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Abstract Six horizontal borehole tensor strainmeters (TSM1-6) installed from Fall 2021 to Spring 2022
comprise the Alto Tiberina Near Fault Observatory Strainmeter Array (STAR), providing an unprecedented op-
portunity to investigate seismic and aseismic deformation from hazardous high- and low-angle normal faults
in Italy. Prior touse in tectonicapplications, they require in-situ calibrationandcorrection fornon-tectonic sig-
nals. We tidally calibrate the instruments, characterize the calibration uncertainty, and test the results against
environmental and earthquake signals originating from local to teleseismic distances. The STAR sites demon-
strably deviate from assumptions common to the standard manufacturer’s calibrations, including negative
areal coupling at TSM3-6. While the tidally calibrated strains have ~3-56%uncertainty, the calibrated dynamic
strains show interstation precision and accuracy to nanostrain levels, and static coseismic offsets in the array
footprint are within uncertainty. TSM3 records a complex series of strains that may arise from dynamically
triggered near-borehole fracture slip and fluid flow that does not appear to affect its sensitivity to lower strain
rate deformation. Future calibration improvementmay be affordedwith longer stable timeseries, particularly
for TSM4. Overall, our analyses demonstrate expanded geodetic capability for detecting deformation in the
Alto Tiberina Near Fault Observatory.

1 Introduction

Borehole strainmeters (BSMs) excel in detecting
subtle deformation, approaching nanostrain (parts-
per-billion) sensitivity over sub-seconds to monthly
timespans—bridging the gap between capabilities of
more common geodetic and seismic methods (Glad-
win, 1984). As such, the instruments are installed
throughout several active tectonic regions globally
to detect transient deformation that falls below the
threshold of more common measurement techniques
(e.g. Hodgkinson et al., 2013; Linde et al., 1996; Man-
dler et al., 2024). Six 4-component horizontal Gladwin
Tensor BSMs (Gladwin, 1984) were installed in the
Alto Tiberina Near Fault Observatory (TABOO-NFO)
of Italy from September 2021 to June 2022 as part of
the internationally collaborative STrainmeter ARray
(STAR) project, designed to detect low-magnitude, spa-
tiotemporally variable creep in the extending northern
central Apennines (Figure 1; Chiaraluce et al., 2024).
In this region, geologic, geodetic, and seismologic
observations indicate that the ~60 km long, low-angle

∗Corresponding author: chanagan@usgs.gov

(<20°) Alto Tiberina normal fault (ATF) creeps below
4 km depth at a rate of ~1.7 +- 0.3 mm/yr (Anderlini
et al., 2016). High angle synthetic and antithetic
normal faults host part of the remaining 1-2 mm/yr
extension, with aseismic slip and moderate magnitude
earthquakes in recent history (Chiaraluce et al., 2014;
Gualandi et al., 2017). The spatiotemporal variation of
creep on sub-monthly timescales remains unknown
due to the limited geodetic resolution and precision
available to previous studies (Anderlini et al., 2016;
Chiaraluce et al., 2007; Mirabella et al., 2011; Valoroso
et al., 2017; Vuan et al., 2020; Hreinsdottir and Bennett,
2009). Therefore, the newly installed array presents
an unprecedented opportunity to directly measure
the details of low-magnitude strain accommodated in
the region (Chiaraluce et al., 2024). However, before
accurate and precise measurement of strain from fault
slip or other phenomena, the data require regional
calibration and quality assessment, which remains the
pursuit of this study.
Notably, although an extensive network of the same

instruments exists in the western United States as
part of the Network of the Americas (NOTA; https://
www.unavco.org/nota/), they remain underutilized in
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studies of active tectonic deformation. This may
partly result from their high sensitivity to non-tectonic
sources of strain, which complicates analysis, but also
from lack of accurate calibration (e.g., Langbein, 2010;
Roeloffs, 2010; Canitano et al., 2017), unknown uncer-
tainty in the resulting calibrated strain data (e.g. Lang-
bein, 2010, 2015), and/or unclear near-borehole effects
or heterogeneities that alter the strain field (e.g. Bar-
bour et al., 2014; Barbour, 2015; Guangyu et al., 2011;
Wang and Barbour, 2017; Canitano et al., 2013). Our ap-
proach for calibration and validation is designed to help
clarify the analysis and interpretation of signals from
these stations, whichmay extendmore broadly to other
BSMs in active tectonic regions globally.
Various strategies exist to address the problem of ac-

curately calibrating the BSMs (e.g. Hart et al., 1996;
Roeloffs, 2010; Hodgkinson et al., 2013; Currenti et al.,
2017; Canitano et al., 2017). The Gladwin tensor-type
strainmeters consist of four vertically stacked, hori-
zontal strain gauges at different orientations to en-
able measurement of the full horizontal plane strain
tensor (Figure 2; Hart et al., 1996). Standard man-
ufacturer’s calibrations, common to the Network of
the Americas (NOTA) BSMs (Hodgkinson et al., 2013),
account for the coupled strainmeter-borehole-grout
system response to rock formation strain, with pre-
sumed relative grout-to-bedrock strengths and known
gauge orientations. Noted deviations from the man-
ufacturer’s calibrations include variable response fac-
tors per gauge (Roeloffs, 2010), poorly known gauge
azimuths (Hodgkinson et al., 2013; Roeloffs, 2010),
sensitivity to vertical strain (Roeloffs, 2010), different
strengths between the bedrock and grout (Gladwin
and Hart, 1985), topographic influence (Beaumont and
Berger, 1975), rock anisotropy, and variable lithology
between the stacked gauges, among other near-gauge
heterogeneities. Given these complications, other ref-
erence signals provide a basis for alternative calibra-
tion, including seismic waves (Currenti et al., 2017;
Grant and Langston, 2009), comparison with collo-
cated laser strainmetermeasurements (Hart et al., 1996;
Langbein, 2010; Beaumont and Berger, 1975), and tides
(Hart et al., 1996; Hodgkinson et al., 2013; Roeloffs,
2010; Canitano et al., 2017).
The STAR sites reside in carbonates, marls, and

turbiditic sandstones, with variable topography and a
poorly constrained gauge orientation at TSM4 where
the magnetometer used to find the instrument orienta-
tion failed. Given the severe deviation from what is ex-
pected for the manufacturer’s calibrations, and the ab-
sence of independent measurements of the strain field,
we calibrate the instruments using oscillatory tidal sig-
nals observed in the strain record (Hodgkinson et al.,
2013). The Earth tides provide a valuable source for
calibrating the BSMs because they are generally well-
known given our knowledge of Earth's structure and
response to tidal forcings, particularly far inland from
large bodies of water (Farrell, 1972, 1973). Knowing
this, we adopt the non-constrained tidal calibration ap-
proach originally presented in Hodgkinson et al. (2013)
for the NOTA BSMs. We expand the method to allow
for more thorough quantification of uncertainty associ-

ated with the inversion, which has not previously been
determined for similar instrument calibrations. Even
so, the uncertainties and precision of themodeled tides
may be substantial enough to affect calibration accu-
racy (up to 10-30%, Langbein, 2010, 2015). Therefore,
we test the calibration quality against (1) environmen-
tal signals, (2) little-investigated, directionally polarized
low-frequency body wave strains, and (3) static coseis-
mic strain offsets from four earthquakes ranging from
distances of 10 to 2000 kms. We also compare our cal-
ibration results with results from the alternative tidal
calibration approach adopted in Mandler et al. (2024).
Through calibration, uncertainty quantification, and

calibrated signal validation, we highlight the necessity
of site-specific signal characterization with considera-
tion for ambient strains unrelated to tectonic deforma-
tion, and demonstrate the utility of the instruments for
enhancing observational potential in the TABOO-NFO.

