of the signal
indow over that of the preceding noise window, both with the
indow width of 20 μs. Using the backpropagation of the elastic
a ve equation, w e extract the (adjoint) strain tensors at the tempo-

patial locations to approximate the corresponding moment tensors
eq. 4 ). By decomposing the 3 × 3 tensor, we computed the fractions
f the double-couple ( C DC ), isotropic ( C ISO ) and compensated lin-
ar vector dipole ( C CLVD ) components following Vavry ̌cuk ( 2015 ).
he corresponding crack types can be classified as shear with C DC 

 60 per cent, tensile with C DC < 40 per cent, or mixed-mode
shear-tensile) with 40 per cent ≤ C DC ≤ 60 per cent (Chang & Lee
004 ). 

We observe no clear relationship between the spatial distribution
f AE sources and the estimated fracture types (see the beachballs
n Fig. S6, Supporting Information), which supports our conclusion
hat the deformation under our experimental conditions in general
s distributed rather than localized. To further demonstrate this in-
erence, we section the sample and plot the identified cracks at three
ifferent height bins: 24–32, 32–40 and 40–48 mm (Fig. 9 ). Despite
ome areas with higher crack density (e.g. tensile cracks at height
4–32 mm and shear cracks at 32–48 mm), the overall distribution
f AE events is scattered throughout the sample. Fur ther more, these
ubsampled events display a randomized pattern of temporal dis-
ribution (Fig. 9 ). The 3-D plots (Figs 10 a and c) imply a similarly
cattered spatial-temporal distribution of AE events corresponding
o different crack types. Besides, their spatial distribution correlates
easonably well with the fracture and porosity network estimated
rom the X-ray tomographic image (Fig. 10 d). 

The focal mechanism analysis reveals that the tensile- and mixed-
ode fractures account for ∼58 per cent of the 2196 total exam-

ned events (Fig. 11 ). The proportion of the mixed-mode fractures
emains relati vel y constant throughout the experiment, while the
roportion of tensile fractures peaks at around ∼100 hr and then
ecreases to 36 per cent by the end of the e xperiment. Conv ersely,
he fraction of shear fractures is lowest at ∼100 hr, but increases
hereafter. The focal mechanism results also show a shift in the
ominant crack type towards the final failure, where shear fractures
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Figure 6. The distributions of AEs at different loading stages, indicated by the differential stresses at the top of each panel. At each stage, the colour encodes 
the evolving time of 24 hr. 
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ultimatel y pre v ail after ∼245 hr (Fig. 11 ). Reches ( 1999 ) summa- 
rized based on previous observations (Lockner et al. 1991 ; Reches 
& Lockner 1994 ) that during early stage of the deformation cracks 
dilate but do not interact with each other, until later when the sample 
is weakened due to the high crack density and e ventuall y yields by 
shear. That conclusion is consistent with our focal mechanism anal- 
ysis that the shear fractures only become dominant at later stage of 
the deformation when crack coalescence becomes more frequent. 
Stanchits et al. ( 2006 ) also observed similar switch in the dominant 
fracture mode towards failure where the occurrence of shear-type 
e vents increases substantiall y largel y at the expense of tensile events. 
Kwiatek et al. ( 2014 ) examined temporal changes of seismic mo- 
ment tensors and b -values of AEs and also concluded that large 
shear-type events becomes dominant as deformation approaching 
localized failure. 

Statistics on the distribution of the maximum waveform ampli- 
tude (Fig. 11 c) imply similar patterns for the three types of fractures 
(tensile, shear and mixed) at every amplitude level. That is to say, 
the distribution pattern of fracture type is similar at different SNR 

level, that is, resampling based on SNR would not affect the ob- 
ser ved patter n. Therefore, the selected 2196 high SNR events out of 
8791 recordings are representative of all the AEs recorded during 
the experiment. 
4  D I S C U S S I O N  

4.1 GmRTM versus AmRTM (or time-r e versal imaging) 

We employ acoustic GmRTM for source location and elastic Am- 
RTM for moment tensor estimation. A similar sequential w orkflo w 

w as pre viousl y proposed b y Finger & Saenger ( 2021 ) who uti- 
lized the maximum intensity imaging condition (as described in 
their eq. 6) and elastic AmRTM, respecti vel y. The conventional 
AmRTM requires focusing-time picking, which can be challeng- 
ing, especially for 3-D source location problems. In comparison, 
GmRTM or the maximum density imaging condition simplifies 
the process by collapsing the time axis and reducing the dimen- 
sion from 4-D to 3-D. Additionally, the source locations obtained 
from elastic AmRTM results may not always be associated with the 
maximum intensity, hindering automatic processing (Artman et al. 
2010 ). GmRTM is less impacted by such polarity issues when lo- 
cating sources in both acoustic or elastic media (Nakata & Beroza 
2016 ; Bai et al. 2022a ). In this study, we used acoustic rather than 
elastic GmRTM for source location, primarily for computational 
efficiency. 

