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Abstract

Borehole strainmeters can measure deformation too small for GNSS and too slow for 
seismometers, but their precision transducers are complex, and this has limited them to 
specialized applications as either isolated instruments or sparse arrays. We developed 
a passive borehole areal strainmeter built with simple machining, no moving parts, and 
no downhole electronics to address these limitations. The sensing element is 265 m of 
optical fiber wound on a compliant aluminum mandrel, read as one arm of a Michelson 
interferometer. The Areal Optical Fiber Strainmeter (AOFS) was grouted in limestone at 
28 m depth in the North Avant Field, Oklahoma, 15 m from a Gladwin Tensor Strainmeter 
(GTSM), and the two instruments were recorded side by side for 1579 days. Both records 
were calibrated against the theoretical areal strain tide with a generalized least-squares 
estimator that fits areal and shear couplings and a barometric admittance. The AOFS 
calibration is 0.2958 ± 0.0007 nε per radian of optical phase, stationary to 0.6% over four 
years, with a shear leakage of 5% of the areal sensitivity. The tidally calibrated instruments 
agree to 1% at M2 and 2% at O1; their amplitude spectra coincide at the tidal lines and 
across the microseism band, where their cross spectrum has unit gain and zero phase; and 
with the barometric pressure removed, the GTSM spectrum lies 1.3 to 3 times above the 
AOFS between 1 × 10−6  and 1 × 10−2  Hz. Above 1 Hz, the AOFS noise floor is 3 to 10 times 
lower than the GTSM digitizer floor, and the AOFS records a local M2.4 earthquake with 
14 times lower background noise than the GTSM. The AOFS is 2.5 to 2.8 times less sensitive 
to barometric pressure, and its record of a 23-day water injection into a reservoir 500 m 
below is essentially identical to that of the GTSM. The new instrument matches the GTSM 
at the tides, in the microseism band, and in the injection test and has a lower noise floor 
above 1 Hz; it is simple to build and robust to operate, which enables a new generation of 
applications for borehole strainmeters.

Keywords: borehole strainmeter; optical fiber interferometer; areal strain; tidal calibration; 
Gladwin tensor strainmeter; barometric admittance; induced deformation; geodesy

1.  Introduction
Strainmeters have been used for decades to monitor a wide range of geophysical phe-

nomena, and recent advances in optical sensing have the potential to make these instruments 
accessible to a much wider range of applications. Strainmeters have measured the Earth’s 
free core nutation [1], volcanic processes [2], terrestrial [3–5] and seafloor geodesy [6], 
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slow slip [7], and the loading from typhoons [8]. While strainmeters are typically used to 
explore deformations that are too small to be resolved by GNSS and too slow to be detected 
by broadband seismometers, several studies have shown their potential for seismological ap-
plications such as earthquake early warning [9], ground motion estimation [10], magnitude 
estimation [11], and source characterization [12].

These applications have employed several strainmeter technologies that can be 
broadly classified by their base length, the distance over which the displacement mea-
surement is made. Long-base instruments such as free-space or evacuated-pipe laser 
strainmeters [13–17] are considered ideal for stability (drift per unit length) and calibration 
(the laser wavelength is the length reference). They are often deployed in tunnels or mines 
to avoid near-surface temperature effects because the piers that anchor their ends must fol-
low the ground at the nanostrain level, which is difficult to achieve near the surface. Optical 
fiber strainmeters [18–23] were developed to avert some of the difficulties of surface laser 
strainmeter installations, but they suffer from the same monument stability issues [24–26].

Borehole strainmeters are among the most widely deployed deformation instruments 
because of their compact size and the mechanical and thermal stability of the borehole 
environment, and because grouting the instrument into the rock removes the monument 
problem altogether. The best known are the four-component Gladwin Tensor Strainmeter 
(GTSM) [27] and the single-component Sacks–Evertson dilatometer [28]. Other systems 
include the three-component Sacks–Evertson strainmeter [29], the YRY-2 [30] and YRY-
4 [31] strainmeters, the Sakata fluid-filled [32] and interferometric [33] multi-component 
strainmeters, and the Ishii strain [34] and stress meters [35]. Optical versions of the short-
base borehole instrument are now appearing, with interferometric displacement gauges 
in a six-component tensor strainmeter [36], multiplexed fiber Bragg grating Fabry–Pérot 
gauges [37], and Fabry–Pérot gauges embedded in a cemented sphere [38]; these replace 
the capacitance transducer but keep the precision-gauge architecture. These short-base 
instruments use very high resolution displacement transducers to measure the deformation 
of the down-hole package. The GTSM, for example, has a least count of 10−11 strain, which 
for a 10 cm borehole is a displacement of 10−12 m, about 50 times smaller than the Bohr 
radius. Achieving this precision has required advanced length metrology and specialized 
electronics, which has limited the application of these instruments.

The combination of this precision with a package robust enough to survive permanent 
installation in a borehole results in high-value instruments that are rarely abandoned after 
short-term studies and rarely deployed in large arrays; the six-instrument array at the Alto 
Tiberina Near Fault Observatory in Italy is a recent exception [39,40]. One application that 
needs arrays is monitoring the deformation during geologic carbon storage, where safety 
(the prevention of induced seismicity) and efficacy (leakage detection) can be evaluated 
during injection and shut-in [41,42]. The carbon storage application motivated a new 
generation of borehole strainmeters based on optical fiber interferometry, which leverages 
decades of development with commercial optical fibers and components for long-base 
terrestrial [18–23] and seafloor [6,43] strainmeters.

The original optical fiber borehole strainmeter concept, put forward by Frank Wyatt 
of the Scripps Institution of Oceanography, was a single-component instrument similar 
to the hydrophones developed at the Naval Research Laboratory, in which a compliant 
cylinder is wrapped with optical fiber [44]. The first implementation [45] was a thin-walled 
aluminum cylinder wrapped with fiber and sealed with epoxy to the inner diameter of 
a stainless steel tube that served as the pressure case. The strainmeter is grouted into an 
open borehole, and the length of the embedded fiber, and therefore the cross-sectional area 
of the borehole (the areal strain), is measured as one arm of an optical fiber Michelson 
interferometer. Difficulties during grouting limited the effectiveness of that first instrument, 
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but an updated prototype at our Clemson University test site successfully measured the 
areal strain [41,42].

These proofs of concept led to the design of the Areal Optical Fiber Strainmeter (AOFS), 
which we deployed at our CO2 storage analog site in the North Avant Field north of Tulsa, 
Oklahoma. The AOFS was located 15 m from a GTSM [41,42], and the two instruments 
were recorded side by side from November 2017 to March 2022 to facilitate validation. This 
paper presents the design and deployment of the AOFS and the processing that turns raw 
optical phase into a continuous strain record. It then calibrates both instruments using 
Earth tides and compares the four-year drift record and the strain from the tides, barometric 
loading, teleseismic surface waves, a local microearthquake, and a water injection test.