2 Methods
Webriefly describe our calibrationworkflow, which fol-
lows thenon-constrained approachofHodgkinson et al.
(2013), reformatted to enable uncertainty quantifica-
tion. Then, we describe our analysis of static and dy-
namic earthquake signals to characterize the response
of the stations and the validity of the tidal calibrations.

2.1 Data processing, tidal calibration, and
uncertainty

We select the longest continuous time series without
gaps >1 hr (Figure 3; Table S1), linearize the data to
gauge strain from raw gauge counts, correct the time
series for offsets (Figure S1), and estimate the M2 and
O1 tidal constituent amplitudes and phases from each
gauge time series using Baytap08 (Table S2 Tamura
and Agnew, 2008; Tamura et al., 1991). Baytap08 uses
a Bayesian modeling approach to estimate tidal con-
stituents and other variations correlated with external
data (Tamura and Agnew, 2008; Tamura et al., 1991).
The M2 and O1 constituents, at periods of 12.42 and
25.81 hrs, respectively, are preferred over other tidal
constituents because they have large amplitudes out-
side of the thermally influenced, pure diurnal and
semidiurnal periods that could bias the observed am-
plitude and phase estimates (Hodgkinson et al., 2013).
A barometric pressure coefficient is simultaneously es-
timated for each gauge during the Baytap08 analysis us-
ing the surface pressure sensor data (Table S3).
We then forward model the east/north oriented M2

and O1 tidal amplitudes and phases using the SPOTL
(Some Programs for Ocean Tide Loading; Agnew, 2012)
program NLOADF (Table S2). The Green’s functions for
the model use the elastic Earth structure of Harkrider
(1970), as calculated in Farrell (1973). For ocean loads,
we adopt theTPXO7.2 globalmodelmodifiedby theOSU
regional Mediterranean model (Egbert and Erofeeva,
2002); although, this far inland (~60 km from the coast),
the STAR sites should be relatively insensitive to the
ocean load. This is verified by laser strainmeter mea-
surements ~130 km to the southeast near Gran Sasso
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Figure 1 Map of the Alto Tiberina Near Fault Observatory (TABOO-NFO; Chiaraluce et al., 2014), showing historic earth-
quakes (>M 5) and instrumentally recorded earthquakes (M > 3) scaled bymagnitude fromOctober 2021 to June 2023 (INGV),
GNSS (Global Navigation Satellite Systems) stations, seismic stations, CO2 sensors, and STrainmeter ARray Borehole Strain-
meter (STAR BSM) locations (Bailo et al., 2023). The Alto Tiberina Fault (ATF) contours at the surface, 4 km depth, and 9 km
depth are colored in maroon (Mirabella et al., 2011), with simplified black surface regional fault traces overlying the Shuttle
Radar Topography Mission topographic hillshade (Farr, 2007).

that demonstrate the ocean tides have at least an order
of magnitude less effect on the strain amplitudes than
the more predictable solid Earth body tide (Amoruso
and Crescentini, 2009).
The calibration matrix of interest contains coeffi-

cients that describe the coupling of each gauge to some
combination of the areal (eA), differential shear (eD),
and engineering shear (eS) strain fields, defined in the

east/north reference system as eEE+eNN, eEE-eNN, and
2eEN, respectively (Figure 2). We assume no a priori
constraints on the coupling coefficients, and use the ob-
served and modeled tidal constituents to solve for the
calibration matrix. Following the non-constrained in-
version approach of Hodgkinson et al. (2013), the initial
forward problem that matches the observed M2 and O1
tides to the modeled tides takes the form:

(1)


eM2,Re

0 eM2,Im
0 eO1,Re

0 eO1,Im
0

eM2,Re
1 eM2,Im

1 eO1,Re
1 eO1,Im

1
eM2,Re

2 eM2,Im
2 eO1,Re

2 eO1,Im
2

eM2,Re
3 eM2,Im

3 eO1,Re
3 eO1,Im

3

 =


a0A a0D a0E

a1A a1D a1E

a2A a2D a2E

a3A a3D a3E


eM2,Re

A eM2,Im
A eO1,Re

A eO1,Im
A

eM2,Re
D eM2,Im

D eO1,Re
D eO1,Im

D

eM2,Re
E eM2,Im

E eO1,Re
E eO1,Im

E



Where aij is the couplingmatrix, e0-3 denotes the four
gauge’s real and imaginary parts of the M2 and O1 tidal
constituents from the Baytap08 analysis, and eA,D,E de-
notes the regional areal, differential, and engineering
shear strains for the same tidal constituents modeled
with SPOTL (Table S2). The Moore-Penrose pseudoin-
verse of the coupling matrix is the desired calibration
matrix, applied to the linear gauge strains to attain the
regional strains. We select this non-constrained ap-
proach, as opposed to solutions using gauge orientation

and coupling coefficient constraints (Hodgkinson et al.,
2013), because it allows us to quantify the covariance of
the coupling matrix, which we propagate into an esti-
mate of aleatoric uncertainty for the regional strain so-
lutions.

We reformat the inverse problem of equation 1
(Hodgkinson et al., 2013) for standard least squares,
where the coupling matrix is sorted into the model vec-
tor (m), and the observed data into the data vector (d).
Themodeled tidal constituents are contained in a block
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Figure 2 Schematic of a borehole strainmeter (BSM) sta-
tionwithmain accompanying instrumentation labeled. The
Gladwin Tensor Strainmeter instrument is installed near
the bottom of the borehole in competent bedrock with
expansive grout to ensure proper coupling to formation
strains. Above the strainmeter are a borehole seismometer,
screened in section with pressure sensor (at TSM3 through
TSM6), and surface GNSS station. A top view representa-
tion of the four-gauge (CH0-4 indicates the channel corre-
sponding to a single gauge) linear extensometers is shown
on the left. The gauge strains can be transformed into re-
gional areal and shear strains in the east/north reference
system, with strain conventions noted at the bottom. In the
top left, W. Johnson is picturedwith BSM station TSM5 prior
to install.

diagonal matrix (G):

(2)d = Gm

Anexample expansion of equation 2 for one gauge ap-
pears as follows:


eM2,Re

0
eM2,Im

0
eO1,Re

0
eO1,Im

0
...



