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Microgravity effect of inter-seismic crustal
dilatation
Hojjat Kabirzadeh 1✉, Jeong Woo Kim1, Arezou Hadi Najafabadi2, Joe Henton3, Ricky Kao 1 &

Michael G. Sideris1

Changes in the density of the shallow crust has been previously related to co-seismic strain

release during earthquakes, however, the influence of inter-seismic deformation on crustal

density variations is poorly understood. Here we present gravity observations from the iGrav

superconducting gravimeter in southern Vancouver Island, British Columbia, Canada which

reveal a substantial gravity increase between July 2012 and April 2015. We identify a negative

correlation between this gravity increase and crustal dilatation strain derived from horizontal

GPS velocities. The overall increasing gravity trend is caused by the gravity increase during

and immediately before and after episodic tremor and slip events, which is partially com-

pensated by gravity decrease occurring between the events. We conclude that the observed

gravity increase results from a density increase due to crustal compression and that this is

mostly a result of inter-seismic strain accumulation during the subduction of the Juan de Fuca

plate beneath the North American plate.
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Mass redistribution due to crustal deformation can cause
variations in the gravity field. Gravimetric methods can
detect the co-seismic, inter-seismic, and post-seismic

effects of deformation. Numerous studies have focused on mon-
itoring the co-seismic1 or post-seismic2 deformations due to
earthquakes by utilizing Global Positioning System (GPS) data with
Gravity Recovery and Climate Experiment (GRACE) monthly
gravity solutions. The dislocation theory developed by Sun and
Okubo3 demonstrated that the GRACE satellite can detect mass
redistributions caused by earthquakes with magnitudes of 7.5 or
greater, such as the 2010 Mw= 8.8 Central Chile (Maule)
earthquake4, the 2011 Mw= 9.0 Tohoku-Oki earthquake5, and the
2012 Mw= 8.6 Wharton basin earthquake off-Sumatra6.

Recently, a few studies investigated the dilatation strain rates
associated with earthquake mechanisms and confirmed their
correlation with gravity observations. Dilatation strain is defined
as a fractional decrease in area (horizontal dilatation), or volume
(volumetric dilatation) caused by deformation. Additionally, a
negative horizontal dilatation in crust is considered a crustal
shortening while a negative volumetric dilatation strain in crust
represents a crustal compression. Liangyu et al.7 studied the effect
of the deformation of a density gradient zone and calculated the
contribution of dilatation on gravity. Eshagh et al.8 implemented
a theoretical model to estimate the stress–strain redistribution
caused by the Sar-e-Pol Zahab 2018 earthquake in Iran by using
the GRACE Follow-On (GFO) monthly solutions. Yin and Xu9

proposed a methodology to model the gravity effect of dilatation
strain and found a negative linear correlation between changes in
gravity and horizontal dilatation strain over the Tibetan Plateau
that is equivalent to a crustal shortening. Their model showed
that most crustal parts of the Tibetan Plateau are undergoing
extension, which generates negative gravity signals at a rate of
approximately 0.2 μGal year−1. Their results are confirmed by
numerical modelling of the crustal tectonics in the Taiwanese
Orogen10,11 and suggested a mass accumulation process beneath
the crust of the northern Tibetan Plateau.

The Cascadia Subduction Zone (CSZ) in the northeast Pacific is
the area with a long subducting fault where the Juan de Fuca Plate is
diving beneath the North American plate12 at a mean horizontal
velocity of 40mm year−1. According to the fault’s change of fric-
tional properties with depth, the CSZ can be separated into a locked
zone, a transition zone, and a slip zone (Fig. 1). The width of the
locked zone is 60 km to 100 km with 10˚ dipping thrust, and the
following down-dip transition zone is 60 km wide before the full
rupture of slip zone13–15. The accumulative energy is stored in the
locked zone of CSZ, and eventually the strain is released, which
results in megathrust earthquakes at intervals ranging from 500 to
600 years16,17. The latest megathrust earthquake in CSZ was a M9.0
earthquake on January 26, 1700, and the recurrence probability of
such a large earthquake in the next 50 years has risen from 10% to
37%18. Other thanmegathrust earthquakes, the processes of tectonic
movement in CSZ are subduction, inter-seismic uplift, accretion,
postglacial rebound, active volcanism, and Episodic Tremor and
Slip (ETS)19–22.

ETS, also known as silent earthquake, is a weak seismic event
which releases energy over a period of hours to months, rather than
a typical earthquake with a characteristic period of seconds to
minutes. ETS is regarded as a foreshadowing of megathrust earth-
quakes that have been found in many subduction zones23–27. In
recent years, geophysical methods for ETS monitoring in western
Canada have used arrays of broadband seismometers, borehole
strainmeters (BSMs), tiltmeters, and GPS receivers28,29. In addition
to these methods, gravimetric methods can be used to illustrate the
mass transfer of inter-seismic deformation and ETS events. The
release of water content from the subducted young, hot, and wet
oceanic crust generates a supercritical fluid at the plate interface. In

addition, metamorphic dehydration and partial melting are pro-
minent during the subduction of oceanic crustal rocks to forearc
depths23. Nonetheless, the mass movement of magmatic or
hydrothermal fluids can lead to subtle surface gravity changes. The
detectable effects of inter-seismic deformation on gravity signal
include both the vertical ground displacement and the density
change due to dilatation strain.