2.  Materials and Methods
2.1.  Measurement Principle

The AOFS measures changes in the length of an optical fiber as one arm of an optical 
fiber Michelson interferometer. The total optical phase of coherent, monochromatic light 
propagating through a fiber of physical length 𝑙 and refractive index 𝑛 at wavelength 𝜆 is 
𝜃 = 2𝜋𝑛𝑙/𝜆, so the phase difference between light returning from a sensing arm of length 𝑙𝑠
and a reference arm of length 𝑙𝑟 is

𝜙 = 𝜃𝑠 − 𝜃𝑟 =
2𝜋𝑛

𝜆 (𝑙𝑠 − 𝑙𝑟) =
2𝜋𝑛𝐿

𝜆 , (1)

where 𝐿 = 𝑙𝑠 − 𝑙𝑟. A change Δ𝐿 in the length of the sensing fiber, produced by a change in 
the circumference of the mandrel it is wound on, appears as a change in 𝜙; for the 265 m of 
fiber used here, one radian corresponds to Δ𝐿/𝑙𝑠 ≈ 3 × 10−10 of fiber strain.

The simplest implementation of this interferometer splits the laser light into the two 
arms with a 2 × 2 optical fiber coupler, reflects it from a plain mirror at the end of each 
arm, and recombines it at the same coupler, where the two returning beams interfere. 
The intensity at one output of the coupler, the fringe, is 𝑉 = 𝑢 + 𝑣 cos 2𝜙, where 𝑢 is the 
mean intensity about which the fringe oscillates (its DC level), 𝑣 is the fringe amplitude, 
and the factor of two comes from the double pass. Two well-known problems limit this 
implementation [22]. Differential polarization changes in the two arms reduce the fringe 
contrast, and in the extreme orthogonal case, the returning beams do not interfere at all. 
Faraday mirrors [46] in place of the plain mirrors reflect each beam with its polarization 
state rotated by 90∘, so that the component that traveled out on the fast axis returns on the 
slow axis and vice versa. The returning beams then interfere with full contrast as long as the 
polarization perturbations are slower than the propagation time. The other problem is that 
a single fringe cannot distinguish an increase in 𝐿 from a decrease. A fused 3 × 3 coupler in 
place of the 2 × 2 splits the light three ways with a 120∘ phase shift between the outputs [47], 
so that three fringes

𝑉𝑖 = 𝑢𝑖 + 𝑣𝑖 cos(2𝜙 + 𝜃𝑖), 𝑖 = 1, 2, 3, (2)

are available and the phase is recovered algebraically as

𝜙 = 1
2 arctan

𝑠1𝑉1 + 𝑠2𝑉2 + 𝑠3𝑉3
𝑐1𝑉1 + 𝑐2𝑉2 + 𝑐3𝑉3

, (3)

with coefficients 𝑐𝑖 and 𝑠𝑖 determined from 𝑢𝑖, 𝑣𝑖, and 𝜃𝑖 by a nonlinear least-squares fit 
to a known modulation [48]. Only two fringes are strictly needed [49], but the three-
fringe estimate is independent of the laser power, which removes the need for active laser 
temperature control, a factor of three to four in field power consumption [50]. These two 
remedies give the topology of Figure 1: the 3 × 3 coupler splits the light into the sensing 
and reference arms, each ending in a Faraday mirror, and recombines it into three fringes, 
and a 2 × 2 coupler taps the fringe that returns toward the laser.
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Figure 1. Topology of the 3 × 3-coupler optical fiber Michelson interferometer with a 2 × 2 tap.
𝐿 is the difference between the sensing (𝑙𝑠) and reference (𝑙𝑟) fiber lengths, and each arm ends in a 
Faraday mirror.

2.2.  Sensing Package
The down-hole sensing package is a set of three nested cylinders with welded end caps, 

centralizers, and an integrated counter-ballast bar (Figure 2). The outer cylinder protects 
two fiber-wrapped cylinders that house the sensing and reference arms of the interferometer. 
It is a standard 4-inch nominal Schedule 5 pipe of 304 stainless steel (114.3 mm diameter, 
2.1 mm wall), 1.2 m long, and sealed at each end with a 12.7-mm-thick weld cap. The caps 
carry threaded through-holes for adjustable centralizers and lifting eyes, and the upper 
centralizer rod is hollow so that the main fiber cable (FBSMTACCABLE4, Fiber Instrument 
Sales, Oriskany, NY, USA) can pass through it.

Upper
Centralizer

Input/Output
Cable

Counter-
Ballast

Reference
Fiber

Reference
Mandrel

Sensing
Fiber

Sensing
Mandrel

Outer
Cylinder

Lower
Centralizer

Figure 2. Cutaway diagram of the major AOFS components (left) and the completed instrument 
during installation (right).

Each arm of the interferometer is wound on one of the two inner cylinders, or mandrels. 
The middle cylinder is a thin-walled aluminum sleeve whose high compliance maximizes 
the strain transfer from the outer cylinder to the fiber. It has an outer diameter of 107 mm, 
a wall thickness of 2.4 mm, and a length of 1.1 m, which was turned down from a 4-inch 
Schedule 40 pipe. A shallow (0.3 mm) helical groove at 1.3 mm pitch (20 threads per inch) 
was cut into its outer surface to guide and protect the fiber. The innermost cylinder is a 

https://doi.org/10.3390/s26227154

https://doi.org/10.3390/s26227154


Sensors 2026, 26, 7154 5 of 22

3-inch nominal Schedule 80 pipe of 304 stainless steel (88.9 mm diameter, 7.6 mm wall) of 
the same length. Its thick wall stabilizes the reference fiber mechanically and adds weight 
for deployment.

The two mandrels are each wrapped with about 265 m of bend-insensitive single-mode 
fiber (ClearCurve ZBL, Corning, Corning, NY, USA); an optical length meter (OFLM-1000, 
OZ Optics, Ottawa, ON, Canada) was used to match the sensing and reference lengths to a 
few millimeters, so that the interferometer is nearly balanced and laser frequency noise is 
rejected. A 3.2-mm-wide slot cut into each cylinder 98 mm from the bottom and 24 mm 
from the top lets the ends of the wound fiber pass from the outer surface into the central 
volume. The distance between the two penetrations is 1 m, the intended sensing interval.