=


eM2,Re

A eM2,Re
D eM2,Re

E . . .

eM2,Im
A eM2,Im

D eM2,Im
E . . .

eO1,Re
A eO1,Re

D eO1,Re
E . . .

eO1,Im
A eO1,Im

D eO1,Im
E . . .

...
...

...
. . .


16x12


a0A

a0D

a0E

...


12x1

(3)

The m matrix of calibration coefficients can be re-
formatted to a 4x3 matrix to match equation 1, result-
ing in the coupling matrix. The solution to the inverse
problem,withweights from the estimateduncertainties
from Baytap08 (Table S2), is calculated by generalized
weighted least squares (Menke, 2014):

(4)m =
(
GT WG

)−1
GT Wd

We found that weighted calibrations produced sim-
ilar results to those computed without weights, so we
complete the inversion with equal weighting on all con-
stituent values to remain consistent with the standard
workflow applied to the NOTA BSMs (Hodgkinson et al.,
2013). With this modified strategy, we can still estimate
an uncertainty for the derived regional strains, which
has not been previously calculated for similar tidal cali-
brations, and can serve as a basis for calibration uncer-
tainty moving forward. We compute the model covari-
ance matrix (Cm) as follows:

(5)Cm = σ2
post

(
GT G

)−1

Where σ2
postis the a posteriori variance from the sum

of squared residuals (d – Gm) divided by the degrees of
freedom, which in this case is 4 given the 12 model pa-
rameters less the 16 data observations provided to con-
strain the solution.
Although the uncertainties in the estimates of the

coupling terms are provided via the model covariance,
application of the Moore-Penrose inversion eliminates
a direct estimate of the uncertainties in the calibra-
tion matrix. This is overcome through the simulation
of thousands of plausible calibration matrices. We use
the model covariance (Cm) to estimate a percentage
uncertainty for the calibrated regional strains. To do
so, we create 1000 coupling matrices from a multivari-
ate normal distribution described by covariance (Cm)
sampled about the nominal coefficient estimates (m),
and solve for the calibration matrices from the Moore-
Penrose pseudoinverses of the coupling matrices. We
then produce a range of regional strain values from 500
random uniform distributions of east, north, and east-
north shear strains ranging from -100 to 100 nanostrain.
We apply the nominal coupling matrices to these re-
gional strain combinations to retrieve corresponding
gauge strain combinations. Then, we recalculate the re-
gional strains from the 500 random gauge strain com-
binations using the 1000 plausible tidal calibrations,
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Figure 3 (Left) Linearized gauge strain for the 6 STAR BSMs, demonstrating the transition from initial grout curing after
installation to a relatively stable borehole relaxation trend. The processing window for tidal calibration at each station is
highlighted in blue and labeled by the number of days (Table S1). The time series are chosen to avoid large gaps of missing
data. (Right) Linearized, detrended gauge strain with the barometric pressure at each station for one week in the spring
of 2023. The oscillatory diurnal and semi-diurnal tidal signal and compressional gauge response to increased barometric
pressure dominate the detrended signal on this timescale.

and determine the percentage difference of the ran-
dom strain value from the nominal value (i.e. |[random-
nominal]/nominal|*100). From these 500,000 percent-
age differences, we determine the trimmedmean of the
percentages after discarding the outlier 32% of values.
This provides an estimate of calibration uncertainty as
a percentage of the nominal strain value at the level
of one standard deviation (68%) for the regional strain
components at each station, and minimizes the effect
of very large percentages when the regional strain ap-
proaches 0. We tested that this percentage is insensitive
to the range of random strain values, and stable for the
number of perturbed calibrations within 3% of the val-
ues reported later.
We also derive strains using the standard manu-

facturer’s calibrations for comparison with the tidal
calibrations. A more thorough description of the
calibrations is provided in Supplemental Text A. Sup-
plemental Text B introduces the tidal calibrations
calculated according to the slightly different method-
ology of Mandler et al. (2024) that can be completed
for instruments without prior dimension information
(e.g. instrument diameter), thus skipping the lineariza-

tion step (Supplemental Text A). The processing and
calibration workflow with the calibrations presented
here are now implemented in the Earthscopestrain-
tools python package (Gottlieb and Hanagan, 2024,
https://earthscopestraintools.readthedocs.io/en/latest/
notebooks/TidalCalibrationEarthscopestraintools.html),
which can guide future re-calibration as longer time
spans of clean data become availab.

2.2 Dynamic strain analysis

As one test of the calibrations, we determine the sta-
tions’ responses to coseismic, low frequency compres-
sional waves from two earthquakes: the regional Mw
5.5 offshore Ancona, Italy thrust event that occurred on
November 9th, 2022 at a distance of ~90 km from STAR,
and the devastating Mw 7.8 Kahramanmaras, Turkey
strike-slip earthquake that occurred on February 6th,
2023 at a teleseismic distance of ~2000 km away (Ta-
bles S4). We perform this analysis based on the prelim-
inary observation that the seismic waves exhibit maxi-
mum extension or compression aligned with the event
azimuth, matching the sign of expected strain from the
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event radiation pattern, and providing an independent
check on inter-station consistency and calibration suc-
cess. TSM4 was not recording data during either event,
so we omit it in this analysis.
We identify the times, amplitudes, and directions of

maximumstrain at each station for three low-frequency
waves after low-pass filtering the time series below 0.2
Hz with a 4th order Butterworth filter. The prominent
oscillations overprint higher frequencies in the strain
record (Figure S2). In the case of the Mw 5.5 Ancona
earthquake, one signal is identified, roughly coincident
with the arrival of thePwave at collocatedborehole seis-
mometers, though the exact arrival time of the emer-
gent signal is ambiguous (Figure S2). For the Mw 7.8
Kahramanmaras event, two signals are identified as the
P and PP waves. Both P waves have half periods of ~ 5
seconds, and the larger amplitude PP wave has a half
period of ~ 9 seconds. Figure S2 plots an example of
the signals for the 20 Hz strains overlain with the fil-
tered strains. We apply the calibration matrix to the fil-
tered time-series to derive regional areal, differential,
and shear strains, and decompose the regional strains
into the east, north, and east-north shear components
of the plane strain tensor. We then calculate the princi-
pal strainmagnitudes and directions for the duration of
the signal through eigenvalue decomposition, and find
the times, amplitudes, and directions of the principal
axes for peak compression or extension.