Permanent strain accumulation is caused by both elastic
interactions between crustal blocks and inelastic deformation
associated with the megathrust earthquake cycle on the under-
lying subduction zone30. At a recurrent interval of 13–16 months,
an ETS event occurs by a slow slip in the deeper (25–45 km) part
of northern CSZ accompanied by seismic tremor in 1-5 Hz fre-
quency band24,31. While some investigations demonstrated that
the rate of strain release during major ETS events accounts for
almost half the accumulated strain in each cycle and smaller ETS
events are responsible for the rest of the strain release, some other
numerical models suggest that a significant portion (~30–50%) of
the slip deficit remains uncompensated after several events32. It is
worth mentioning that a secondary locking procedure may be
present at and beyond the ETS zone near the intersection of the
Moho of the North American plate with the subducting plate
interface because of fluid migration from the dehydrating slab, a
change in frictional stability or temperature, or a change in bulk
strength of materials32. As a result, the rupture of the next mega
earthquake may be extended to the ETS zone which is located
near large population cities.

For the investigation of ETS, the most useful measurements are
continuous GPS station movements. There are numerous GPS
sites located in northwestern United States and southwestern
British Columbia33,34 that have been established and provided by
the Natural Resources Canada (NRCan) and the U.S. Geological
Survey (USGS). Figure 1b shows the horizontal (arrow direction)
and vertical (color map) velocities at 38 GPS sites in this region. A
band of vertical change runs from QUAD (north) to P400 (south)
in upward trend, and from P441 (north) to KTBW (south) in
downward trend. The PGC site is located at the edge of the slip
zone with minimal vertical movement.

A few studies used an FG5 absolute gravimeter and GPS
measurements on Vancouver Island to detect ETS and their likely
mechanisms. Lambert et al.35 found inter-annual variations of
gravity at 11 North American absolute gravity sites with a period
of 6.85 years and concluded that this gravity change is most likely
caused by mass redistribution without vertical displacement.
Their fitted ETS model also revealed seven events and a common
inter-slip recovery rate from 1997 to 2003. Mazzotti et al.36

showed that the ETS events are always induced by mass redis-
tributions of tectonic origin. They discovered an unexplained
0.53 μGal year−1 average rate of gravity change (positive direction
of gravity is downward) at five sites in southwestern British
Columbia and estimated a mean gravity to upward displacement
ratio of −0.24 μGal mm−1 in this region. Nonetheless, the esti-
mated gravity to upward displacement ratio may contain large
uncertainties35,37. A long-period mass increase from an unknown
near-surface or deep-seated source was suggested in their study as
a possible cause of the absolute gravity bias. Despite efforts made
in these studies, the gravity signature of the inter-seismic crustal
dilatation and ETS events in western Canada remains unknown.

In this study, the relationship between gravity changes and
dilatation strain rates in the CSZ is explored. As GRACE satellite
monthly solutions suffer from correlated errors and like absolute
gravity campaigns do not provide high-frequency changes in
gravity, we use the GWR Instruments Inc.’s iGrav® super-
conducting gravimeter (SG), which can provide 1-Hz gravity
signals for years continuously. Further, it provides unprecedented
sub-µGal precision38 (1 nanoGal in the frequency domain and
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0.05 µGal in the time domain for 1 minute average) with very low
drift of less than 0.5 µGal month−1. After reduction of all known
environmental effects, this study investigates the relationship
between gravity changes and mass changes caused by tectonic
deformations in western Canada. Accordingly, GPS observations
in a network around northwestern United States and south-
western British Columbia are used to determine the inter-seismic
dilatation strain. The density change associated with the dilata-
tion strain is then used to calculate a theoretical strain-related
gravity and the results are compared to the SG’s observations.
Finally, the impact of earthquakes and ETS events on the gravity
signal is investigated in detail.

Results
To reveal the gravity changes associated with earthquakes and
ETS in CSZ, we deployed the iGrav® SG (serial number 001)
at Pacific Geoscience Centre (PGC) in July 2012. During the
observations, the nearest and largest shock detected by the iGrav
was the Haida Gwaii earthquake (52.788°N, 132.101°W) with
magnitude 7.8, which occurred at 03:04:08 UTC on October 28th,
2012, in the 14-km depth of Queen Charlotte Fault (QCF)
(Fig. 1a). The rupture of post-shock was extended approximately
200-250 km along QCF while the distance between QCF and PGC
was 760 kilometers.

The residual gravity of the SG after reduction of the environ-
mental effects (Gravity data processing, methods) is illustrated in

Fig. 2a with a clear increasing trend rate. The gravity signal
contains a few steps occurring on October 28th 2012, and August
21st and 22nd 2013. We detected two major events on these two
dates. One of the events is associated with two large offsets, with a
total of ~3.4 μGal gravity increase in two consecutive days of
August 21st and 22nd, 2013. This coincides with a two-day event
when the iGrav’s coldhead was replaced due to a required
maintenance. Treating the 3.4 μGal step due to the maintenance
event in the gravity signal results in a total gravity trend of
~1.8 μGal or, equivalently, ~0.65 μGal year−1 as shown in Fig. 2c.
The uncertainty of the residual gravity after reduction of envir-
onmental noise is estimated to be 0.5 μGal39,40.