Assembly required care because of the fragility of the fiber and the weight of the 
mandrels. The sensing mandrel was set over the reference mandrel, the slots aligned, and 
the ends centralized and closed with epoxy about 5 mm from each end. After curing, the 
fiber ends were fed into the central volume and the slots were sealed to form an airtight 
annulus between the inner surface of the sensing mandrel and the outer surface of the 
reference mandrel. This air-filled annulus decouples the reference mandrel, and therefore 
the reference fiber, from the external strain. Faraday mirrors (FOFM-21P-1550-9/125-S-
60-X-0.25-0.5, OZ Optics, Ottawa, ON, Canada) were spliced to the lower fiber ends, and 
2 × 2 and 3 × 3 couplers (PSK-002121 and PSK-002122, Gould Fiber Optics, Millersville, 
MD, USA) were spliced to the upper ends, as shown in Figure 1. The unused port of each 
coupler was terminated with a tight attenuating knot, which prevents the reflection from 
an open fiber end from creating a parasitic interferometer. The coupler leads were spliced 
to the main cable and all loose fiber and components were secured to the inner surface of 
the reference mandrel with cyanoacrylate adhesive.

The paired mandrels were inserted into the outer cylinder together with a 50.8 mm 
square bar of 1018 steel for counter-ballast and volume filling, and the interior was potted in 
a low-exotherm, low-viscosity epoxy (Loctite Stycast 1264, Henkel, Düsseldorf, Germany) 
until every component was submerged. After degassing and curing, the top cap was welded 
on, and the remaining volume, including the annulus between the cable and the centralizer 
rod, was filled with epoxy. The density of the completed package is about 4.5 g/cm3, more 
than twice that of the grout, so it sinks and stays submerged while the grout cures.

The completed package is mechanically and operationally robust. The potted interior 
and welded exterior leave no seals, feedthroughs, or moving parts to fail. The package is 
also passive: the strain is sensed by the fiber itself, so there are no downhole electronics to 
be damaged by lightning, corrosion, or overheating.

2.3.  Interrogator
The interrogator is the active counterpart of the passive sensing package (Figure 3). It 

transmits coherent laser light to the down-hole optics and demodulates the returning fringes 
into an optical phase that is linearly proportional to the formation strain. It consists of a 
power distribution board, a laser driver and laser diode, a three-channel photodetector board, 
and an analog-to-digital converter (ADC). The power board accepts 9 to 36 V unregulated 
and provides regulated 5 V for the ADC and photodetectors and 12 V for the laser driver. 
The laser is a 1550 nm distributed-feedback diode (DFB-4G-DM-1550, Optilab, Phoenix, 
AZ, USA) in a 14-pin butterfly mount driven by a low-noise current source (LD1100, 
Thorlabs, Newton, NJ, USA). The photodetector board, developed at Clemson University, 
carries three InGaAs photodiodes (PD-A-25-9-1-N, Bitline System Pty. Ltd., Galston, NSW, 
Australia) with transimpedance amplifiers and adjustable gain, and plugs directly into a 
16-bit ADC (T7 OEM, LabJack, Lakewood, CO, USA). The fringe voltages are sampled at 
20 Hz and converted to phase with Equation (3) on an embedded computer, which stores 
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the phase and the three fringe voltages in miniSEED format [51] and telemeters them to 
Clemson University.

All of the interrogator components are housed in a 76.2-mm-diameter, 0.5-m-long 
aluminum pressure case that is suspended in the borehole about 5 m below the surface. 
At that depth, the temperature is stable enough to run the laser without active thermal 
regulation, which is why the laser mount is thermally bonded to the case. The case is held 
over the component tray with internal snap rings so that it can be slid off with the cables 
attached, and the whole interrogator can be replaced without touching any up-hole or 
down-hole hardware.

Input/Output
Fiber Cable

Laser
Driver Laser

Diode Photodetector
Board

Power In &
Ethernet Out

ADC

Figure 3. The Version 3 optical fiber Michelson interrogator (OFMI) with the pressure case sleeve 
removed: (top) CAD model with the major components labeled, from the optical fiber cable input on 
the left to the power and Ethernet connections on the right; (bottom) photograph of the assembled 
interrogator on its component tray.

2.4.  Site and Deployment
The North Avant Field is an oil field about 50 km north of Tulsa, Oklahoma, where we 

have conducted water injection tests into the Bartlesville sandstone at about 530 m depth to 
characterize the reservoir with borehole strainmeter measurements [41,42]. A GTSM was 
installed in September 2016 in borehole AVN2 (36.532120∘ N, 96.081021∘ W), and the AOFS 
in June 2017 in borehole AVN4 (36.532109∘ N, 96.081199∘ W), 15 m away. The two borings 
have nearly identical completions. An air hammer drilled to 26 m, 6-inch steel casing was set, 
and an air rotary bit drilled the open install interval to 30 m. The install zone is a 3-m-thick 
limestone between 26.5 and 29.5 m in depth, bounded above and below by shale.

Both instruments were grouted in place. About 0.11 m3 of expanding grout (Master-
Flow 1206, BASF, Ludwigshafen, Germany) was mixed and delivered to the bottom of the 
borehole with a dump bailer, giving a grout column of about 6 m, and the instrument was 
lowered through the grout until it was centered in the limestone. Enclosures for batteries, 
data acquisition, and telemetry, solar panels, and livestock fencing were installed the fol-
lowing day. A Vaisala WXT520 weather station at AVN4 records barometric pressure at 5 s 
intervals, and the GTSM carries its own 30-min barometer.

2.5.  Data
The GTSM was operated by UNAVCO (now EarthScope) as Plate Boundary Observa-

tory (PBO) station AVN2, and data from its four gauges are archived at 20 Hz and 1 Hz 
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(network PB, channels BS1–4 and LS1–4). The AOFS phase and fringe voltages are archived 
at 20 Hz (network 2J, station AVN4, channel BS1), and the barometer at 0.2 Hz (channel 
VDO). The joint record analyzed here runs from 16 November 2017 to 12 March 2022,
1579 days. Within it the GTSM 20 Hz stream is present on 90% of days and the 1 Hz stream, 
which is used to bridge the 20 Hz outages, on 91%, and 1518 of the 1540 AOFS day files 
(98.6%) are at least 90% complete. The longest four-gauge GTSM record with no gap longer 
than 10 min is 432 days, from 22 August 2019 to 27 October 2020 (window WA below), 
during which the AOFS is 99.55% and the barometer 99.89% complete.

GTSM gauge counts were linearized with the PBO expression 𝑒 = (𝑐/108)/(1 − 𝑐/108) ×
𝑔/𝑑, with a gap 𝑔 of 100 μm and a borehole diameter 𝑑 of 87 mm from the station meta-
data, which reproduces the UNAVCO Level 2 gauge strains to 0.2 nε. The 20 Hz gauge 
streams carry two digital faults that were corrected on read: single-sample and short runs 
of samples 540 counts below the trace (149,343 samples on 136 gauge-days, blanked), and 
one 137,730-count offset on gauge 2 during 22 h in October 2021 (folded back by the exact 
quantum). Logger restarts hold a constant value for up to 1.5 h and were blanked, together 
with 60 s after each. Rare gross glitches (64 samples on 16 days, 15 million counts off on all 
four gauges) were blanked. No other edit was made to the GTSM record, and in particular 
no offsets were removed from it: the GTSM reads the displacement of its gauges since in-
stallation, so its record is continuous across power outages. Gauge 3 became intermittently 
noisy from mid-December 2021 to the end of the record, with ten times its usual power at 
periods of 30 min to 7 h; the spectral windows of Section 2.7 end before that date, and the 
hourly record is unaffected at the scale at which it is plotted in Section 3.4.