2.3 Static coseismic strain analysis

To assess the static coseismic response of the stations,
we perform simple forward models of fault slip using
the event magnitudes, locations, and orientations from
focalmechanismplane solutions for theMw5.5 Ancona
and Mw 7.8 Kahramanmaras earthquakes, in addition
to two local events: the March 9th, 2023, Mw 4.3 and
4.5 Umbertide foreshock-mainshock pair that occurred
four hours apart within the STAR footprint (Table S4).
The static coseismic offsets are calculated from the

unfiltered 20Hz gauge strains as the average spanning 1
to 2minutes after the start timeof theUmbertide events,
6 to 8 minutes after the Ancona event, and 30 to 60 min-
utes after the Kahramanmaras event to avoid large vari-
ations in dynamic strain. For the near field Umbertide
earthquakes, this incorporates some postseismic defor-
mation, though very little considering the short span of
time following the event. Given the longer timewindow
for the Kahramanmaras earthquake, we also correct the
time series for tides, and note that adjusting the aver-
aging window makes little difference for the far field
events because no postseismic deformation is observed
at this distance. Figure S3 shows an example of the off-
set calculation for the Umbertide Mw 4.5 and Kahra-
manmaras Mw 7.8 events at TSM2.
We forward model fault slip with uniform half-space

solutions to compare with the observed coseismic off-
sets (Okada, 1985). The sources are modeled as sin-
gle rectangular patches with strike, dip, and rake from
time domain moment tensor solutions for the Ancona
and Umbertide events (Scognamiglio et al., 2006), and
the Global Centroid-Moment-Tensor project solution

for theKahramanmaras earthquake (Table S4;Dziewon-
ski et al., 1981; Ekström et al., 2012). The patch dimen-
sions are scaled tomomentmagnitude with typical rup-
ture area (A) and width relations for subsurface faults
(Wells andCoppersmith, 1994). Slipmagnitude (d) is ad-
justed accordingly to seismic moment (m0), shear mod-
ulus of (µ), and rupture area (d = moA-1 µ-1). At these
distances, the stations are insensitive to the patch as-
pect provided that the magnitude is preserved, which
we confirmed through simple tests at various rupture
length and width ratios. We adopt a Poisson’s ratio of
0.246, and shearmodulus of 32GPa for theGreen’s func-
tion calculations, calculated from the velocity structure
of Harkrider (1970) used for the modeled tides.

3 Results
Here, we assess the nominal tidal calibration results
and uncertainty, presented in Table 1, and focus on the
retrieval of tidal amplitudes and phases in the context
of common coupling assumptions. Then, we present
the results for the tidally calibrated responses to 3 types
of signals: (1) barometric pressure and rainfall, (2) dy-
namic strains from the low-frequency coseismic body
waves, and (3) static coseismic offsets.

3.1 Tidal calibration results
Baytap08 analysis suggests high signal-to-noise for iden-
tifying the amplitudes andphases of theM2andO1 tides
for most stations (Table S2). Gauge 4 at TSM1 is one ex-
ception, with a phase uncertainty on the order of mag-
nitude of the result (7±”7°; Table S2). Likewise, Gauges
1 and 4 at TSM4have relatively poor phase identification
for either or both M2 and O1.
The regionally calibrated tidal amplitudes and phases

are compared with the predicted tides in the polar plots
of Figure 4, and presented in Table S2. At all sites, we
calculate Root Mean Square Errors (RMSE) between the
calibrated observed (eij) and predicted (e∗

ij ; where i =
j = 4) real and imaginary tidal components, as follows,
to compare with results from Hodgkinson et al. (2013):

(6)RMSE =

√∑i=4
i=1

∑j=4
j=1

(
eij − e∗

ij

)2

16

The RMSEs range from 0.12 to 0.67, with the best fit
achieved at TSM2, and poorest fit at TSM4. Hodgkinson
et al. (2013) considered an RMSE of <0.84 as indication
that the modeled tides are an acceptable reference sig-
nal, which all STAR sites achieve (Table S5). We also
separate the amplitude and phase RMSEs for each sta-
tion, presented inTable S5. The amplitudeRMSEs range
from 0.07 to 1.31 nanostrain, with the best fits achieved
atTSM2, and theworst atTSM4. Likewise, these stations
have lowest and highest phase RMSEs, at 2.49 and 16.55
degrees, respectively. Except for TSM4, amplitudes are
matched within 10% and 20% for the M2 and O1 tides,
respectively. Phases are within 5 degrees for the M2
tides at all but TSM4, and within 10 degrees for the O1
tides at all but TSM4 and the differential strains at TSM1
and 6. This indicates some error in either the modeled
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Component Calibration Matrix 1-standard deviation percentage uncertainty

TSM1
Areal 2.47 3.17 0.78 2.16 27

Differential -0.05 -1.65 -0.12 0.13 10
Engineering 1.94 1.85 -0.42 1.07 22

TSM2
Areal 1.48 2.97 1.79 1.54 14

Differential -0.86 0.07 -0.06 -0.62 4
Engineering -0.11 0.72 1.32 0.71 7

TSM3
Areal -0.09 -3.53 -1.66 -2.32 44

Differential 0.28 0.99 -0.15 0.21 10
Engineering -0.41 -1.09 -0.52 -1.00 20

TSM4
Areal -0.98 -1.89 -1.87 -0.89 58

Differential 1.17 0.06 -0.11 0.65 26
Engineering -0.08 -0.22 -1.49 -0.76 41

TSM5
Areal -2.30 -1.79 -1.91 -0.24 25

Differential -0.08 0.27 0.37 -0.13 3
Engineering -0.48 -0.38 -0.01 0.08 6

TSM6
Areal -4.17 -2.75 -3.75 1.07 46

Differential -0.28 -0.14 0.65 0.15 5
Engineering 0.33 -0.33 -0.15 0.29 5

Table 1 Calibration results for each station, with associated calibration percentage uncertainty at the level of one standard
deviation.

tides or the retrieved amplitudes and phases, particu-
larly for the O1 tidal constituent.
Beyond the RMSE results, we can quantify an average

percentage uncertainty at the level of one standard de-
viation for the regional strains considering the model
covariance matrix from the inversion (equation 5). Fig-
ure 5 and Table 1 show the results of 500 random re-
gional strain combinations calibrated with 1000 per-
turbed calibrations. The trimmed 1-standard deviation
mean of the percentage differences for each component
are generally stable for a range of possible strain val-
ues, thus we consider them a convenient descriptor of
tidal calibration uncertainty. We tested larger ranges
of strain and found similar results. The areal strains
tend to have the highest uncertainties, in the range of
14-58%, and the differential shear strains tend to have
the lowest uncertainties from 3-26%. TSM2 overall has
the lowest uncertainty, while TSM4 has the highest, at
>26% for all regional strain components (Figure 5).
For comparisonwith the alternativeweighted calibra-

tions, and the standardmanufacturer’s calibrations, we
compute the Root Mean Square difference between the
alternative calibration’s coupling matrix and preferred
unweighted tidal calibration matrix (AM and AT

-1) with
the identity matrix (I) as defined in Hodgkinson et al.
(2013); abbreviated RMSI):

(7)RMSI =

√∑i=3
i=1

∑j=3
j=1

(
A−1

T AM − I
)2

9
An RMSI of zero indicates good agreement between

the two matrices, because the coupling and calibration
matrices are inverses of one another. Theweighted cali-
bration results, which consider the Baytap08 amplitude
and phase uncertainties, are presented in Table S6 with
associated RMSE. The weighted calibrations are simi-
lar to the non-weighted calibrations for all stations but

