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Abstract

Distributed Acoustic Sensing (DAS) was originally intended to measure oscillatory strain at frequencies of 1 Hertz or more on
a fiber optic cable. Recently, measurements at much lower frequencies have opened the possibility of using DAS as a dynamic
strain sensor in boreholes. A fiber optic cable mechanically coupled to a geologic formation will strain in response to hydraulic
stresses in pores and fractures. A DAS interrogator can measure dynamic strain in the borehole which can be related to fluid
pressure through the mechanical compliance properties of the formation. Because DAS makes distributed measurements, it
is capable of both locating hydraulically active features and quantifying the fluid pressure in the formation. We present field
experiments in which a fiber optic cable was mechanically coupled to two crystalline rock boreholes. The formation was stressed
hydraulically at another well using alternating injection and pumping. The DAS instrument measured oscillating strain at the
location of a fracture zone known to be hydraulically active. Rock displacements of less than one nanometer were measured.
Laboratory experiments confirm that displacement is measured correctly. These results suggest that fiber optic cable embedded
in geologic formations may be used to map hydraulic connections in three dimensional fracture networks. A great advantage
of this approach is that strain, an indirect measure of hydraulic stress, can be measured without beforehand knowledge of
flowing fractures that intersect boreholes. The technology has obvious applications in water resources, geothermal energy, CO

sequestration, and remediation of groundwater in fractured bedrock.
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Key Points:

e Distributed acoustic sensing (DAS) can accurately measure dynamic bedrock strain at
low frequency.

e The distributed strain measurement identified fluid stimulation of hydraulically
connected bedrock fractures

e Measurement of hydromechanical response in wells provides a robust tool for
establishing bedrock plumbing in groundwater and geothermal systems.
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Abstract

Distributed Acoustic Sensing (DAS) was originally intended to measure oscillatory strain at
frequencies of 1 Hertz or more on a fiber optic cable. Recently, measurements at much lower
frequencies have opened the possibility of using DAS as a dynamic strain sensor in boreholes. A
fiber optic cable mechanically coupled to a geologic formation will strain in response to
hydraulic stresses in pores and fractures. A DAS interrogator can measure dynamic strain in the
borehole which can be related to fluid pressure through the mechanical compliance properties of
the formation. Because DAS makes distributed measurements, it is capable of both locating
hydraulically active features and quantifying the fluid pressure in the formation. We present
field experiments in which a fiber optic cable was mechanically coupled to two crystalline rock
boreholes. The formation was stressed hydraulically at another well using alternating injection
and pumping. The DAS instrument measured oscillating strain at the location of a fracture zone
known to be hydraulically active. Rock displacements of less than one nanometer were
measured. Laboratory experiments confirm that displacement is measured correctly. These
results suggest that fiber optic cable embedded in geologic formations may be used to map
hydraulic connections in three dimensional fracture networks. A great advantage of this
approach is that strain, an indirect measure of hydraulic stress, can be measured without
beforehand knowledge of flowing fractures that intersect boreholes. The technology has obvious
applications in water resources, geothermal energy, CO> sequestration, and remediation of
groundwater in fractured bedrock.

Plain Language Summary

A technology developed for measuring vibrations on fiber optic cable, distributed acoustic
sensing, is used to measure strain in bedrock in response to pumping and injection. This
technology is extremely sensitive to dynamic strain, measuring displacements approaching the
size of a water molecule. Field tests showed that fluid-induced strain in rock exhibits complex
geometry. The technology can be used to better understand flow in bedrock, optimize
geothermal energy extraction, and identify leakage from subsurface injection systems.