The AOFS optical phase is calculated as a fringe count. The instrument returns to zero 
at every interrogator restart, and rapid strain (a local earthquake, or the surface waves of a 
teleseism) can outrun the 20 Hz sampling so that whole turns of 2𝜋 are lost or gained. Two 
classes of edit were therefore applied to the 20 Hz phase:
1. Fringe miscounts at earthquakes. A catalog of 8799 regional and teleseismic events was 

screened, and for the 159 at which the AOFS phase departed from its pre-event level, 
the areal strain from the GTSM, converted to radians with the provisional calibration, 
served as a reference. A joint fit of a linear drift and an integer number of 2𝜋 turns to 
the post-event difference restored 138 events (turns from −10 to +359, residual after 
repair 0.04 rad median); 12 needed only their interior filled from the reference, 8 had no 
reference, and 1 needed no change. The restored events are 136 regional earthquakes 
of M2.5 to 4.6 at 71 to 496 km, most of them in Oklahoma, and two teleseisms, the 
M7.1 Ridgecrest, California, earthquake of 2019 and the M7.7 Jamaica earthquake of 
2020; they occurred at 30 to 40 per year from 2018 through 2021, about one in ten of 
the M2.5 and larger earthquakes within 300 km.

2. Offsets at restarts and tracking losses. Every remaining step was identified by eye in 
the full 20 Hz record and cataloged (428 events, 394 applied). The offset at each was 
measured by fitting 60 s lines on either side of the disturbed stretch and removed at 
the jump itself with a 1 s raised-cosine blend. Where the catalog bounded a burst or a 
tracking loss, its interior was filled with a trend or with a shape-preserving interpolant.
After these edits, the phase was scaled to strain with the calibration of Section 3.2, and 

the 20 Hz GTSM gauges were combined into areal strain with the tidally calibrated matrix. 
Both were block-averaged to 5 s and to hourly means. The offsets that remain in the hourly 
AOFS record were estimated against the GTSM over 48 h on either side and removed when 
they exceeded two standard errors. A total of 94 such offsets, mostly in 2018 and 2019 when 
the interrogator restarted often, were applied to the hourly and 20 Hz AOFS records. Hours 
during which the GTSM was settling after a restart (97 h) and AOFS warm-up hours (179 h) 
were dropped.
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2.6.  Tide Theory and Calibration Estimator
The in situ calibration of borehole strainmeters is complicated by the mismatch in 

stiffness between the instrument and the formation [52], by small-scale heterogeneity near 
the instrument [53], and by residual stresses from drilling [54]. The accepted approach is to 
compare the observed tidal constituents with the predicted solid Earth tide [40,55–59], and 
calibration against the dilatation of teleseismic Rayleigh waves is a recent alternative [60]. 
We computed the theoretical strain tensor at the site with data from the body-tide program 
TidalStrain.2 [61,62], ocean loading from the GOTIC2 convolution [63], and the diurnal 
Love-number correction for the free core nutation, and formed the areal strain 𝐴 = 𝜀𝐸𝐸+𝜀𝑁𝑁
and the two shears 𝛾1 = 𝜀𝐸𝐸 − 𝜀𝑁𝑁 and 𝛾2 = 2𝜀𝐸𝑁.

Each observed hourly series was fit by generalized least squares with a model consisting 
of nine tidal lines (Q1, O1, P1, K1, S1, N2, M2, S2, K2), a cubic spline drift with 3-day knots, 
offsets at the excised episodes and gap boundaries, and the barometric pressure as a scalar 
regressor, with a power-law noise covariance estimated from the residuals. The series 
were first-differenced before fitting, which whitens the red noise; the resulting amplitudes 
were corrected for the differencing gain 2 sin(𝜋𝑓 Δ𝑡). The same design was applied to 
the theoretical strains, so that each observed constituent is compared with its theoretical 
counterpart. For each GTSM gauge 𝑖 the M2 and O1 phasors were inverted for the couplings

𝑒𝑖 = 𝑎𝑖𝐴 + 𝑏𝑖𝛾1 + 𝑐𝑖𝛾2, (4)

which give the fitted areal coupling 𝑎𝑖, the shear coupling 𝐷𝑖 = √𝑏2
𝑖 + 𝑐2

𝑖 , and the gauge 
azimuth. The pseudo-inverse of the 4 × 3 coupling matrix then yields areal strain from 
the four gauges; its first row is the areal calibration row, which is compared with the 
manufacturer’s isotropic matrix (𝑎𝑖 = 0.75, 𝐷𝑖 = 1.5 for every gauge, from the PBO constants 
𝐶 = 1.5 and 𝐷 = 3.0).

The AOFS is a single channel and was fit with the single-channel form of Equation (4), 
𝜙 = 𝑎𝐴 + 𝑏𝛾1 + 𝑐𝛾2, which tests whether it is purely areal: if 𝑏 and 𝑐 vanish, the instrument 
responds only to areal strain and 1/𝑎 is its calibration in nε per radian. The AOFS calibration 
was estimated in the four windows listed in Section 3.2, of which W1, the last 391 days of 
the record, is the primary window; the GTSM was calibrated in W1, W0, and WA.

2.7.  Spectral Estimator
Amplitude spectra and cross spectra were estimated by averaging the periodograms 

of many long windows of the 20 Hz records on a logarithmic frequency grid, so that a 
single estimator spans eight decades, from the borehole drift to the Nyquist frequency, 
without splicing decimated series. One hundred windows of 129 days were drawn at 
random starting times, with the requirements that both records be at least 98% complete 
and that the window end before 15 December 2021 (Section 2.5); the grout-cure trend 
of Section 3.4 and a straight line were removed from each window and the residual gaps 
were linearly interpolated. Each window was Hann tapered and transformed as a single 
223-million-point FFT, and the periodogram was averaged over the FFT bins that fall in 
each cell of the grid, about 150 cells per decade for the spectra and 40 per decade for the 
cross spectra, which keeps the full 1/𝑇 resolution through the tidal bands and holds the 
variance of the estimate roughly constant above them. The amplitude spectra reported are 
the medians across the 100 windows, computed with the barometric pressure removed: 
for each window and instrument a frequency-independent admittance was fitted by least 
squares over 1 × 10−6  to 1 × 10−3  Hz and that multiple of the pressure record was subtracted 
before the periodogram was formed.