TSM4, with low RMSI values below 0.06. TSM4, has
an RMSI of 0.24, but this is expected given the poor
data and calibration quality; thus, we remain consistent
with the non-constrained inversion ofHodgkinson et al.
(2013) and proceed with the unweighted results as the
preferred calibrations. The RMSI values for the manu-
facturer’s and unweighted, preferred calibrations range
from1.85 and 2.86, indicating large differences between
the calibrations nearing a factor of 2. The magnetome-
ter at TSM4 failed, so there is no recorded gauge ori-
entation and we omit it in this calculation. The high
RMSIs with the Manufacturer’s matrices indicate the
gauge orientations, gauge coupling, and/or isotropic as-
sumptions of the manufacturer’s calibrations likely fail
to represent formation strains at these sites.
Exploring this result further, we perform gauge

consistency checks for the M2 and O1 tidal ampli-
tudes, where the relationships for gauge combinations
½(e1+e3) = ceA = 2/3(e0+e1+e2) and 2/3(2e1-e0-e2) = deD =
½(e1-e3) should hold true in isotropic conditions with
equally sensitive gauges and accurate tidal amplitude
and phase estimates (Roeloffs, 2010). However, the
gauge combinations are not consistently equal for any
station in both tidal bands (Figure S4). Taken together,
these results highlight departure from isotropic as-
sumptions and/or equal gauge response to formation
strains if the tidal amplitude and phase estimates from
the data are approximately correct, as indicated by low
standard deviations (Table S2). Similar deviation from
the isotropic case was found for several NOTA stations
(Roeloffs, 2010; Hodgkinson et al., 2013).
Assuming the orientations recorded at the time of in-

stallation are correct, we can calculate coupling coef-
ficients for each gauge from our calibrations for fur-
ther qualitative description (Tables S7). The areal and
shear coupling coefficients are expected to lie in the
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Figure 4 Polar plots showing the tidal calibration results. The observed M2 and O1 tides have been transformed with the
tidal calibrations, and plotted with the SPOTL predicted tides. The concentric circles delineate amplitudes of the tidal con-
stituents in nanostrain, while the angles of the converging lines denote the phase in degrees. Note the figure legend below
for colors and line styles.

range -1 < c < 4, and 0.1 < d < 5 (Hodgkinson et al.,
2013). Table S7 contains the calculated coefficients,
showing none of the sites have calculated shear co-
efficients that wholly satisfy this criterion, though all
sites have plausible areal coupling coefficients. As com-
monly noted with the NOTA instruments (Hodgkinson
et al., 2013; Roeloffs, 2010), the STAR instruments ex-
hibit negative areal coupling coefficients for at least
one gauge. Given that the areal coefficients are plausi-
ble while the shear coefficients, which depend on the
gauge orientations, are not, we infer that the orienta-
tions recorded at the time of installation could be in-
accurate. However, based on the coupling coefficients
alone, we cannot discount the possibility that the tidal
calibrations are also in error, with either biased tidal es-
timates or misrepresentative modeled tidal strains con-
tributing to the anomalous coupling coefficient values.
The later analyses of coseismic earthquake strains (Sec-
tions 3.3 and 3.4) help to verify that the modeled tidal
strains seem adequate for calibration.

An alternative, though similar, approach to tidal cal-
ibration from Mandler et al. (2024) is described in Sup-
plemental Text B with associated orientation matrices
in Table S8. One main difference with these calibra-
tions is that they convert directly from counts to strain,
and therefore skip the linearization process. The re-
sults are similar to the tidal calibrations presented here
in the main text, as demonstrated through a timeseries
comparison in Figure S5, and amap view comparison of
the static offsets recorded following the Mw 5.5 Ancona
event in Figure S6.

3.2 Response to surface loads

As mentioned in the previous section, the overall areal
coupling of the strainmeters is negative for four of the
six sites, which could indicate a high degree of coupling
to vertical strain that reverses the tidally calibrated areal
strain response to tectonic signals and surface loads
(Roeloffs, 2010). We describe the strain response to two
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Figure 5 Uncertainty results for each station’s tidally cal-
ibrated regional strain components, calculated from 500
plausible gauge strain combinations and 1000 perturbed
calibration matrices given the model covariance from the
tidal inversion (described in Section 2.1). The histograms
contain the percentage difference of the perturbed strain
values from the nominal strain values, and are color-coded
by station to match the legend. The 1-standard deviation
trimmed mean percentage difference is marked with a ver-
tical dashed line for each station, and listed in the legend,
corresponding to the values presented in Table 1. This per-
centage represents the uncertainty on the tidally calibrated
regional strains.

types of surface loads to demonstrate the effect: rainfall
and atmospheric pressure. Taking atmospheric pres-
sure as an example, individual gauges contract in re-
sponse to pressure increase (Figure 3). Likewise, the
manufacturer’s calibrated areal strain response to at-
mospheric pressure increase is contractional (Figures 6
and S7). For TSM1 and 2, with positive overall areal
coupling, the tidally calibrated areal strain response fol-
lows the same pattern (Figures 6 and S7). The tidally
calibrated areal strains at TSM3-6, however, are flipped,
with an extensional response to increased atmospheric
pressure (Figures 6 and S7). Rainfall invokes a similar
response at the stations (Figures 6 and S8), with tidally

calibrated strains that result in rapid compression at
TSM1 and 2 for increased water loads, but extension
at TSM3 through 6 for the same signal. However, we
note that the response to rainfall could be more com-
plex than stated here depending on the hydrologic con-
ditions surrounding the borehole, and use it as an addi-
tional data pointwith cautious interpretation (e.g.Wolfe
et al., 1981).
As observed for the NOTA strainmeters (Hodgkinson

et al., 2013; Roeloffs, 2010), the STAR sites with primar-
ily negative areal coupling also exhibit large magnitude
barometric pressure responses (> 5 nanostrain/hPa). At
TSM3 through 6, at least two gauges have barometric
pressure response magnitudes > 5 nanostrain/hPa (Fig-
ure S9), with the largest response recorded at TSM4.
Overall, the tidal calibrations are necessary to better
represent tectonic formation strains because of this ef-
fect. However, they misrepresent strains from sur-
face loads at TSM3 through TSM6. This adds an addi-
tional level of complexity for tectonic interpretations if
a change in water level coincides with a signal of inter-
est.