The other event that corresponds with a− 2.6 μGal gravity
change coincides with the Haida Gwaii earthquake that occurred
on October 28th 2012 (Supplementary Fig. 1). There is no per-
manent offset observed in the BSMs, or other hydrological sensors
in the vicinity of the PGC station which coincides with the earth-
quake and can be considered as evidence of a mass change. In
addition, there is a large distance of ~760 km between QCF and
PGC which makes it difficult to connect the earthquake-related
fault dislocations to this gravity change. Intense earthquakes
imposed on the SGs cause dislocation of the sensor from the
equilibrium position and generate disturbances in the super-
conducting magnetic field of the SG. Some of these disturbances in
the magnetic field are permanent and create permanent large off-
sets in gravity measurements, while others are gradually recovered

Fig. 1 Map and schematic view of the Cascadia subduction zone. a Topography and locations of the epicenter of the Haida Gwaii earthquake and the
iGrav® SG at PGC; (b) Velocities of the horizontal crust movement (arrow direction) and vertical crust movement (color map) interpolated from 38 GPS
sites along with the surface projection of locked, transition and ETS zones13. The map was created by using the Generic Mapping Tools (GMT)71; (c)
Schematic cross section view of the CSZ and the location of PGC. The prisms used for gravity modelling are shown with dashed lines.
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as the magnetic field stabilizes. Although there is a lack of strong
evidence regarding a real mass change around the PGC at present,
this co-seismic gravity change is not considered as an artifact and
therefore remains in the gravity signal.

It is worth mentioning that another earthquake known as Craig
Alaska earthquake (55.393°N, 134.652°W) occurred on January
5th 2013 at 08:58:19 UTC with magnitude 7.5 at a depth of
10 km. While some co-seismic disturbances were observed in the
gravity signal correspondingly, this earthquake occurred at a
1060 km distance from the PGC and did not cause a detectable
offset in gravity observations.

Three major ETS events were distinguished from both tremor
events and GPS data during the operation period of the SG at PGC.
The daily number of tremor events (Fig. 3a) was obtained from
more than 300 seismograph stations distributed across a region
including northwestern Washington State and southwestern Brit-
ish Columbia provided by Pacific Northwest Seismic Network
(PNSN). The northern, eastern, and vertical detrended displace-
ment measurements, averaged from the PGC5 and BCNS GPS
stations located at PGC, are also shown in Fig. 3. The first ETS
event occurred between September 1st and September 23rd 2012,
the second one was observed from September 14th to October 8th

2013, and the third one was recorded from November 3rd to
November 26th 2014. The most prominent movements associated
with these ETS events are recorded in the eastern GPS components.
There are ~5mm westerly movements during the 2012 and 2013
ETS events, and ~3mm westerly movement during the 2014 ETS
event. The GPS displacement trends during and beyond the ETS
events suggest the existence of crustal deformation at CSZ.

Processed GPS velocities during the SG operation period were
collected from 533 stations in the Pacific Northwest region, which
includes southwestern Canada and northwestern United States,
provided by Nevada Geodetic Laboratory (NGL)41,42. We
grouped the data in blocks with dimensions of 1.0° latitude and
0.8° longitude and assigned the median value to the median
position (Fig. 4a). The major visible patterns in the velocity field
include a clockwise rotation in the southern part resulted from a
transition from North-Western to North-Eastern movement and
a landward decrease in the magnitude of the velocities which
indicates locking effect on the subduction zone. In the north, the
velocities are mostly perpendicular to the contours of the top of
subducted Juan De Fuca plate, which indicates dominance of the
role of subduction in deformation especially in the southern
Vancouver Island.

Fig. 2 Residual gravity signal after reduction of environmental effects. a Residual gravity of the SG after correction of tides, polar motion, atmospheric
pressure, and soil moisture effects, before step correction; (b) Step function; (c) Residual gravity after correction of August 21st and 22nd, 2013 steps. The
gray time-period columns represent ETS events at CSZ.
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Fig. 3 Tremor and GPS observations at PGC. a Daily number of ETS events; (b) Detrended upward movement; (c) Detrended eastern movement; (d)
Detrended northern movement (PGC5 and BCNS stations). The gray time-period columns represent ETS events at CSZ.

Fig. 4 GPS Velocity field and calculated strain components. a Horizontal velocity field, (b) principal strain, and (c) rotation rates from 533 stations in the
Pacific Northwest region gridded in blocks with 1.0° latitude and 0.8° longitude dimensions. Contours show the Cascadia plate interface geometry based
on the slab contours of McCrory et al.72. The maps were created by using the Generic Mapping Tools (GMT)71.
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The processed eastward and northward velocities were used to
calculate deformation tensor using the least-squares collocation
method included in the GeoStrain software43. The resulted strain
rates that are obtained from the symmetric part of the deformation
tensor and rotation rates that are defined by the antisymmetric part
of the deformation tensor are displayed in Fig. 4b c. We observe
minimal rotation rates and the largest strain rates in the area around
the PGC. In addition, the clockwise rotation of the southern block is
replaced by a couterclockwise rotation to the north of the PGC.

The horizontal dilatation rates (Eee+ Enn), calculated from the
strain rates (Fig. 5a) show a maximum shortening rate of
0.13 μstrain year−1 southwest of the PGC and a 0.09 μstrain year−1

shortening rate calculated at PGC that is extended to a broader
region with less magnitude. The high negative horizontal dilatation
anomaly is located over the locked zone at which a large slip deficit
rate has been observed44. The results at the edges of the strain map
are less accurate and we expect larger negative horizontal dilata-
tions, specifically towards the Pacific Ocean45. Furthermore, the
accuracy of the calculated dilatation at the northern part suffers
from both the edge effect and the sparsity of GPS stations. Our
GPS-derived horizontal dilatation is also confirmed by Cruikshank
and Peterson46 who obtained a rough estimate of ~0.1 μstrain year
−1 for regional shortening from the GPS network in the north-
western Washington State and southern Vancouver Island.