For the cross spectra of Sections 3.3 and 3.5, the auto and cross spectra are summed over 
the windows and over the bins of each cell before the coherence, gain, and phase are formed. 
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They are shown from 1 × 10−6  Hz upward, where a dozen or more independent windows 
contribute to every cell. Their standard errors come from a delete-one-block jackknife over 
the 129-day blocks in which the windows start, and the shaded bands in Figures S2, S3 and 
S5 are one and two standard errors. Phase is shown only where the coherence exceeds 0.2. 
The barometer cross spectra use 5 s means of the same windows, with the eight main tidal 
constituents fitted and removed from each strain window first, since the tides are incoherent 
with pressure and would otherwise empty the coherence across the tidal band. The cross 
spectrum is 𝑆𝑥𝑦 = 𝑋𝑌, so the gain |𝑆𝑥𝑦|/𝑆𝑥𝑥 is the transfer function from 𝑥 to 𝑦 and the 
phase is positive when 𝑦 leads 𝑥. For the tidal lines (Section 3.5), the whole 1579-day hourly 
record with the tides retained was Hann tapered and transformed once; with coherent-gain 
normalization the periodogram then reads the constituent amplitude in nanostrain directly, 
and P1 and K1, 0.4% apart in frequency, are separated.

3.  Results
3.1.  Tidal Calibration of the GTSM

The tidal calibration of the GTSM in window WA reproduces the metadata gauge 
azimuths to within 1.6∘ using the per-gauge couplings (Table 1), and W0 and W1 agree 
with WA to 1 to 3% in 𝑎𝑖 and 𝐷𝑖, so the calibration is stationary over 2019 to 2022. The 
fitted areal couplings, 0.42 to 0.72, are all less than the isotropic value of 0.75, and the shear 
couplings, 1.55 to 1.75, are all greater than 1.5. The consequence is that the manufacturer’s 
isotropic matrix under-reads the areal strain at this site by a factor of 1.44 at M2, whereas 
the tidally calibrated row reproduces the theory to 0.1% at both fitted lines and predicts the 
out-of-band lines N2, K1, and S2 as being 0.999, 1.008, and 0.975 of theory. Per-gauge phasors 
agree with the UNAVCO Level 2 metadata to a few percent in amplitude at M2 and to 5 to 9∘

in phase, the phase difference being the loading and reference-definition difference between 
the two analyses. The barometric admittance of the areal strain is −39.5 ± 0.2 nε/kPa with 
the tidal row and −28.3 nε/kPa with the manufacturer’s row.

Table 1. Per-gauge tidal calibration of the GTSM at AVN2 in window WA (22 August 2019 to
27 October 2020). 𝑎𝑖 and 𝐷𝑖 = √𝑏2

𝑖 + 𝑐2
𝑖  are the areal and shear couplings of gauge 𝑖 in Equation (4),

𝜃𝑖 is the fitted azimuth clockwise from north, and the admittance is the barometric coefficient of the 
gauge. The manufacturer’s isotropic model has 𝑎𝑖 = 0.75 and 𝐷𝑖 = 1.5.

Gauge Azimuth (∘) 𝒂𝒊 𝑫𝒊 𝜽𝒊 (∘) Admittance 
(n𝛆/kPa)

0 230.5 0.722 ± 0.003 1.750 ± 0.004 50.0 ± 0.1 −18.5 ± 0.2
1 170.5 0.417 ± 0.003 1.553 ± 0.005 169.5 ± 0.1 −21.7 ± 0.1
2 110.5 0.510 ± 0.003 1.581 ± 0.004 110.4 ± 0.1 −20.6 ± 0.1
3 80.5 0.594 ± 0.002 1.658 ± 0.004 78.9 ± 0.1 −24.4 ± 0.1

3.2.  Tidal Calibration of the AOFS
The pure-areal calibration of the AOFS is 0.2940 to 0.2958 nε per radian across the 

four windows (Table 2), a range of 0.6% over 2018 to 2022, with 0.5 to 0.9% scatter among 
90-day sub-windows; the value adopted is the W1 value, 0.2958 ± 0.0007 nε/rad, where 
the uncertainty is one standard error of the fit. It does not include the uncertainty of the 
theoretical tide, which sets the absolute scale of the calibration: at this site, the ocean loading 
and the diurnal Love-number correction together change the theoretical areal tide by about 
15%, and the calibration changes with it. The comparison between the two instruments 
does not depend on this choice, because both are calibrated against the same theory. At 
this scale, the nominal 16-bit least count of the interrogator is about 5 × 10−15 strain. The 
three-coefficient fit of Equation (4) returns 𝑏/𝑎 = −0.040 and 𝑐/𝑎 = +0.021 in W1, a shear 
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sensitivity of 4.4 to 5.1% of the areal sensitivity with the same sign pattern in every window 
(equivalent axis 14 to 33∘ clockwise from north). The leakage is statistically resolved
(𝜒2 drops from 34 to 9 in W1) but small, and the pure-areal model predicts the out-of-band 
lines N2, K1, K2, and S2 at 0.98, 1.00, 1.01, and 1.04 of theory as well as the four-gauge GTSM 
calibration does. Once each instrument is tidally calibrated against the same theory, the two 
instruments agree at the percent level: in W1, the M2 ratios to theory are 1.003 (AOFS) and 
1.001 (GTSM), the O1 ratios are 0.976 and 0.998, and the phases agree within 2∘ at both lines. 
The observed and predicted phasor arrows (Figure 4) coincide at every constituent except 
S2, where the atmospheric tide adds to the solid Earth tide on both instruments, and P1
and Q1 on the GTSM, which are the weakest diurnal lines. The constituent-by-constituent 
amplitude ratios and phases of the AOFS fit, and the sliding 90-day calibration, are shown 
in Figure S1.

Table 2. Tidal calibration of the AOFS at AVN4 in four windows. The calibration is the reciprocal of 
the pure-areal coupling 𝑎; the leakage is √𝑏2 + 𝑐2/𝑎 from the three-coefficient fit of Equation (4), with 
𝑎, 𝑏, and 𝑐 as the areal and shear couplings of the single channel; and the admittance is the barometric 
coefficient of the calibrated strain.

Window Span Calibration (n𝛆/rad) Leakage Admittance (n𝛆/kPa)

W2 24 April 2018 to 8 September 2019 0.2949 ± 0.0011 0.045 −13.8
W0 23 January 2020 to 27 October 2020 0.2940 ± 0.0006 0.051 −15.7
WL 11 January 2020 to 12 March 2022 0.2948 ± 0.0006 0.044 −14.1
W1 14 February 2021 to 12 March 2022 0.2958 ± 0.0007 0.046 −13.0 ± 0.3
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Figure 4. Tidal phasors of the (a) AOFS and (b) GTSM areal strain in window W1: predicted from 
the theoretical areal strain tide (black) and observed (red) for every constituent, in nanostrain, with 
the phase relative to a common epoch. M2 and O1 (solid) are the constituents fitted for the calibration; 
the others (dashed) are predictions of the fitted model. S1 is omitted.