1 Introduction

A hallmark of fractured rock hydrology is complex three-dimensional behavior of flow [National Academies of
Sciences and Medicine, 2015]. Unlike alluvial systems which tend to be hydrostratigraphic, fracture orientations in
bedrock are dictated primarily by the stress field, which can create unpredictable hydraulic interconnectivity.
Fractured-rock hydrologists have long referred to the “plumbing” of bedrock systems because water can be
channeled in unexpected directions [National Research Council, 1996]. To understand bedrock plumbing, hydraulic
responses to pumping or injection are observed using boreholes that are isolated over discrete intervals, typically
with inflatable bladders (packers). The challenge with the current state of hydraulic characterization of fracture
bedrock is that monitoring requires prior knowledge of the connections to be isolated. Often, borehole geophysics is
used to find fractures and the permeabilities of these fractures are estimated with active or passive flow logging. By
iteratively applying logging and packing in multiple boreholes, the plumbing of the formation can be characterized,
but this process is time consuming, expensive, and limited by the poor resolution of borehole flow meters [Paillet,
1993]. Chemical or thermal tracers can be used but tracer breakthrough can be prohibitively slow and usually does
not result in identification of specific flow zones. Thermal tracers combined with fiber optic distributed temperature
sensing may lead to such detailed flow mapping [Klepikova et al., 2014], but this approach is feasible only for
closely spaced wells due to tracer heat dissipation.

Here we develop a “distributed” hydraulic sensor that circumvents the need to predetermine the fracture connectivity
of a formation to establish its hydraulic connectivity. Rather than measure pressure directly, fracture strain in
response to hydraulic stress is measured. Strain is used instead of stress because it can be measured using a
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relatively new fiber optic sensing technology called “Distributed Acoustic Sensing” or DAS. By mechanically
coupling the fiber to the formation, strain in response to hydraulic pressure propagation can be measured with
extremely high precision. This is an indirect measure of pressure. Fracture compliance must be known to make the
transformation from measured rock strain to fluid pressure. However, the timing of pressure propagation (e.g.
hydraulic diffusivity) is often more important than magnitude to understand hydraulic connectivity in bedrock
systems [/llman et al., 2009].

Fiber optic sensing technology has multiple advantages over traditional pressure transducer measurements.
Distributed sensing results in an effective measurement “array” along the length of the fiber with a density of meters
or less. Fiber optic distributed measurements can be kilometers long and fiber optic cabling can be constructed to
withstand adverse pressure, temperature, and chemical environments [Schenato, 2017]. Fiber optic cable is
relatively inexpensive, so it can be sacrificially installed in a borehole either cemented outside of casing or in a
dedicated slimhole [Becker et al., 2018a]. The possibility of fluid movement along borehole, which could lead to
blended hydraulic head measurements or cross-contamination, is avoided by cementing the fiber into boreholes.
Finally, the same cable can be used to simultaneously measure temperature with fiber optic distributed temperature
sensing.

In this article we describe pilot field experiments conducted in a bedrock well field. DAS was used to measure
fracture displacement in two boreholes in response to periodic pumping and injection at another borehole in the
field. Laboratory experiments were conducted to demonstrate that displacement measurements are reliable and to
assess the spatial resolution of the method. This article follows a previous article [Becker et al., 2017b] in which we
demonstrated that time-series geomechanical responses correlate with measure fluid pressure in one of the
boreholes. In the current article, we demonstrate the spatial rather than the temporal resolution of the method.
Specifically, we demonstrate how DAS can locate hydraulically conductive fractures by measuring the fracture
displacement in response to fluid pressure in two separate boreholes.

1.1 Distributed Acoustic Sensing

The principles of DAS are well documented in the published literature [Hartog, 2017; Parker et al., 2014]. The
system consists of a fiber optic cable, usually with single mode fiber, connected to an interrogator unit. The
interrogator used in this study employs phase demodulation of a laser backscatter signal to measure displacement
rate along the cable (phase optical time domain reflectometry, or ®-OTDR). This is accomplished over a specified
gauge length (e.g. 10 m), so strain rate is calculated as measured displacement rate divided by the gauge length.
Time of photon flight is used to position the signal along the cable. In the experiments reported here, a
measurement was collected every 0.25 m along the cable. Typically, temporal sampling is made at a frequency of 1
kHz or greater to sample vibrations of frequencies between Hz and kHz. The dynamic range of DAS extends from
kHz to uHz [Becker and Coleman, 2019; Lindsey et al., 2020]. Because the native measurement displacement rate,
signal-to-noise degrades at lower frequencies. In the experiments reported here, fiber displacement of less than 1
nm was measured at mHz frequencies [Becker et al., 2017a].