A reasonably accurate vertical strain (Ezz) is required to be
added to horizontal dilatation (Eee+ Enn) and form volumetric

dilatation (Eee+ Enn+ Ezz), which is used to calculate strain-
related density and, subsequently, gravity change. Although ver-
tical GPS velocities suffer from large uncertainties, the dense
coverage of the Pacific Northwest GPS network makes it possible
to estimate an acceptable regional vertical displacement, using the
same procedure that was used for generating the horizontal
velocity field (Fig. 5b). The vertical strain was then calculated for
each block by dividing the vertical displacement to the depth of
each block which is considered the depth to the Moho boundary
or the top of the subducted plate and assuming a negligible Moho
vertical displacement (Fig. 1c). By adding the vertical strain to the
horizontal dilatation and calculating volumetric dilatation rates, a
~0.07 μstrain year−1 compression was obtained at PGC (Fig. 5c).
While the maximum shortening accumulation occurs at the
regions with a depth to subducting plate of less than 45 km which
coincides with the downdip end of the slip zone, the maximum
compression occurs in the regions beyond the ETS zone, where
we observe shortening (Fig. 5a) accompanied with ground sub-
sidence (Fig. 5b).

To calculate the gravity effect of volumetric dilatation, the
estimated dilatation rates were first interpolated at the center of
the previously made blocks and, in the absence of information
regarding the variation of the dilatation with depth, we assume a
uniform dilatation in each block and a decoupled crust–mantle
boundary. The depth of each block was fixed at the top of the
subducting plate with a maximum depth of 45 km as the seismic

Fig. 5 Gravity effect of dilatation. a Horizontal dilatation strain, (b) vertical GPS velocity (Blue dashed curve represents zero vertical velocity), and (c)
volumetric dilatation strain derived from GPS velocities in the Pacific Northwest region; (d) Gravity effect of volumetric dilatation strain. Contours show
Cascadia plate interface geometry based on the slab contours of McCrory et al.72. The maps were created by using the Generic Mapping Tools (GMT)71.
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coupling depth which was inferred from seismic reflections47–49

and thermal models19,50.
Figure 5d demonstrates the modelled gravity effects of the

volumetric dilatation distribution by calculating and adding the
gravity effect of each block using Eqs. (4) and (5) and considering
a 2790 kg.m−3 crustal density. The crustal compression and
subsequently gravity is reduced at areas with a large upward
ground displacement trend towards the locked zone. Addition-
ally, the downward ground displacement east of the PGC sup-
ports the crustal shortening and generates a larger gravity
anomaly which is extended southward into western Washing-
ton State. The results indicate a maximum of ~0.43 μGal year−1

gravity change to the northwest of PGC while the gravity rate is
~0.4 μGal year−1 at the PGC location.

To investigate how the depth of effective strain can change the
modelled gravity, we repeated the calculations for both 30 km and
55 km depths. The former case could represent a coupledMoho and
the latter could consider accumulated strain in the subducting plate,
as both the subducting and overriding plates can store strain32.
We obtained a maximum of ~0.47 μGal year−1 gravity change by
considering a 55 km depth and by assuming a shallower depth of
30 km for the effective stress, the maximum gravity reaches
~0.37 μGal year−1. This demonstrates the significant impact of the
strain in the shallower depths on the gravity. The complete work-
flow for calculation of dilatation gravity from GPS velocities is
demonstrated in Supplementary Fig. 2.

Discussion
The gravity signal recorded at PGC consists of two major pat-
terns. The first pattern is an increasing trend which is attributed
to the portion of the inter-seismic strain that is accumulated, and
a second pattern that includes a rise of the gravity around the ETS
events that is compensated in the time-periods between the ETS
events (Fig. 2c). The overall trend of the gravity signal
(~0.65 μGal year−1) has a good agreement with the historical
absolute gravity trends (~0.53 μGal year−1) in CSZ35,37. The
absolute gravity trend has been calculated as the offset of the
linear regression of the gravity and ground displacement among
several stations36, and therefore represents the regional variations
of the gravity field.

While gravity is normally compared to vertical displacement,
we found a meaningful negative correlation coefficient of ~−0.9
between the detrended eastward GPS data averaged from PGC5
and BCNS stations (Fig. 6b), and the residual gravity signal
(Fig. 6c). The westerly movement of GPS at and around the ETS
events is accompanied by a rise in gravity signal. However, a large
portion of this gravity increase recedes after each event resulting
in a smaller overall increasing gravity trend. The 2012 and 2013
ETS events begin with a westerly movement in GPS data and a
minimal gravity increase which turns into a slower westerly
movement accompanied with a quicker gravity increase after
these events. For the time periods between the ETS events, we
observe a gradual gravity decrease accompanied with easterly
movement in GPS data.

The gravity increase corresponding to the 2014 ETS event is
significant (~5 μGal) but in contrast to the other ETS events begins
a few weeks before the main ETS event from the end of another
period with high tremor activities occurring between September 1st
and September 12th, 2014 (orange time-period in Fig. 6). In this
minor event, a sharp westerly movement in GPS data is not
observed and gravity signal remains unchanged. Another notable
feature is also observed during 2014 main ETS event in which
detrended easterly movement recedes half (~3 mm) the amount of
westerly movement during 2012 and 2013 ETS events (~6mm). It
is worth mentioning that the gravity change is specifically

significant during the 2014 main event which includes a ~4 μGal
drop during the main ETS event and is completely recovered by the
end of the event. This behaviour is not observed during the other
ETS events. The geographical and temporal distribution of the
tremors during the three main ETS events are shown in Fig. 7.
While tremors occur over a large area in Northwest-Southeast and
the opposite directions during the 2012 and 2013 events (Fig. 7a b),
negligible tremor events are observed during the 2014 event in a
large area around PGC and southern Vancouver Island (Fig. 7c). In
addition, during the suspicious second 2014 tremor event (Fig. 7d),
the tremor activities occur in the vicinity of the PGC location which
can be evidence of a minor slip and can explain the timing of the
rise in gravity signal before the main 2014 ETS event.