3.3.  Barometric Admittance
The barometric admittance of the AOFS from the tidal fits is −13.0 to −15.7 nε/kPa 

depending on the window (Table 2), compared to −39.5 nε/kPa for the tidally calibrated 
GTSM areal strain and −28.3 nε/kPa for the manufacturer’s matrix. The AOFS is there-
fore 2.5 to 2.8 times less sensitive to surface loading than the GTSM. The coherence and 
admittance of the AOFS follow the same pattern as those of the GTSM at a smaller mag-
nitude (Figure 5). The admittances are flat below 1 mHz, at 40 ± 1 nε/kPa (GTSM) and 
16 ± 1 nε/kPa (AOFS), and both roll off above 2 mHz. Both strains are 180∘ out of phase 
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with the pressure across the whole band in which the coherence permits a phase estimate, 
as expected since an increase in pressure compresses the formation. The coherence with 
pressure over 1 × 10−6  to 1 × 10−3  Hz is 0.85 for the GTSM and 0.5 for the AOFS, with a dip 
through the diurnal and semidiurnal bands; the lower AOFS coherence is the consequence 
of its smaller admittance against the same instrumental and geophysical background. The 
individual cross spectra with their standard-error bands are Figures S2 and S3.
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Figure 5. Median coherence, admittance, and phase between barometric pressure and areal strain 
for the GTSM (black) and the AOFS (red), from 100 windows of 129 days at 5 s sampling, with the 
tidal constituents removed from the strain. Phase is shown only where the coherence exceeds 0.2. The 
standard-error bands of each estimate are in Figures S2 and S3.

3.4.  Time Series
The pattern of the residual strain after the grout-cure trend is removed is nearly identical 

at the two instruments (Figure 6). The areal strain is characterized by annual fluctuations 
of about 1 με peak to peak, with sharp, rapid excursions in both series caused by injection 
into and production from nearby wells. The slow disagreement that remains between the 
two records, of order 100 nε over a year, is the size of the uncertainty in reconnecting the 
AOFS record across its interrogator restarts (Section 2.5).
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Figure 6. Hourly areal strain of the GTSM (black) and the AOFS (red) from 16 November 2017 to
12 March 2022, offset vertically for clarity. The dark traces have the tides, the barometric pressure, and 
the grout-cure trend removed; the light traces retain the tides. The grout-cure trend is 𝐹+𝐴1𝑒−𝑡/𝜏1 +𝑀𝑡
fitted to each record, with a second exponential where needed and 𝜏1 limited to 2000 days. The GTSM 
record is continuous across its outages because the gauges read displacement since installation; the 
AOFS record is reconnected across its interrogator restarts (Section 2.5). Positive is extension.

The two instruments follow each other and the theoretical areal strain tide cycle by 
cycle through a month that spans two spring–neap cycles (Figure 7); the rms tidal signal 
over the month is 17.7 nε (GTSM) and 17.1 nε (AOFS). Over the whole record, the M2
amplitudes read from the periodogram are 15.26 nε (AOFS) and 15.48 nε (GTSM), a 1.5% 
difference that is the O1 and M2 discrepancy of Section 3.2 averaged over the four years.

The difference in resolution between the two instruments is evident in their response 
to a local earthquake (Figure 8). The event is unmistakable on both instruments, with peak 
areal strains of 0.82 nε on the GTSM and 0.59 nε on the AOFS, and the two records have the 
same polarity and timing: over the S wave train, their correlation is 0.66 and peaks at zero 
lag. The background noise, however, differs by more than an order of magnitude. In the 
ten minutes before the origin, the rms of the high-passed GTSM record is 0.068 nε, set by its 
digitizer, whereas that of the AOFS record is 0.005 nε, a reduction by a factor of 14. The P 
arrival at 20 s, with a peak amplitude of 0.15 nε, is clear on the AOFS record but obscured 
by noise on the GTSM record, which first rises above its background at the S arrival at 34 s.

At the other end of the seismic band, where both instruments are far above their noise 
floors, the two records agree. The surface waves of the M8.2 Chignik, Alaska, earthquake of 
29 July 2021, 5030 km from the site, are compared in Figure S4. The peak areal strains are 
222 nε (GTSM) and 204 nε (AOFS), and the root-mean-square difference between the two 
traces over the two hours is 2.6 nε, about 1% of the peak.
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Figure 7. Areal strain tides recorded by the GTSM (black) and the AOFS (red) and the theoretical 
areal strain tide (gray), 5-min means with periods longer than 2 days removed: (upper) 19 September 
to 19 October 2020, with the three series offset vertically; (lower) the five days of spring tides marked 
by the gray box, overlaid.
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Figure 8. Areal strain from the M2.4 earthquake near Perry, Oklahoma, on 5 August 2020 (origin 
11:18:34 UTC), 116 km from the site, recorded at 20 Hz by the GTSM (upper) and the AOFS (lower), 
high-passed at 1 s and plotted at the same scale. The dashed lines mark the P and S arrivals. The 
pre-event rms is 0.068 nε on the GTSM and 0.005 nε on the AOFS.
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3.5.  Spectra and Cross Spectra
The median amplitude spectrum of the AOFS is less than or equal to that of the 

GTSM across eight decades of frequency, from 1 × 10−7  Hz to the 10 Hz Nyquist fre-
quency (Figure 9). The two spectra coincide below 1 × 10−6  Hz, at the tidal lines (within 
4% at O1, K1, M2, and S2), and from 0.03 to 0.3 Hz through the microseism peak near 
0.05 Hz (about 1 nε⋅Hz−1/2), where the GTSM is higher by 5 to 10%. Between 1 × 10−6  and
1 × 10−3  Hz, the GTSM spectrum lies 1.3 to 1.5 times above the AOFS spectrum, and between
1 × 10−3  and 1 × 10−2  Hz, the excess grows to a factor of 2 to 3, a broad shoulder in the 
GTSM spectrum that the AOFS does not share. The spectra diverge again above 0.3 Hz, 
where the GTSM reaches a white floor of 2.4 × 10−2 nε⋅Hz−1/2 with tones at 0.44, 0.75, 1, 2, 
3, and 4 Hz, while the AOFS continues to fall from 1.3 × 10−2 at 0.5 Hz to 8 × 10−3 at 1 Hz 
and 2 × 10−3 nε⋅Hz−1/2 at 8 Hz, 3 to 10 times below the GTSM between 1 and 8 Hz (both 
spectra roll off toward the Nyquist frequency with the acquisition filters). At the low end, 
both spectra rise to about 105 nε⋅Hz−1/2 at 1 × 10−7  Hz, which is the wander of the borehole 
rather than instrument noise, since the two records agree there in the time domain. In the 
inset, the seven tidal lines from O1 to K2 appear at the same amplitudes on both instruments, 
and P1 and K1 are resolved.
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Figure 9. Median amplitude spectra of the GTSM (black) and the AOFS (red) areal strain over 
100 windows of 129 days at 20 Hz, with the barometric pressure removed from both records. The inset 
shows the diurnal and semidiurnal tidal bands, with the frequency axis broken between them, from 
the whole-record hourly periodogram in nanostrain of constituent amplitude, with the constituents 
O1, P1, K1, N2, M2, S2, and K2 marked.