Posing more strict requirements of data quality, moment tensor 
estimation is often applied on a subset of the total detected AE 
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(a) (b)

(c) (d)

Figure 7. Cross-sections of the X-ray tomographic images of the deformed 
sample. (a) and (c) The raw images. (b) and (d) Images overlaid by the 
interpreted microfractures (yellow lines) and the heat map of the located 
AE events (black dots; events within 1 mm are projected). The two red lines 
mark the location of the radial and axial slice, and the black arrows mark 
the observation angle. 
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vents (2196 out of 8791 in our case). At this step, elastic AmRTM
r TRI is necessary as it represents the ‘true’ adjoint operation of
lastic wave propagation needed for estimating the moment ten-
or. Focusing on fewer events of good quality, extracting the time-
ependent adjoint strain fields at given source locations and pick-
ng the onset time (from one channel) becomes manageable and
traightforward. The high-fidelity AE locations from GmRTM in
revious stage contribute to the estimation accuracy of the moment
ensors. 

.2 AE locations and focal mechanism analysis 

he temporal and spatial distribution of AEs show a distributed
ather than localized nature of deformation (Figs 5 and 6 ). The dis-
ribution of AEs towards failure are scattered across the sample and
how no localized feature such as a sharp fault plane as observed in
hor t-ter m failure studies, for example, Lockner et al. ( 1991 ) and
enson et al. ( 2007 ). This observation agrees with the claim of Xing
t al. ( 2022 ) regarding a complicated and distributed fracture net-
ork rather than a well-defined localized shear fracture plane under
ur experimental conditions and supports the idea that brittle creep
eformation under fluid-saturated conditions is accommodated by
istributed deformation. The time-dependence of strain accumula-
ion is caused by subcritical microcracking (e.g. Brantut et al. 2013 ;
ighani et al. 2019 ; Xing et al. 2022 ). The microcracking mecha-
ism suggests that nucleation of the microcracking takes place at the
atural defects/flaws within the sample (e.g. microcracks, fissures
nd pores; Sammis & Ashby 1986 ). With the seemingly random
istribution of these flaws in the sample, the nucleated microcracks,
ome of which propagate fast enough to generate AEs, would lo-
ate in a random and distributed manner as observed. The dense
lustering of AEs at heights of 30–50 mm (Fig. 5 b) could be de-
eloped from the initial heterogeneous distribution of pores which
ct as nucleation sites for crack initiation. This clustering can be
bserved from the early stage of the deformation ( < 24 hr of the
otal experiment duration), and the temporal distribution (Fig. 6 ) of
Es further showed that the apparent spatial clustering of AEs is

andomly distributed temporally. 
Although the AE location distribution is in agreement with that

educed by Xing et al. ( 2022 ) and implies a distributed deformation
attern during the creep, results from the focal mechanism seem to
ontrast the previous conclusion drawn from the microstructural
bservations that the creep deformation in this experiment is dom-
nated by mode-I tensile cracking (Xing et al. 2022 ). Focal mecha-
ism results from this study suggest a high portion of shear fracture
overall ∼41%; see Fig. 11 d). This discrepancy may be explained by
he crack growth and coalescence model (Myer et al. 1992 ; Bernab é
 Pec 2022 ). As described in the ‘wing-crack/sliding-crack’ model,

he macroscopic strain during creep is mainly accommodated by
rack growth and coalescence around representative dominant mi-
roshear bands. The locations of AEs corresponding to different
racture types also show similarities where patterns of dense distri-
ution of fractures are observed across all types of AE events and
upport the idea that the tensile and shear events are systematically
onnected. Fur ther more, it is possible that mode I cracks are more
rone to subcritical cracking and are therefore under-represented in
he AE recordings. 