To understand the source of the high frequency changes in the
gravity signal, a more comprehensive approach is required to cal-
culate strain changes from GPS movements in short time periods.
Nonetheless, we used an intuitive approach and subtracted the
eastern and northern movements of SC02 GPS station located
34 km east of the PGC from the eastern and northern movements
of the BCSM station located 28 km west of the PGC (Fig. 1b) and
compared the results with the residual gravity signal (Fig. 6d e). The
relative movement in the direction of subduction at CSZ is also
calculated and displayed in Fig. 6f. The azimuth angle of the sub-
duction is considered ~145° as an average of the plate movement
direction around PGC. Although these movement differences are
not representative of real strain changes, they can deliver a rough
picture of directional dilatation strain between the two stations. In
contrast to the Easterly movement at the PGC5 and BCNS GPS
stations, the relative movements increase during and around all
three ETS events which represents a compression during these
events and supports the gravity increase.

Another interesting feature of the iGrav’s gravity signal is the
coincidence of the Haida Gwaii Earthquake occurrence with the
timing of the 2012 ETS peak in the gravity signal, although this
earthquake occurred ~760 km away from the iGrav’s location. A
more detailed investigation in future studies is necessary to find a
possible link between the two events. It is worth mentioning that
the megathrust earthquakes in CSZ are expected to have similar
timing because during ETS events the accumulating elastic energy
is released over the slip zone and some of compressional stress is
transferred to the locked zone of the plate boundary resulting in
an increased chance of the fault unlocking and rupture.

Conclusions
The impact of the strain in Cascadia Subduction Zone (CSZ) on
gravity is investigated by continuous observations of an iGrav®

superconducting gravimeter installed at the Pacific Geoscience
Center (PGC) on Vancouver Island in British Columbia, Canada.
After reduction of all known environmental gravity effects, the
residual gravity signal demonstrates ~1.8 μGal increase
(~0.65 ± 0.38 μGal year−1) from July 2012 to April 2015, which
can be explained by mass redistribution. This increase is in good
agreement with observed inter-annual increase of gravity
(0.53 μGal year−1) at several North American absolute gravity
sites in the past35, which were not explained with vertical dis-
placement. However, our estimated rate of iGrav’s gravity change
is considered a local effect which is larger than the estimated
absolute gravity representing the regional effect.

Negative volumetric dilatation strain that represents a crustal
compression can generate measurable gravity effects by increasing
the density of the crust. This density change, although small, results
in a considerable mass redistribution when it affects areas with
hundreds of kilometers horizontal extension and tens of kilometers
depth. We estimated a ~0.09 μstrain year−1 crustal shortening rate
and a ~0.07 μstrain year−1 crustal compression rate at PGC derived
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Fig. 6 Comparison of residual gravity with relative movement of GPS stations. a Daily number of ETS events; (b) Detrended eastern movement with red
dashed lines indicating periods with westerly GPS trends and yellow dashed lines displaying periods with easterly GPS trends; and (c) Residual gravity with
red dashed lines indicating periods with increasing gravity and yellow dashed lines displaying periods with decreasing gravity trends; (d) Relative eastern
and (e) relative northern movement of BCSM GPS station with respect to SC02 station; (f) Relative movement of BCSM GPS station with respect to
SC02 station in the direction of subduction. The three main ETS events occur in the gray time-period columns and a fourth period with high tremor activity
is detected and shown with an orange column.
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from GPS observations. Gravity forward modelling predicts
~0.4 ± 0.26 μGal gravity increase due to the compression in a
maximum depth of 45 km. An annual ~0.65 μGal gravity change
detected from SG observations requires the shortening to be
effective in a larger depth. A part of this extra depth may be
explained by mass accumulation from the subducted Juan De Fuca
plate as strain can be accumulated on both plates. Considering the
sub-μGal level accuracy of the residual gravity, a significant part of
the residual gravity of ~0.65 μGal year−1 can therefore be explained
by the theoretical deformation model.

The gravity signature of ETS related deformation was also
investigated by comparing the gravity signal with the East-West
GPS displacement. A clear inverse correlation between the two
signals demonstrates a rise in gravity during and around the ETS
events and a smaller gravity trend reversal between the events
resulting in a net increase in the gravity over the PGC.

As gravity signal records high temporal resolution signature of
density change due to accumulated strain, it can be used to track
both the short-term and the permanent accumulated strain in
CSZ. While a simple vertical displacement gravity correction is
commonly applied to gravity measurements, this study recom-
mends the dilatation strain correction in geophysical studies
which focus on detection of subtle changes in the gravity field, as
the effect can reach a μGal level inter-annual change in tectoni-
cally active regions. Installation of a permanent micro gravimeter
at PGC can confirm the long-term gravity trend and reveal more
details about the tectonic activities and earthquakes in western

Canada. Moreover, a better coverage of GPS network in western
Canada can drastically improve our understanding about the
complicated strain changes.

Methods
Gravity data processing. The iGrav SG was installed in October 2011 at the
University of Calgary51. Portability and sensitivity tests were conducted over the
next six months, where an accuracy of better than 1 µGal was achieved after a
successful reduction of environmental effects39,40. The SG was deployed in July
2012 at the Natural Resources Canada (NRCan)’s PGC located on Vancouver
Island near Sidney in British Columbia, Canada. PGC is located on the forearc of
the northern CSZ and is equipped with FG-5 and A-10 absolute gravimeters, BSMs,
a tide gauge, and a GPS station. The underground gravity vault at the PGC is
covered by one meter thickness of soil. The iGrav was installed on a concrete
platform in the vault, while the FG-5 and A-10 absolute gravimeters were installed
on a measurement table in a large separate room next to the iGrav (Supplementary
Fig. 3a).