3.3 Dynamic strain results

The low-frequency longitudinal body waves recorded
at TSM1, 2, 3, 5, and 6 from the Mw 5.5 Ancona and
Mw 7.8 Kahramanmaras earthquakes show consistent
alignment with the back-azimuths of the events (Fig-
ure 7; Table S9).
The low-frequency manifestation of the Ancona P

wave arrival, as expected from themoment tensor radi-
ation pattern, is extensional. Apparent velocities calcu-
lated from the earthquake start time to the time of peak
extension range from 4.1 to 4.4 km/s, suggesting a di-
rect, upgoing takeoff angle consistent with slow near-
surface velocities traveling through basin sediments,
plus a few second delay between the ambiguous wave
onset and time to peak extension. For reference, the ap-
parent velocities from the IASP91 travel times approach
5.8 km/s for the P wave (Kennett and Engdahl, 1991).
Thefiltered amplitudes range from67 to 112nanostrain.
Figure S2 overlays the high-frequency and filtered time
series for TSM1. TSM1 and TSM6 have magnitudes ex-
ceeding the other stations by 20 nanostrain, but agree
well in direction (Figure 7; Table S9). Angular misfits
between the extensional strain axis and the azimuth of
the event vary between 4 and 9 degrees (Figure 7; Table
S9).
Both the low-frequency P and PPwaves for the Kahra-

manmaras earthquake exhibit contractional maximum
principal strain, consistent with the event radiation pat-
tern. The apparent velocities from the start of the event
to the timeof peak compression for theP andPParrivals
are ~7.9 and 7.4 km/s for the respective phases, consis-
tent with significant travel through the mantle. This is
again delayed from the IASP91 estimated apparent ve-
locities of 8.1 and 7.7 km/s, though the greater event dis-
tance diminishes the path differences from the global
velocity model estimates. Amplitudes of the filtered P
wave compressional axis range from -0.7 to -1.6 nanos-
train, though the relatively large high-frequency over-
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Figure 6 Comparison of regionally transformed areal (eEE+eNN), differential (eEE-eNN), and shear (2eEN) strain time series
using the tidal calibrations. Barometric pressure (dashed grey) and rainfall intensity (dashed teal) are plotted for comparison,
with pore pressure at TSM3 and TSM5 (solid grey). Note the secondary y-axis for rainfall. The left plots show response to
barometric pressure changes over the course of a week, while the right plots show a response to rainfall for a half-day. The
time series havebeen zeroed to the first value. TSM3and5 exhibit negative areal coupling, with dilation (positive) in response
to pressure increase.

print makes precise calculation uncertain (Table S9).
The average magnitude of the PP wave compressional
axis is larger, ranging from -23.0 to -27.1 nanostrain. An-
gular misfit to the event azimuth ranges from <1 to 12
degrees (Figure 7; Table S9).

3.4 Static strain results
Following the passage of the dynamic earthquake body
wave strains, coseismic static strain offsets are observed
at each station for the Ancona and Kahramanmaras
earthquakes, in addition to the local Umbertide fore-
shock and mainshock. The static strain results, pre-
sented in Figure 8 and Table S11, show a greater vari-
ability between the expected and observed strains than
for the dynamic signals, as well as a greater interstation
amplitude variability, but demonstrate quite consistent
orientations with each modeled event.
The coseismic static strain amplitude misfit is vari-

able for the near field earthquakes and underpredicted
for the far field earthquakes (Figure 8; Table S11). For
the near field Umbertide sequence, TSM1 matches the
magnitude of the Mw 4.3 event within half of a nanos-
train, but has larger observed than modeled strain for
theMw4.5 event. ForTSM2,modeled strainmagnitudes
slightly over and underpredict the Mw 4.3 and 4.5 ob-
served static strains, respectively. TSM6 matches well
with strain magnitudes for the near field events, ap-
proaching single- to sub-nanostrain offsets (Table S11).
TSM3 fails to match any event well in magnitude or di-
rection. While the observed amplitudes are on the same
order of magnitude as the modeled amplitudes for the
near-field events, ranging from single to 10s of nanos-
train, themodeledmagnitudes for the Ancona event are
an order of magnitude larger than the sub-nanostrain
offsets expected. Figure 7modeled coseismic offsets for
the Mw 7.8 Kahramanmaras event are amplified by 20
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Figure 7 (Top right) Tidally calibrated and filtered dynamic strains for the Mw 5.5 Ancona low-frequency P wave at all sta-
tions, in order of distance from the event epicenter from bottom to top. The first triangle on each time series marks the P
arrival from the collocated borehole seismometers. The second trianglemarks the time of peak extensional strain associated
with the low-frequency signal, and the apparent velocity for each station to the time of the peak extension is printed. The
corresponding axis of maximum extension is pictured in the (top left) maps, with the black arrows scaled to the magnitudes
of maximum and minimum principal strain, and the orange directional arrow aligned to the event azimuth. The directional
misfit between the maximum horizontal strain axis and azimuth of the event is labeled in degrees. Similar (bottom right)
plots are presented for the Mw 7.8 Kahramanmaras earthquake, but the first and second triangles on the time series in the
(bottom right) plot mark the peak compressional P and PP waves with the calculated velocities.

times the nominal values to visualize the strains with
the observed coseismic offsets, demonstrating a signif-
icant underprediction of coseismic strain magnitudes
for the far field events (Table S11). Furthermore, the
predicted strains for both far field events are quite con-
sistent between stations, while the observations again
vary by an order of magnitude.
While the strain magnitudes show variable agree-

ment between the observations and model, the orien-
tations match well. The largest discrepancies (>15°) oc-
cur at TSM6 for the Mw 7.8 Kahramanmaras and Mw
4.3 Umbertide earthquakes. The angular misfits for the
Umbertide earthquakes are sensitive to the strike and
rake of the rupture parameters given its close proxim-
ity to the instruments, as demonstrated through initial
tests of various strikes and rakes within the uncertainty
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bounds of the focal mechanism solution.

4 Discussion
The tidally calibrated STAR instruments show useful
and interpretable results for earthquake deformation
signals originating from immediate to 1000s of kilome-
ter distances, expanding the capabilities of the exist-
ing geophysical and geochemical network in the Alto
Tiberina Near Fault Observatory (Figure 1; Chiaraluce
et al., 2014, 2024). We continue our discussion of the
tidal calibration results for various reference signals,
highlighting which assumptions of the manufacturer’s
calibrations fail to capture the complexity of these sta-
tions. Then, we characterize the stations’ responses in
the context of previous borehole strain observations,
with particular focus on TSM3 as a demonstration of in-
fluence from several unexpected but interpretable envi-
ronmental and earthquake-related signals, which may
help to guide future analyses of strains recorded at these
sites and elsewhere globally.
The failure of the manufacturer’s calibrations to cap-