The deter mined defor mation patter ns suggest that the recorded
hear fractures are caused by fracture coalescence while tensile frac-
ures are caused by wing crack propagation of the tips of the shear
ractures. Shear fracture becomes the dominant type towards the end
f the experiment, while the tensile fractures were the dominant type
ntil ∼270 hr of the experiment (Fig. 11 a). This interpretation pro-
oses why shear fractures become dominant towards failure as crack
ensity increases to a point where the sample becomes ef fecti vel y
aturated with cracks, that is, the generation of new cracks leads to
oalescence of existing cracks. This interpretation is in agreement
ith pre vious observ ations that fracture coalescence increases dur-

ng the stage preceding failure (e.g. Reches & Lockner 1994 ; Reches
999 ; Stanchits et al. 2006 ; McBeck et al. 2021 ) and also implies
hat the proportion of shear cracks in all of the fracturing events can
e used as an indicator for potential macroscopic failure predic-
ion in addition to the existing methods using b -value, C integral,
ractal dimension d , space–time event distribution, etc. (e.g. Lei &
atoh 2007 ; Xu et al. 2009 ; Kwiatek et al. 2014 ) during laboratory
xperiments and could also be useful in industrial applications for
eservoir stability monitoring purposes. 

 C O N C LU S I O N S  

o deepen our understanding of the brittle creep deformation of a
asalt sample from the Carbfix site (Iceland) in presence of CO 2 -
ich fluids, we located the 8791 detected AE events using a cross-
orrelation-based source imaging method named GmRTM. The re-
ulting image cubes showed significantly fewer imaging artefacts
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Figure 8. Two clusters of AE events (background events and repeaters) determined by the nearest-neighbour analysis in the (a) time increment ( T )–spatial 
increment ( R ) domain and in the conventional (b) time ( t )–space ( x ) domain. Here, the tempo-spatial increment T and R indicate the duration and distance of 
two events respectively, while t and x are compared to the original time and spatial coordinate. 

Figure 9. AE distribution corresponding to different crack types and height bins. The colours and sizes of the dots mark time evolution and density of the 
distribution, respecti vel y. 
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Figure 10. Distributions of AEs corresponding to (a) tensile, (b) shear and (c) mixed crack types, with colour encoding the total (all 12 stages) evolving time. 
(d) Fracture and porosity networks thresholded from the X-ray tomographic image of the deformed sample highlighted in blue. 

Figure 11. Time evolution of the cumulative (a) percentage and (b) counts of AEs corresponding different crack types (red: tensile; green: shear and black: 
mix-type). (c) Smoothed histograms of the maximum amplitudes of the selected 2196 events (for focal mechanism analysis) grouped by the fracture type. (d) 
Pie chart implying the proportions of different crack types among the selected 2196 AE events. 
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nd required no excitation time estimation compared to conven-
ional TRI. The estimated source locations were in general agree-
ent with microstructural observations from X-ray computed to-
ography and showed a scattered distribution, supporting that the

reep deformation under our experimental conditions favours dis-
ributed deformation due to subcritical microcracking. Ho wever ,
urther clustering study of the tempo-spatial AE distributions us-
ng the nearest-neighbour approach suggests a group of ‘repeaters’
hich are events spatially co-located with preceding events that

ikel y impl y the growth of existing cracks. 
Next, we selected a subset of 2196 AE events with high SNR,

nd applied elastic time reversal for moment tensor estimation. The
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AE ev ents were cate gorized as tensile-, shear-, and mixed-cracks 
based on the moment tensor decomposition. Different types of AEs 
displayed similarly dispersed spatial distribution and statistical am- 
plitude distribution, suggesting that tensile and shear cracks might 
be connected systematically as described in the growing shear band 
model derived from the classical ‘wing-crack’ model. Temporally, 
shear events outnumbered tensile cracking starting from the last 
loading stages, indicating shear fracture coalescing towards ultimate 
failure. The nearest-neighbour analysis also supports our interpreta- 
tion that events occurring at later stage of the experiment show high 
correlations in location (‘repeaters’) which indicates reacti v ation or 
propagation of pre viousl y de veloped cracks. 

Our AE location and focal mechanism analysis support the ‘wing- 
crack’ model for crack propagation and coalescence during brittle 
creep deformation under fluid-saturated conditions: the estimated 
focal mechanisms reveal the dominance of tensile cracks before 
crack coalescence, which is consistent with the ‘wing-crack’ model 
where the tensile cracks initiate as shear fracture slide. The AE 

observations suggested that the brittle creep deformation occurs in 
an overall distributed manner. 
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