One-second gravity measurements were recorded in the time period between
July 14th 2012 and April 27th 2015 (Supplementary Fig. 4a). The calibration of the
SG measurements was conducted by a regression between parallel observations of
FG5-106 absolute gravimeter and SG voltage recordings over the period from
August 2nd to August 8th 2012 (Supplementary Fig. 3b). In this procedure, a
3 standard deviation (3σ) threshold was used to remove the outliers. A calibration
factor of −94.994 µGal volt−1 was estimated and applied for obtaining the raw
gravity signal. The relative precision of the calibration factor can approach 0.1%52

depending on the level of environmental and instrumental noise. The raw gravity
signal was consequently resampled to 1-hour data using a low-pass least-squares
filter. Additionally, the gravity signal contained a gap between January 20th 2013
and January 31st 2013 as a result of SG data acquisition system failure that was
treated and filled with theoretical Earth tide gravity for data analysis procedures
that need a continuous signal.

Fig. 7 Temporal and spatial distribution of ETS events. Location and timing of tremor during (a) 2012 main ETS event, (b) 2013 main ETS event, (c) 2014
main ETS event, and (d) the 2014 minor ETS event. Contours show Cascadia plate interface geometry based on the slab contours of McCrory et al.72. The
maps were created by using the Generic Mapping Tools (GMT)71.
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Environmental interferences such as atmospheric pressure (gAtm), hydrology
(gHyd), ground vertical displacement (gDis), along with Earth tides (gTide), polar
motion (gPol), and ocean loading (gOl) have the most significant influences on the
SG recordings (gObs):

gObs ¼ gTide þ gOl þ gPol þ gAtm þ gHyd þ gDis þ gres; ð1Þ
where gres represents the residual gravity that includes the gravity effect of tectonic
activities. The gravity effects of the solid Earth tide and ocean loading which
dominate the SG’s observations are calculated by the ETERNA program53 which
estimates tidal parameters by least-squares adjustment from the redundant
observations. This process also considers periodic components of the ocean
loading, hydrology and atmospheric pressure that have the same frequencies as the
Earth tides40. Supplementary Fig. 4d shows power spectral density (PSD) of the raw
SG gravity signal versus that of the tide corrected signal which indicates effective
reduction of periodic tide constituents from the gravity signal. At this stage,
instrumental perturbations such as spikes were processed and reduced, however,
steps in observations were unclear at this point and therefore were treated after
reduction of all environmental effects. The polar motion effect on SG represents a
long-periodic effect, and the dominant frequency is associated with the period of
Chandler wobble (about 435 days). The gravity change caused by this motion is
obtained from39:

ΔgPol ¼ 1:164ω2Rsin2ϕ xpcosλ� ypsinλ
� �

´ 108; ð2Þ

where ΔgPol is the polar motion effect in μGal, R is the radius of the spherical Earth
model, ω is the angular velocity, ϕ and λ are latitude and longitude, and xp and yp
are polar motion coefficients in radian that are provided and updated by the
International Earth Rotation Service (IERS). The calculated polar motion gravity
effect at the PGC site is shown is Supplementary Fig. 4b. Atmospheric and oceanic
masses also lead to polar motion at shorter periods (diurnal and semi-diurnal
periods), but these gravity effects are too small to be considered in this study54.

The SG has been equipped with atmospheric pressure sensors, which deliver a
measure of the distribution of air mass at a local scale. There are gravity changes
caused by both the direct Newtonian attraction of the air masses and the changes
due to the load of the air mass changes40. Warburton and Goodkind55

demonstrated that the atmospheric gravity effect is frequency dependent. To
calculate this effect on the gravity signal, we used a frequency-dependent
atmospheric pressure admittance factor56 which applies constant magnitudes of
about 0.3 μGal hPa−1 for the low-frequency band (less than 0.1 cpd) and 0.44 μGal
hPa−1 for the high-frequency band (higher than 2 cpd). A linearly increasing
admittance factor between 0.3 and 0.44 was also used for the remaining frequency
band in the middle (Supplementary Fig. 4c).

Hydrological effects on gravity signal are the most complicated interferences
and have the largest contribution to the uncertainty of the residual gravity. While

there is a groundwater well within 1 km area of the SG location, the effect of
groundwater level depends significantly on the geological settings such as porosity
and the shape of the aquifers. A major part of this effect is corrected in other
hydrological corrections because of its correlation with other hydrological effects.
Among all hydrological processes, soil moisture content has the most significant
effect. Nonetheless, direct soil moisture measurements were available only during
the first 8 months of SG observations. An alternative measure of soil moisture
content was derived from the Noah V2.7.1 model provided by Global Land Data
Assimilation System (GLDAS). This 3-hourly sampled dataset is available in a 0.25-
degree spatial resolution from 2000 to the present57. The GLDAS soil moisture
models have been widely used to identify the regional-scale groundwater
components in the GRACE total water storage observations51. We calibrated the
GLDAS soil moisture data with eight months of local measurements of soil
moisture at PGC. This dataset has been collected by four soil moisture sensors at
25, 50, 75 and 100 cm depths right above the gravimeter. The calibrated GLDAS
soil moisture can reproduce the local effects by using an admittance of 0.038 μGal
for 1 mm of equivalent water height change derived from a linear regression with
residual gravity of the iGrav. This admittance factor is smaller than the 0.042 μGal
mm−1 obtained from the Bouguer slab model and previous studies58,59. It is worth
mentioning that as the SG had been installed below the surface level, the soil
moisture effect must be added to the gravity signal as the accumulated water mass
above the gravimeter attenuates the gravity signal. Deeper hydrological effects such
as groundwater variations, however, act below the gravimeter and therefore cancel
out a small part of the soil moisture effect. The GLDAS derived soil moisture
representing variations of water content in the top 1 m of soil at PGC, and the SG’s
gravity signal before and after hydrological corrections are shown in Fig. 8.