ture the in situ strain field at the STAR sites reveals de-
tails of the installation conditions. First, failed gauge
consistency checks imply directional variability in the
layered, gently to moderately dipping strata of the in-
stallation zones, and/or differences in each gauge’s in-
strumental gain, known to vary by asmuch as 20% (Fig-
ure S4; Roeloffs, 2010). Second, calculation of phys-
ically unreasonable shear coupling coefficients from
the tidal calibrations and reported installation orien-
tations indicate error in the latter, as noted for many
NOTA BSMs (e.g. Hodgkinson et al., 2013). Third, rel-
atively larger tidally versus manufacturer’s calibrated
strains implies a higher grout-to-formation strength ra-
tio than assumed for the manufacturer’s calibrations
(Gladwin and Hart, 1985). This is unsurprising given
the site host lithologies of fractured sandstones, marls,
and limestones, as opposed to the intact granite-like
strengths assumed for the manufacturer’s calibrations
(Chiaraluce et al., 2024; Hodgkinson et al., 2013; At-
tewell andFarmer, 1976). Finally, andmost importantly,
themanufacturer’s calibrations cannot account for neg-
ative areal coupling in four (TSM3-6) of the six strain-
meters. This may result from non-negligible response
to the vertical strain field (Roeloffs, 2010), making the
tidal calibrations critical for characterizing the areal
strain response to tectonic events. The response to sur-
face loads, however, is not valid with the tidal calibra-
tions, as also alluded to inRoeloffs (2010). Overall, these
results indicate that the non-constrained solutions of
the tidal calibrations are critical for analyzing tectonic
deformation with the STAR BSM data.
In line with this recognition, the tidal calibrations

show remarkable success for resolving dynamic and
static strain orientations for signals on the order of a
few nano-strain. This is reflected by the relatively lower
uncertainty of the regional shear strains than the areal
strains, because the shears primarily constrain theprin-
cipal strain directions (Figure 5; Table 1). There are a
few station-specific exceptions showingmisfit >15° with
respect to the expected principal strain directions (Fig-

ures 7 and 8; Tables S8 and S11). For example, the ob-
served static strains for TSM6 from the Mw 7.8 Kahra-
manmaras event are misoriented by 22°, but uncor-
rected response from environmental influences could
easily bias the small (<3 nanostrain) offsets in addition
to the 5% shear strain uncertainty from the calibra-
tions (Table 1). The pore pressure transducer was not
recording during the event, so we have no indication
of whether high-rate barometric or hydrologic changes
could have influenced the station. The largest static di-
rectional misfit for the network occurred from the near
field UmbertideMw 4.5 earthquake. However, more ap-
propriate fit between themodeled and observed strains
is within both the calibration uncertainty as well as the
earthquake parameter uncertainties, including the lo-
cation, strike, dip, and rake of the event. Furthermore,
the lack of systematic orientation discrepancy between
the stations, or for the same station between different
events, may indicate random variability as expected for
any real-world signal and data. We note that static co-
seismic offset magnitudes for similar instruments else-
where are estimated to be unreliable most of the time,
independent of distance from the earthquake (~90%;
Barbour, 2015); However, our findings indicate thismay
result more from amplitude errors than orientation dis-
crepancies if proper calibrations are realized.
Significantly inflated observed static strain ampli-

tudes relative to the modeled strain requires further
global context, and, while not uncommon, remain an
outstanding unexplained phenomenon (Figure 8). The
first clear pattern is an underestimation of model mag-
nitudes for the Ancona and Kahramanmaras earth-
quakes, with misfit that increases with distance beyond
the estimated calibration uncertainty (Figure 8; Table
S11). The observed static strain offsets for both the
Ancona and Kahramanmaras events reveal compara-
ble magnitudes despite that they should differ by an or-
der of magnitude (Table S11). Furthermore, the Kahra-
manmaras offsets should barely be detectable amidst
the high- magnitude and frequency dynamic strain sig-
nal. Although we use a simple elastic half-space ap-
proximation to estimate offsets, the effects of Earth’s
curvature and elastic structure should further dimin-
ish, not increase, the strain response (Guangyu et al.,
2011; Sun et al., 2009; Pollitz, 1996). This observation
of inflated areal or volumetric static strains is common
(Wang and Barbour, 2017). Several candidate mecha-
nisms are invoked to explain this far field effect, in-
cluding local heterogeneities or topographic influence
(Beaumont and Berger, 1975), microcrack yielding (Bar-
bour, 2015), local changes in groundwater level (Zhang
et al., 2016), and pore pressure response local to the
borehole, demonstrated as potentially dominant from
far field sources for distances out to ~5500 km (Wang
and Barbour, 2017). We expect the tidal calibrations to
correct for topographic effects, but these other mecha-
nisms could bias amplitude estimates while preserving
overall strain orientation.
In contrast, the static strain amplitudes appear valid

within the array footprint, as demonstrated for the near
field Umbertide sequence (Figure 8). The small mag-
nitude strains at TSM6 (< 2 nanostrain) show a capabil-
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Figure 8 Coseismic strains transformedwith the tidal calibrations comparedwith themodeled strains for each earthquake
inmapview. For theUmbertide events, the yellow starsmark theMw4.3 and4.5 events, which occurred at depths of 3 and3.3
km, respectively. Differences in the coseismic strain, despite nearly collocated events, demonstrate a high level of instrument
sensitivity with some calibration uncertainty. For the Kahramanmaras event, themodeled strains have been amplified by 20
times thenominal values toallowavisual comparisonof theprincipal strain axis directions. The strain axeshavebeenclipped
by themap frame for viewing purposes, and we refer the reader to Table S11 for the strain amplitudes at TSM3, but note that
the maximum principal strain axis is compressional at the station for all events.

ity for capturingminute deformation, despite the nomi-
nally higher percentage uncertainties estimated for the
calibration (Figure 5; Table 1). This achievement for
both events suggests that the inability to capture farfield
strain amplitudes is less of an issue for eventswithin the
array footprint. While further quantitative characteri-
zation of offset uncertainty is not possible with such a
small dataset, the lack of systematic over- or under- es-
timation of near field strain amplitudes for any single
station supports the validity of the tidal models for cal-
ibration within the inversion uncertainty (Figure 5; Ta-
ble1). This holds despite the findings of Langbein (2010,
2015), which estimate a potential 10-30% uncertainty

from the tidal calibrations considering the lack of preci-
sion and accuracy of the tidal models. We demonstrate
that similar uncertainty may result from the inversion
without considering tidal model errors; although, for
these stations, the uncertainty demonstrably does not
prevent the retrieval of useful, calibrated data, espe-
cially if considering correspondence within the whole
network. Thus, the calibrated stains are a useful addi-
tion to the existing TABOO-NFO geophysical network.
TSM3 recorded static strain offsets that far exceed

those of the other stations, even for the near-field
events. We attribute this to possible borehole-local frac-
ture slip with enhanced permeability and fluid flow

13
SEISMICA | volume 4.1 | 2025



SEISMICA | RESEARCH ARTICLE | Tidally calibrated strains from TABOO-NFO-STAR

Figure 9 TSM3 areal strain response to the Mw 5.5 Ancona and Mw 7.8 Kahramanmaras earthquakes plotted with the pore
pressure transducer response for the same time interval. The colors for each dataset appear in the legends. Large gaps are
present in the pore pressure record for the Umbertide events. In both cases, pore pressure changes are observed prior to the
second large magnitude event of the sequence.