The key to measuring strain in a bedrock borehole is to couple the fiber mechanically to the borehole wall. For
horizontal boreholes, the coupling is surprisingly good from just friction [Richter et al., 2019]. For vertical
boreholes, the fiber must be either grouted into the borehole or pressed against the borehole wall. Grouting or
cementing the fiber outside of the casing provides the most robust coupling [Correa et al., 2019], although clamping
systems have also been designed [Daley et al., 2015]. For shallow applications, a pressured flexible liner may be
used to temporarily couple the fiber against the borehole wall [Becker et al., 2017b; Munn et al., 2017].

Even when the fiber optic cable is coupled to the formation, strain may not be perfectly transferred through the cable
itself [Becker et al., 2018b; Lindsey et al., 2020]. Downhole cables are generally designed to limit strain on the fiber
to prevent damage. Structures that are designed to prevent fluids from contacting the optical fiber also limit strain
transfer. For example, fiber-in-metal tube (FIMT) constructions are typically used where the fiber is contained
within a continuous single- or double-walled stainless-steel tube, and a hydrogen savaging gel surrounds the fiber to
help prevent hydrogen darkening. As a result, fiber optic cable construction can have a marked impact on strain
measurement. For example, Becker et al. [2018b] cemented five different cables of varying design into a single
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PVC pipe and then strained that pipe using a stepper motor. DAS measured strains in the fibers varied by a factor of
two, even though they were all subjected to identical displacement.

Applications of DAS technology have been explored most thoroughly for oil and gas applications [Cannon and
Aminzadeh, 2013; Li et al., 2015]. More recently, it has been adopted for monitoring geothermal reservoirs where
the temperature resistance of cables holds a unique advantage over electronic sensors [Paulsson et al., 2014]. The
most common application of DAS is to use the fiber as an array of geophones for seismic applications. These may
be downhole observations as previously noted or, most recently, in using unused or “dark” fiber in existing
communications networks to observe ground motions [Jousset et al., 2018; Lindsey et al., 2017; Williams et al.,
2018]. The potential for hydrologic applications has been recognized recently in the literature [Munn et al., 2017,
Schenato, 2017]. Although seismic velocity can be used to measure properties of interest to hydrology, such as
depth to water table or soil moisture [Ajo-Franklin et al., 2017], the focus here is on using DAS as a dynamic strain
meter.

2 Materials and Methods

3.1 Laboratory Tests

To confirm that DAS can correctly measure strain, a series of laboratory experiments were carried out using the
iDAS™, manufactured by Silixa (Elstree, Hertfordshire, UK, www.silixa.com). A 900 um OD tight buffered 9/125
pum single-mode fiber was chosen for this experiment as it most closely resembles a “bare” fiber unaffected by
casing. The fiber was epoxied into half-inch PVC sections which were mounted into aluminum brackets
(Supplemental Figure S1). The length of fiber was between the two mounts was 30 mm. Two synchronized
linear actuator stepper motors (Anaheim Automation, Model 17AW102Px06-LW4-EL) were used to drive the
separation of plates. These motors have 200 steps per revolution and move 3.969 micron per step. However, using
a stepper driver (Applied Motion, ST10-Si) it is possible to move the motor 51,200 microsteps per revolution,
resulting in a fiber displacement of 15.5 nm/microstep. The motor was programmed to approximate a sinusoidal
displacement with a period of 6.9 seconds and a displacement amplitude that varied between 17.5 and 40 um. These
amplitudes were much larger than those measured in the field but were chosen such that displacement could be
independently verified using a caliper.

The Silixa iDAS instrument was set with a temporal sampling rate of 1 kHz, a spatial sampling of 0.25 m, a laser
repetition rate of 50 kHz. Raw DAS output files were converted to displacement rate (nm/s) using a Matlab®
algorithm provided by the vendor. Displacement rates were converted to displacement by integrating the time series
using the cumtrapz function in Matlab®. Although the displacements applied to the fiber were large, the iDAS
measures displacement rate natively. Consequently, there were no issues with signal clipping of the data due to
large fiber displacement.