The residual gravity at this stage still contains the effects of non-periodic
oceanic variations along with vertical displacement and deformation. As the
periodic effects of tides have been reduced from the gravity signal, reduction of all
other effects should be performed after de-tiding of the signals. A linear regression
of the residual gravity and vertical displacement can determine the coefficient
factor representing the gravity signature of this effect. Lambert et al.35 found a
linear relationship between the absolute gravity rates and the averaged GPS vertical
rates in the CSZ region with a slope of −0.18 ± 0.03 μGal mm−1, which is
consistent with the theoretical value of −0.2 μGal mm−1 60. The vertical GPS data
from PGC5 and BCNS stations shown in Fig. 3b contain high frequency variations
and can introduce extra error if used for correction of ground displacement.
Instead, we used an inverse distance weighted average of vertical displacement
among a few neighbor stations (PGC5, BCNS, BCSM, BCES, ALBH, SC02, and
P439) which reduces the uncertainty in vertical displacement to ~2 mm. A
−0.2 μGal mm−1 admittance factor was then applied to the resulted vertical
displacement shown in Fig. 9b and was reduced from the gravity signal.

It is worth mentioning that the variations in the vertical surface displacement
originate from both tectonics and non-tectonic processes which include
hydrological and atmospheric effects along with their load effects. Heki and Arief61

Fig. 8 Gravity correction of hydrological effects. a Residual iGrav gravity signal before hydrological correction (Black curve) and top 1 m soil moisture
content from GLDAS models (Orange curve); (b) Hydrology corrected residual gravity.
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investigated the influence of extreme weather, such as heavy rainfall and snowfall
on crustal movement. They demonstrated that these events significantly change the
water content of the soil layer and deform the crust up to 1-2 cm. Daily rainfall data
collected from the weather station at Victoria airport located ~2 km away from
PGC shown with orange bars in Fig. 9a indicates a subsidence after heavy rainfall
events at PGC (Fig. 9b). Precipitation observations have been also used in
composition of GLDAS models57. Regression analysis between rainfall data and the
hydrology-corrected gravity demonstrates negligible residual gravity effect of heavy
rainfalls and confirms the estimated ~1 μGal uncertainty of the GLDAS models in
previous studies62.

The direct attraction by local tidal waters has a small impact on the gravity
observations as the gravimeter is almost located at the sea level. In addition, an
accurate reduction of the ocean effect needs a complex model that considers phase
changes as well. As the non-periodic effects of tide gauge data is also strongly
connected to the atmospheric and hydrological processes36, a major part of this
effect could be removed in previous correction steps. The complete workflow for
SG data processing is demonstrated in Supplementary Fig. 5.

Gravity modelling of dilatation. The effect of deformation on the gravity needs to
be confirmed by theoretical modeling of the expected gravity signal from the
shortening of the crust. The shortening can increase the density as more mass is
concentrated in a constant volume. Although this density change may seem small,
its gravity effect becomes considerable when it comes into effect in regions with a
few hundreds of kilometers area and tens of kilometers depth. Han et al.63 used
GRACE observations to detect a ±15 μGal gravity change corresponding with the
great December 2004 Sumatra-Andaman earthquake generated by roughly equal
contributions of coseismic vertical displacement and density change of the crust
and mantle due to volumetric dilatation. They used a dislocation model to estimate
vertical displacement at the seafloor and Moho boundaries and calculated the
associated volumetric dilatation, density, and gravity change. However, Cambiotti
et al.64 noted an overestimation of crustal dilatation calculated by Han et al.63 and
instead discovered a large local dilatation at the fault discontinuity and not in the
whole crust. The gravitational effect of this dilatation is compensated by an
opposite contribution from the crust uplift. After this localized dilatation is
removed, Cambiotti et al.64 predicted a compression in the footwall and dilatation
in the hanging wall, which agrees with the seismic radiation pattern.

Yin and Xu9 developed a simple yet viable model to calculate the gravity effect
of deformation using the Bouguer slab geometry. As the crust can be coupled to the
mantle at the Moho boundary to some degree, the strain is not consistently
distributed in depth and therefore a decoupling factor was introduced in their

gravity modelling. The gravity effect of a Bouguer slab is obtained from9:

4gb ¼ �kπGρcHc Eeeþ Ennð Þ; ð3Þ
where 4gb is the gravity effect of a slab with Hc thickness and ρc density
experiencing a horizontal dilatation strain of Eeeþ Enn with negligible vertical
strain, G = 6.67384 × 10−11 m3kg−1s−2 is the gravitational constant, and k ¼ 2 is
the crust–mantle coupling factor for a completely decoupled Moho, while k ¼ 1
corresponds to a completely coupled Moho9. Using this relationship for a
decoupled crust with an average density of 2790 kg·m−3 and 45 km thickness, a
gravity to horizontal dilatation ratio of ~−5.26 μGal μstrain−1 is achieved. This
ratio for a completely coupled crust-Moho boundary is half of the decoupled value.
The Bouguer slab model is an acceptable approximation provided that the strain is
not limited to a small area and the horizontal extension to thickness ratio remains
large. Therefore, a more accurate gravity to strain ratio is slightly smaller than the
Bouguer slab model. Moreover, this model ignores the effect of vertical
deformation which is needed for calculating volumetric dilatation strain and
density change.