The cross spectrum between the two records (Figure S5) quantifies their similarity. The 
gain of the AOFS relative to the GTSM is 0.97 to 1.03 at the tidal lines, where the coherence 
is 0.93 to 1.00, and 0.94 across the microseism band, where the coherence reaches 0.99 and 
the phase is zero. Between 1 × 10−6  and 1 × 10−3  Hz, with the tidal lines excepted, the gain 
is 0.4 and the coherence 0.65 (0.8 below 1 × 10−5  Hz). This is the band in which barometric 
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loading dominates both records. The two instruments, calibrated to agree on the tides, 
respond differently to surface loading. Between 1 × 10−3  and 1 × 10−2  Hz, the coherence is 
0.66 while the gain stays at 0.4, so the GTSM shoulder of Figure 9 is mostly power that the 
AOFS does not see. Above 0.3 Hz, the coherence falls below 0.2 as the GTSM digitizer noise 
takes over.

3.6.  Water Injection Test
We have performed several water injection tests into the Bartlesville sandstone to induce 

strains and pressure changes that characterize the reservoir [41,42]. In the test analyzed 
here, water was injected into well 9A, about 220 m from the strainmeters and completed 
at about 530 m depth, for 23.3 days from 17:00 UTC on 28 June 2018 at an average rate of 
8 × 10−4 m3/s (450 barrels per day). The tides, the barometric pressure, and the grout-cure 
trend were removed from both records. The linear drift that remains was removed from the 
GTSM record with a line fitted to the week before injection, and from the AOFS record with 
a line fitted jointly with the amplitude ratio of the two records over the whole window.

The areal strain increased within an hour of the start of injection, and the records of 
the two instruments are nearly indistinguishable (Figure 10). The strain rate decreased 
during the injection, which gives the records their negative curvature, up to a maximum 
strain of 584 nε (GTSM) and 576 nε (AOFS) at the end of injection. The strain decreased 
slightly after injection, and the records from the two instruments are essentially the same 
over the 33-day comparison. The rms difference between them during the injection is 4.4 nε, 
and the amplitude ratio of the AOFS to the GTSM is 1.00 ± 0.02.
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Figure 10. Areal strain recorded by the GTSM (black) and the AOFS (red) during water injection 
into well 9A (gray box, 28 June to 22 July 2018), hourly means with the tides, barometric pressure, 
and borehole drift removed, and their difference (blue). The series with the tides retained are shown 
in light gray and light red for scale.

https://doi.org/10.3390/s26227154

https://doi.org/10.3390/s26227154


Sensors 2026, 26, 7154 16 of 22

4.  Discussion
The AOFS matches the GTSM everywhere the two can be compared, and exceeds it at 

high frequency. Both instruments respond to the tides at the theoretical amplitude, their 
amplitude spectra coincide at the tidal lines and across the microseism band, and their cross 
spectrum has unit gain and zero phase there (Figures 9 and S5). Between 1 × 10−6  and
1 × 10−2  Hz, the GTSM spectrum lies above the AOFS spectrum, but we do not interpret 
this as lower instrument noise in the AOFS: the excess is consistent with loads that the 
barometer does not capture, to which the GTSM is more sensitive, and in this band, we 
claim only that the two instruments agree where they are coherent. Above 1 Hz, the AOFS 
noise floor is set by the interferometer and continues to fall to 10 Hz, whereas the GTSM 
is limited by its digitizer, which gives the AOFS 14 times lower background noise at the 
periods of local earthquakes. This is the first optical fiber borehole strainmeter to reach 
the performance of the GTSM, and it does so with a sensing package made from standard 
materials with simple machining and no seals, feedthroughs, or moving parts.

The AOFS differs from the earlier optical fiber strainmeters in terms of where the fiber 
is and what it measures. The terrestrial instruments stretch fiber between anchors tens to 
hundreds of meters apart, horizontally at the surface [18,21,23] or vertically between the 
surface and a point at depth [19,20,22,64], and the seafloor instruments do the same between 
seafloor monuments [6,43]. Their sensitivity comes from the length of the baseline, and 
their stability depends on the anchors, as for any long-base strainmeter. The AOFS winds 
265 m of fiber into a 1.2 m package grouted in a borehole, so it measures the deformation of 
the borehole as the GTSM does and needs no monuments; the length of the wound fiber 
supplies the sensitivity that the baseline supplies in the long-base instruments. The earlier 
borehole implementations of this concept [41,42,45] measured the areal strain but were not 
compared over long records with a co-located instrument, and to our knowledge, the record 
presented here is the first multi-year evaluation of an optical fiber borehole strainmeter 
against a GTSM.

One difference between the two instruments is the barometric admittance (Table 2 and 
Figure 5). The AOFS responds to barometric loading with 2.5 to 2.8 times less strain per 
kilopascal than the GTSM, both from the tidal fits and from the cross spectra over the whole 
loading band, even though the two instruments agree on the tides and on the injection 
test. We attribute the difference to the vertical stress. The tides and the injection strain 
the formation at the instruments under essentially zero vertical stress, because the free 
surface is 28 m above, and the tidal calibration sets the response of each instrument to 
that kind of strain. A load on the surface changes the vertical stress, and the response of a 
borehole strainmeter to vertical stress depends on the vertical compliance of its package, 
which the tidal calibration does not constrain [55] and which varies from site to site and 
with frequency [65]. The thick-walled reference mandrel, the steel ballast bar, and the 
fully potted interior make the AOFS much stiffer axially than the GTSM, whose gauges are 
hollow thin-walled cylinders, so the AOFS converts less of the vertical stress into a signal. A 
quantitative estimate of the two vertical compliances would require the internal construction 
of the GTSM gauges and a numerical model of each package in its grout column, which 
are beyond the scope of this paper; the measured ratio of the admittances, 2.5 to 2.8, is 
the empirical measure of the difference. The 0.4 gain of the AOFS relative to the GTSM 
between 1 × 10−6  and 1 × 10−2  Hz (Figure S5) is the ratio of the two admittances, and the 
same coupling is the likely reason the GTSM spectrum stays 1.3 to 1.5 times above the 
AOFS spectrum between 1 × 10−6  and 1 × 10−3  Hz after the pressure is removed (Figure 9): 
whatever surface loading the barometer does not capture, such as rainfall and soil moisture, 
acts on the GTSM with the same larger admittance. Other contributions that a single site 
cannot exclude are differences in the grout coupling of the two instruments and in the 

https://doi.org/10.3390/s26227154

https://doi.org/10.3390/s26227154


Sensors 2026, 26, 7154 17 of 22

near-borehole stress state at their locations 15 m apart; a comparison at a second site would 
separate them from the package response. The GTSM shoulder between 1 × 10−3  and
1 × 10−2  Hz is a separate question. Its coherence with the barometer falls to 0.05 above 
3 mHz, so it is not barometric loading, and its coherence with the AOFS is 0.66 at the 
same 0.4 gain, so part of it is ground motion that both instruments record and the rest 
is unexplained.