To extract the amplitude of displacement, three alternative methods were tested. First, amplitudes of the
displacement signal were extracted using the peak at the known dominant frequency from a Fast Fourier Transform
(FFT). A flattop window correction was applied to account for peak frequencies that fell near bin edges [Lyons,
2011]. Second, the same approach was used on the displacement rate signal, but the result was converted to
displacement using the equivalent analytic solution for an integrated sine function, i.e. dividing by 2rtf, where f is
the frequency of oscillation. Third, an envelope approach was used in which a running maximum and minimum of
the signal were differenced and halved to find the amplitude. An averaging window of 125% of the signal period
appeared to work best. No filtering or other processing was applied in any of the three approaches.

3.2 Field Tests

Field tests were conducted at the Mirror Lake Fractured Rock Hydrology site, New Hampshire, USA, within the
Hubbard Brook Experimental Forest. The Mirror Lake site was established by the U.S. Geological Survey’s Toxic
Substances Hydrology program to investigate contamination issues in fractured bedrock. The site itself is free of
any contamination and the wells are on U.S. Forest Service property. The many prior investigations conducted in
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the Forest Service East (FSE) well field (Supplemental Figure S2) provided an important baseline for the hydraulic
studies conducted for this work [Shapiro et al., 1995]. Bedrock at the FSE well field is composed primarily of
granitoids that have intruded the peletic schist country rock [Johnson and Dunstan, 1998]. A combination of
tectonic and unloading stresses have resulted in a complex fracture network throughout the crystalline bedrock to a
depth of at least 300 meters. Individual fractures tend to extend less than 10 meters in length, so permeability and
transport is along interconnected fractures and fracture zones [Ellefsen et al., 1998; Hsieh et al., 1996; Shapiro,
2001] . There is no measurable permeability in the rock matrix; groundwater moves through sparse networks of
interconnected fractures with length of about 5-10 m [Barton et al., 1997]. Previous DAS experiments in this well
field resulted in fracture compliance estimates between 4.3e-11 and 1.9¢-12 m/Pa [Becker et al., 2017b].

To conduct periodic hydraulic tests, FSE 6 (Supplemental Figure S2) was subjected to alternating pumping and
injection to create either periodic step or approximately sinusoidal hydraulic signals, which result in periodic strain
in the formation [Schuite et al., 2017]. This was accomplished using two variable speed pumps (Grundfos
RediFlo2) controlled by two programmable variable speed controllers. Rasmussen et al. [2003] used a similar setup
to conduct periodic hydraulic tests in unconsolidated sediments. A tank located near the wellhead was used to store
water for reinjection. Flow meters up hole and down hole were used to assure that the injection and pumping rates
were kept equivalent during the tests. For the results discussed here, periodic step tests were used. In the periodic
step tests, pumping and injection were alternated at a constant rate of about 15 L/min [Becker et al., 2016]. Periodic
step tests were conducted with oscillation periods of 2, 4, 8, 12, and 18 minutes, with the first half-period pumping
and the second half-period injecting. During the oscillation of flow in FSE 6, heads were recorded in FSE 6 and the
5 monitoring wells using pressure transducers. The difference between maximum and minimum head in FSE 6
ranged from about 2 m for the short period (2 min) tests to about 7 m for the long period (18 min) tests.

In FSE9 and FSE10, fiber optic cable was mechanically coupled to the borehole wall using an over-pressured
flexible (FLUTe™) liner used also by Munn et al. [2017] for seismic (VSP) DAS monitoring. These liners were
originally developed to prevent cross-connection and allow discrete-level monitoring in bedrock wells [Cherry et
al., 2007]. The liner is made from an impermeable, tubular, flexible nylon fabric that extends from the top of the
well (anchored at the well casing) into the borehole. During installation, about 3 m of overpressure head is
maintained to evert the liner down the well and simultaneously couple the FO cable to the borehole wall past the
target fracture depth. The overpressure head in the liner was more than an order-of-magnitude greater than any head
response from oscillatory pumping tests in the well, ensuring that the FO cable remains coupled to the rock wall. In
FSE 10, the liner was fitted with a permeable mesh woven into the fabric at the depth of the transmissive fractures
known from previous studies (28 m). A pressure transducer at the surface was connected to a tube in
communication with the permeable mesh [Becker et al., 2017b]. Because the tube is filled with both water and air,
pressure transducer measurements had to be compensated for compression of air in the tubing [Keller, 2016]. The
liner was reused and the tests repeated for FSE 9, but pressure could not be measured simultaneously because the
transducer port was not correctly located. A comparison between fluid pressure and displacement at the fracture
horizon in FSE 10 was reported previously [Becker et al., 2017b].