We developed a more accurate model by considering the crust as a finite slab
and modeled the gravity effect of volumetric dilatation within a rectangular prism
with equal upper face sides (Sc). Plouff’s relationship65 is used to calculate the
gravity effect at the center of the upper face of the prism66–69:

4gz rð Þ ¼ �G4ρ ∑
2

p¼1
∑
2

q¼1
∑
2

s¼1
μpqs apln bq þ μpqs

� �
þ bqln ap þ μpqs

� �
� csarctan

apbq
csrpqs

 !" #
; ð4Þ

where, μpqs ¼ ð�1Þpð�1Þqð�1Þs with p, q, s = {1, 2}, ap ¼ xi � x0p , bq ¼ yi � y0q ,

cs ¼ zi � z0s , and rpqs ¼ ða2p þ b2q þ c2s Þ
1=2

is the distance between one corner of the
prism located at ðx0p; y0q; z0sÞ and the observation point located at r ¼ ðx; y; zÞ. The
density contrast in this equation is linearly dependent on the volume which is in
turn determined by the volumetric dilatation of the crust:

4ρ ¼ �ρcðEeeþ Ennþ EzzÞ ð5Þ
To determine if the gravity change because of dilatation is measurable and to

obtain an estimation of the expected strength of the observed gravity, a feasibility
test of the gravity effect of deformation is done by assuming a uniform 0.1 μstrain
horizontal shortening (e.g., 10 mm in 100 km) and a negligible vertical strain (Ezz)
in a prism with different horizontal dimensions (Sc) and thicknesses (Hc). As it is
shown in Fig. 10, the gravity effect approaches a constant value as the horizontal
dimension of the prism increases with respect to its thickness. The shortening in
the CSZ is extended in hundreds of kilometers, from the northern parts of the
Vancouver Island in Canada to the northwestern United States. By assuming a

Fig. 9 Rainfall and vertical displacement at PGC. a Rainfall data collected from the weather station at Victoria airport located ~2 km away from PGC; (b)
Vertical displacement at PGC obtained from an inverse distance weighted average of vertical displacement among a few stations around PGC (PGC5,
BCNS, BCSM, BCES, ALBH, SC02, and P439).
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shortening of 0.1 μstrain in an area covering 200 km by 200 km around PGC in
each direction, a decoupled crust–mantle boundary and a strain concentrated in
the top 60 km of the crust, a ~0.52 μGal gravity change is achieved.

Uncertainty analysis. The uncertainty in SG data processing include 1 μGal for
the attraction and load effects of soil moisture and groundwater level, 0.05 μGal for
atmospheric pressure, 0.1 µGal for non-tidal ocean circulation, 0.1 µGal for polar
motion along with solid earth and ocean tides70, 0.4 µGal for vertical displacement,
and 0.05 μGal for observed superconducting gravity40. As the uncertainty of
hydrological correction is an order of magnitude larger than the uncertainty of
other effects in the error propagation, 1 μGal is considered as the uncertainty of the
SG residual gravity in this study40. Further improvements in uncertainty of SG
residual gravity can be obtained by deployment of local hydrological sources of
data such as soil moisture sensors.

Uncertainties in determination of dilatation gravity mainly arise from the
uncertainty of GPS velocities. Calculated horizontal strains have the lowest
uncertainty of ~0.002 μstrain year−1 over the northwestern Washington State43

thanks to deployment of a dense GPS network. These uncertainties increase to a
maximum of ~0.018 μstrain year−1 over the northern Vancouver Island and the
estimated uncertainty at PGC is ~0.011 μstrain year−1. Among the three estimated
strains, vertical strain has the highest uncertainty (δEzz) as we only have one
surface value for the vertical movement:

δEzz ¼ uz
Hc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δuz
uz

� �2

þ δHc

Hc

� �2
s

; ð6Þ

where Hc and δHc are the depth of effective strain and its uncertainty, and uz and
δuz represent the vertical GPS displacement rate and its uncertainty. While the
uncertainty in estimation of the depth of effective strain can introduce some
uncertainty (10-15 km error in 45 km depth), large uncertainties in vertical
velocities dominate the uncertainty in vertical strain (0.02 μstrain year−1 at PGC).
Applying the error propagation to calculation of volumetric dilatation results in
dilatation uncertainties that range from 0.02 to 0.031 μstrain year−1, where the
uncertainty at the PGC reaches to 0.025 μstrain year−1. Propagation of dilatation
uncertainty to estimated dilatation gravity via Eqs. (4) and (5) is done by adding
the uncertainty contribution of each block which leads to an uncertainty of ~0.26
μGal year−1 at PGC.

Data availability
The superconducting gravity dataset that supports the findings of this study is available
in the Figshare online open access repository at https://doi.org/10.6084/m9.figshare.
20827174.
Tremor data is available at https://pnsn.org/tremor.
GPS data is available at http://geodesy.unr.edu/index.php.
GLDAS hydrological data is available at: https://giovanni.gsfc.nasa.gov/giovanni/.

Code availability
GMT codes and sample data for creating maps in this study are available at https://
figshare.com/articles/software/GMT_codes/20954362. The code for gravity data
processing is available at http://igets.u-strasbg.fr/soft_and_tool.php. The code for
calculation of strain is available at https://sourceforge.net/projects/geostrain/.
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