through a series of observations. First, TSM3 experi-
ences large magnitude compressional static strain off-
sets that are similarly misoriented (to the N-NE) for the
far field earthquakes. This does not, however, mean
that the calibrations are in error, because the station be-
haves as expected in response to dynamic strains from
the longitudinal body waves (Figures 7 and 8). Sec-
ond, discrepancies in the static strains at TSM3 are ac-
companied by borehole-local water level readjustments
(Figure 9 and S10). Local changes in water level have
been observed from earthquakes at teleseismic and
near distances, attributed, respectively, to (1) dynami-
cally enhancedpermeability that permits fluidflow (e.g.
Elkhoury et al., 2006; Zhang et al., 2016), and/or (2)
postseismic poroelastic relaxation as water flows in re-
sponse to relatively large magnitude volumetric strain
changes that perturb pore fluid pressures at a regional
scale (Peltzer et al., 1998; Segall et al., 2003). We hypoth-
esize that both may have occurred at TSM3, with poten-
tial dynamic enhancement of permeability that permit-
ted fluid flowanddiminished the frictional resistance of
a local fracture (e.g. Cocco andRice, 2002), enabling slip
in response to large magnitude dynamic strains with a
preferential N-NE oriented compressional signature.
Coseismically, for three of the four earthquakes we

observe changes in water level that support the first
hypothesis of dynamically enhanced permeability with
fracture slip at TSM3. We did not observe a change
in water level following the Ancona earthquake, de-
spite that the observed compressional strains are con-
sistent with the hypothesis (Figure 8). However, the hy-

draulic connection of the borehole at the level of the
pore pressure sensormaynot have been established un-
til sometime following the Ancona event, supported by
the observation that the pore pressure sensor primarily
tracked barometric pressure changes with no response
to rainfall 5 days before theAncona earthquake, indicat-
ing no connection to surrounding water level changes
(Figure 6). In contrast, pore pressure tracks the tides
for the later earthquakes, indicating new flow of wa-
ter into the borehole (Figure 9; Figure S10). The bore-
hole was mud-caked at the time of installation, so it is
possible that this mud initially blocked water flow, and
was subsequently dislodged. For the localMw4.3 event,
the static strain offsets rotate toward the expected static
strain field, and nearly agree with the modeled strains
for the Mw 4.5 event, showing that the local strain over-
print from fracture slip can be biased toward the larger
near field earthquake strains (Figure 7).
Postseismically, we observe the second effect of po-

tential poroelastic influenceon strains atTSM3. The sta-
tion experienced a pronounced postseismic areal com-
pression following the Umbertide sequence (Figure 9).
The borehole-local perturbation to water level from
fracture-guided fluid flowmay have been accompanied
bymore regional-scale readjustment of water levels fol-
lowing the coseismic volumetric compression imposed
by the earthquakes. Correspondingly, postseismic areal
contraction (actual gauge extension due to the nega-
tively coupled response to areal strain from the tidal
calibrations) experienced at TSM3maymark the poroe-
lastic transition from the undrained to drained state as
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water flows away from the instrument (Peltzer et al.,
1998; Segall et al., 2003). Detection of this potential re-
gional water level adjustment could aid in future stud-
ies of poroelastic deformation, which has so far been
limited by the lower resolution of GNSS (e.g. Nespoli
et al., 2018). Overall, TSM3 appears to have a valid tidal
calibration, but anomalous instrument and pore pres-
sure response following largemagnitude seismic waves
prompts caution for analyzing deformation during and
following high strain rate events. Likewise, the pore
pressure transducer does not always track rock forma-
tion pore pressures. This could complicate the com-
bined interpretation of pore pressure and strain data –
postseismic deformation at the BSMmay be of tectonic
or hydrologic origin, regardless of what is recorded at
the pore pressure transducer.
Future study could tighten the uncertainty bounds

on the calibrated strain amplitudes, afforded through
a comparison with alternative measurements from, for
example, an array of collocated seismometers (Currenti
et al., 2017). TSM4 would benefit most from an alter-
native calibration strategy, because the strong negative
areal coupling response indicated by large barometric
pressure-induced fluctuations (Figure S10; Table S3),
low tidal power (Figure S4; Table S5), and relatively large
calibration misfit and uncertainty (Figure 5; Table 1
and S5) indicate further testing is critical to determine
whether the tidal calibrations are useful. As longer,
cleaner time serieswithdiminishedborehole relaxation
trends become available, TSM4 and the other STAR site
calibrations can be re-evaluated. In the meantime, ac-
curate detection of emergent strains from aseismic slip,
absent of potential complications that arise from high
magnitude and frequency dynamic strains, is enhanced
by the tidal calibrations. All modeled displacement es-
timates at the distances analyzed in this study fall below
the detection thresholds of conventional GNSS or InSAR
observations (sub-mm); therefore, the presence of the
calibrated STAR array complements and enhances the
network in its goal for detecting slip on the ATF and its
surrounding active structures.

5 Conclusion
The tidally calibrated STAR BSM instruments expand
the geophysical network capabilities of the Alto Tibe-
rina Near Fault Observatory (Figure 1; Chiaraluce et al.,
2014). The manufacturer’s calibrations assumptions
of isotropic, homogeneous rock conditions with equal
coupling on all gauges and presumed effective mod-
uli fail to capture the complex STAR BSM response.
The tidally calibrated network demonstrates remark-
able precision for resolving orientations of signals ap-
proaching nanostrain levels, as observed for the direc-
tionally polarized low-frequency P and PP body waves
from the 90 km and 2000 km distant Mw 5.5 Ancona
and Mw 7.8 Kahramanmaras earthquakes. Similarly,
near field (10s km) coseismic strains for the Umbertide
Mw 4.3 and 4.5 events may indicate a high sensitivity
to source parameters, showing no consistent over- or
under- estimation suggestive of poor tidal model accu-
racy given that the results remain within the calibra-

tion inversion uncertainty. The far field static strain
amplitudes exhibit discrepancies consistent with other
studies (e.g. Wang and Barbour, 2017), though with
previously unnoted angular agreement. Improvement
on these tidal calibrations could be afforded by a re-
analysis as longer, cleaner time series becomeavailable,
and/or through comparison with independent surface
measurements of strain (e.g. Currenti et al., 2017), par-
ticularly atTSM4where station outages preventedmuch
of the testing carried out here. TSM3 exhibits anoma-
lous behavior potentially associated with dynamically
triggered near field fracture slip andfluid flow, butwith-
out sacrificing sensitivity to deformation at lower strain
rates. Four of the six STAR BSMs (TSM3-6) are nega-
tively coupled to areal strain, whichmakes the tidal cali-
brations invalid for accurately studying deformation re-
lated to widely distributed surface loads. Nonetheless,
with cautious interpretation, the combination of areal
gauge strain and pore pressure change can provide in-
sight for low strain-rate processes, such as the poten-
tial poroelastic relaxation experienced at TSM3 follow-
ing the Umbertide earthquake sequence. Importantly,
all deformation analyzed in this study falls below the
detection threshold ofmore conventional geodetic tech-
niques, leaving promise for future STAR potential in de-
tecting spatiotemporally variable aseismic slip associ-
ated with the ATF and overlying active faults.
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