Fiber optic cables designed specifically for strain sensing were deployed in both FSE 9 and FSE 10. In this strain
transfer optimized construction, the optical fiber is surrounded by a solid filling material within the FIMT rather
than gel. Gel-filled FIMT constructions are common in downhole applications, but reduce the strain sensitivity by
hampering strain transfer from the outer cable jacket to the glass fiber. As previously noted, gel-filled FIMT designs
can have about half of the strain sensitivity of some strain transfer optimized designs such as tactical tight-buffered
cables as has been discussed elsewhere [Becker et al., 2018a].

Changes in temperature can cause fiber strain and interfere with mechanical strain measurements. Temperature was
monitored during the tests using Distributed Temperature Sensing (DTS). A Silixa Ultima XT instrument (Elstree,
Hertfordshire, UK, www.silixa.com) with an expected precision of 0.01 C collected temperature every 30 minutes at
each 25 cm along the entire fiber network. No measurable temperature changes occurred in the monitoring wells
during the experiment. In any case, because we are extracting periodic strain measurements changes in temperature
would have resulted only in a trend or drift in the dynamic strain measurements, amplitude measurements would not
be affected. All data are available through the Geothermal Data Repository [Becker and Coleman, 2017].

Because our target frequency in the mHz range, we down-sampled the 1000 Hz sampling rate to 100 Hz using the
Matlab "decimate" command which applies a lowpass Chebyshev Type I infinite impulse response (IIR) filter of
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order 8. Decimated data are available on the Department of Energy Geothermal Data Repository [Becker and
Coleman, 2017]. This reduced file size and processing time without affecting signal quality. Displacement
amplitudes were extracted from the signals using the min/max enveloping method which provided the best
measurement of displacement in the laboratory tests (Section 3.1 and Supplemental Matlab Script).
Displacement amplitudes were extracted for each channel within the wellbore. The depth to the water level in the
borehole liner proved to be a reliable signal to allow channels to be depth-correlated. It is worth noting that in
previous analysis of amplitudes [Becker et al., 2018a; Becker et al., 2017b], we used a recursive leaky filter to
integrate displacement rate to find displacement. This approach proved to produce erroneous displacement
measurements. The laboratory experiments discussed above demonstrated that this method, which seems to be
sufficient for higher frequency signals, underestimated strain amplitudes by nearly an order-of-magnitude.

3 Results

3.1 Laboratory Tests

The amplitude of displacement measured by DAS is regressed against displacement induced by the stepper motor (.
This amplitude was determined from the min/max enveloping approach described above. Even with correction for
scalloping, both FFT methods under predicted the induced amplitudes with a regression slope of about 0.85, so were
not used further. Figure 1 illustrates the difference in amplitude measured using the FFT applied to the integrated
displacement rate and the min/max envelope applied to the same data. Using the min/max enveloping of the
integrated displacement rate, the slope of the regression is near 1, while the coefficient of determination (R?)
indicates excellent agreement between the DAS measured displacement and the actual displacement induced by the
stepper motor, which was confirmed with a caliper. The tests indicate that, under ideal conditions, the DAS
instrument is capable of accurately measuring displacement. Strain is obtained by dividing displacement by the
gauge length of 10 m.

The iDAS measures the dynamic interference of photons returned from positions on the fiber optic cable separated
by a gauge length [Hartog, 2017]. Displacement is recorded at the channel centered between these gauge positions.
A point displacement on the fiber will, therefore, be sensed within a moving measurement window with a width
equal to the gauge length. This windowing is illustrated in Figure 1, which shows the displacement measured at
each channel (recorded at every 0.25 m) surrounding the stretched fiber location at position 27 m. Although the
stepper motor stretched only 3 cm of fiber (), the displacement is sensed over a 10 m distance equal to the gauge
length. Multiple displacement signals cannot be separated within a gauge length, but a single displacement can be
located at the center of this displacement signal.