The other difference is the shear leakage (Table 2). The AOFS is designed to be purely 
areal, and the three-coefficient tidal fit resolves a shear sensitivity of 4.4 to 5.1% of the areal 
sensitivity with a stable orientation. Since the fiber is wound uniformly around the mandrel, 
a shear response requires an azimuthal asymmetry in the coupling, which could be caused 
by the borehole, the grout column, or the off-center counter-ballast bar. The leakage is small 
enough to ignore for most applications, and it can be removed with the fitted coefficients 
when the shear strains are known.

The main limitation of the AOFS as deployed is the fringe count. The interrogator 
returns to zero at every restart, and rapid strain can outrun the 20 Hz sampling, so the 
record had to be reconnected at 394 cataloged offsets and 138 earthquake miscounts, with 
the nearby GTSM serving as the reference. The two kinds of offset have different remedies. 
The miscounts occur when the strain rate outruns the fringe tracking, and later interrogators 
built on this design eliminate them by oversampling the fringes and by counting quarter 
fringes with a high-rate digital comparator. The restart offsets are a harder problem. While 
the interrogator is off, the strain continues to change, and recovering the change requires 
an absolute measurement of the fiber length at a resolution comparable to a fraction of a 
fringe. Techniques that approach this resolution are not yet practical for an autonomous, 
low-power field instrument, and those that are practical lack the resolution, so this remains 
an open problem for interferometric optical fiber strainmeters in general. Until it is solved, 
an outage leaves an offset that must be estimated, either from a nearby instrument, as was 
done here with the GTSM, or from the model of the borehole drift that every strainmeter 
record already requires. The reconnection uncertainty, of order 100 nε per year, sets the 
limit on the long-period comparison in Figure 6 and is the reason the lowest decade of the 
spectra reflects the borehole rather than the instruments. The other comparisons do not 
depend on the reconnection: the tidal calibration is made on first-differenced hourly series, 
in which a reconnection error is a single outlier, and the two earthquakes and the injection 
test fall between restarts.

The motivation for this instrument was the need for an array. The borehole strain-
meters described in the Introduction are built one at a time around precision displacement 
transducers, and this level of effort has limited their applications to single instruments or 
sparse arrays of a few. Many important applications for strainmeters involve monitoring 
subsurface systems that are spatially distributed, such as reservoirs, volcanoes, hydraulic 
fractures, and aquifers. Resolving distributions of pressure, temperature, or properties in 
the subsurface from strain data is best served by an array of instruments, which has been 
impractical with earlier designs. The same economics drive the move to passive optical 
sensors with shared up-hole electronics for seafloor arrays [66] and the low-cost optical 
borehole strainmeters now under development [37,38]. The AOFS removes the specialized 
components used in earlier instruments. The sensing element is fiber wound on tubing, 
the package is welded and potted in epoxy with no feedthroughs or moving parts, and the 
interrogator is an up-hole unit that can be exchanged while the downhole sensor remains 
in place. Building an array then becomes a matter of drilling, grouting, and calibrating the 
instruments in the field.

Many of the applications that need arrays need only the areal strain. A volumetric 
source at depth, such as injection into or withdrawal from a reservoir, produces an areal 
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strain at the strainmeter whose onset and shape carry information about the hydraulic 
diffusivity of the formation. Leak detection and induced-seismicity monitoring rest on 
the same areal or volumetric signal. Some important characteristics, such as reservoir 
boundaries, can be evaluated with shallow areal strain data from several locations. Similar 
results can be achieved with fewer tensor strainmeters [67,68], but this is a difference in 
degree, not in kind, and the simple, high-performance strainmeter described here has a 
place in subsurface characterization and monitoring.

The AOFS also demonstrates the performance of a new sensor design. The fiber-wound 
mandrel, the potted and welded package, the three-fringe interrogation, and the in situ 
calibration are the elements of a package that holds several fiber elements at different 
azimuths; the configuration required to measure the horizontal strain tensor and tensor 
instruments built from these elements have been deployed in Oklahoma and Utah [69,70]. 
The results presented here establish the performance of a one-component instrument against 
the GTSM, and the multi-component instruments are now being evaluated in the field.

5.  Conclusions
We have developed and described a borehole areal strainmeter that uses an embedded 

optical fiber as a passive sensing element and have compared it over four years with data 
from a co-located Gladwin Tensor Strainmeter. The two instruments agree to 1% at M2
and 2% at O1, and the AOFS calibration of 0.2958 ± 0.0007 nε per radian is stationary to 
0.6% over 2018 to 2022. The amplitude spectra coincide at the tidal lines and across the 
microseism band, and above 1 Hz, the AOFS is 3 to 10 times quieter, with a 16-bit least count 
of 5 × 10−15 strain. The instrument is 2.5 to 2.8 times less sensitive to barometric loading 
than the GTSM, which points to a lower vertical coupling of the potted, ballasted package, 
and it records the strain of a reservoir injection test at the same amplitude as the GTSM 
(1.00 ± 0.02). The AOFS is built from readily available materials with simple machining 
and is straightforward to assemble, in contrast to every other strainmeter of comparable 
resolution, and it needs no precision transducer and is calibrated in place against the tides, 
which makes dense borehole strain arrays practical. Multi-component embedded optical 
fiber strainmeters that resolve the full horizontal strain tensor are now being built on the 
same principle.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/s26227154/s1. Figure S1: Tidal calibration of the AOFS in window 
W1; Figure S2: Coherence, admittance, and phase between the barometric pressure recorded at AVN4 
and the AOFS areal strain, from 5 s means; Figure S3: As Figure S2, for the GTSM areal strain from 
the tidally calibrated four-gauge combination; Figure S4: Areal strain from the M8.2 Chignik, Alaska, 
earthquake of 29 July 2021 (origin 06:15:49 UTC, 5030 km from the site) recorded by the GTSM (upper) 
and the AOFS (lower), 1 s means of the 20 Hz records band-passed between 10 and 100 s; Figure S5: 
Coherence, gain, and phase of the AOFS areal strain relative to the GTSM areal strain from the 20 Hz 
records, 1 × 10−6  to 10 Hz, with one and two standard-error bands.
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