DAS measurements slightly under-predict induced displacement at the largest displacements. The reason for this is
not known. The maximum displacement applied to the fiber in these experiments was 40 microns over a 3 cm
length of fiber, or 0.133% strain. The maximum displacement is well-below the breaking point of the fiber (0.5%
strain) but may have resulted in some change in the optical properties of the glass. It may also be that the stepper
apparatus is not perfectly rigid and there is some slippage or deflection of the various parts. It is important to realize
that these induced fiber displacements were very large to allow them to be controlled by the stepper motor.
Laboratory displacements were four orders-of-magnitude larger than those measured in the field experiments.
Consequently, we expect linearity between mechanical and DAS-measured displacements in the field experiments.
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Figure 1. Effect of gauge length on the measurement of 40,000 nm of displacement on a fiber stretched at distance 27 m
along the fiber. The measurement window width equal to the gauge length is shown about the known location of
displacement.

3.2 Field Tests

Repeating the alternating injection and pumping at FSE 6, with the same rate but with larger periods, resulted in an
increased volume of water being injected in the formation. Increase in periodically injected water volume resulted
in an increase in the hydraulic response at the observation wells, FSE 9 and FSE 10. The increased hydraulic
response led to greater fracture dilation and, consequently, greater displacement in the fiber optic cable anchored to
the borehole wall with the flexible liner. In a previous article [Becker et al., 2017b], hydraulic and displacement
responses were compared in FSE 10 where a pressure transducer was installed. Here, the focus is on the
displacement distribution surrounding the hydraulically stimulated fracture zone.

After integration through time to convert displacement rate (nm/sample) to displacement (nm), periodic strain
responses are clearly visible in the DAS displacement matrix (Supplemental Figure S3). Amplitudes are extracted
through the enveloping method describe above and demonstrated in the Matlab® LiveScript® available as file
“ExampleProcessingDAS.mlx” in Supplemental Material. Samples represent 0.01 second intervals (100 Hz
sampling rate). Channels are responses along the fiber, measured in the center of the gauge length, which can be
related to depth. Even with simple integration, the periodic strain behavior is seen clearly in the data. Strain is
greatest at the depth of the connected fracture zone at 43 meters depth, corresponding to channel 121. The strain
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signal is artificially extended through the channels by the gauge length of 10 m (40 channels). Notice that away
from this zone the displacement response is delayed slightly as strain is transferred from the conductive fracture to
the rock matrix.

Figure 2 shows the displacement amplitude measured at each recording channel in the two boreholes. Examples of
the displacement signals may be found in the Supplemental Material and in a previous publication [Becker et al.,
2016]. Amplitudes were computed, using the enveloping method, for each channel recorded by the DAS. Channels
correspond to locations at every 0.25 m along the fiber optic cable. Channel positions are correlated with depth by
using the depth of water within the liner. Where the DAS fiber leaves the water, noise increases significantly (see
10 m depth and 7 m depth in FSE 9 and FSE 10, respectively). However, it is important to recall that the increase in
the DAS signal noise is offset from the water level by one-half the gauge length. We originally attempted to locate
fiber position by performing tap tests were the fiber entered the well, but these signals were difficult to discern when
the data were later processed.

From previous logging and packer testing in these wells, hydraulically active fractures were known to be present in
FSE 9 at 43 m depth and FSE 10 and 28 m depth [Johnson and Dunstan, 1998]. These depths correspond well
with the peak amplitudes in displacement measured by DAS, even though the signal is smeared by the effect of the
gauge length. In FSE 10, the lower limit of displacement is very sharp because the lower gauge width of the sensing
window corresponds closely with the depth of the liner (blue dotted line). Below this depth, the liner is not
mechanically coupled to the borehole wall, so no displacement is measured. The peak displacement in FSE 10
corresponds well with the known depth of the hydraulically stimulated fracture or fracture zone, but the
displacement is not symmetric about the fracture zone as might be expected from the laboratory experiments.
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Figure 2 DAS displacement amplitude for five pumping periods (colored coded) measured along fiber optic cable anchored
in FSE 9 (left) and FSE 10 (right). Fracture zones known a priori to be hydraulically communicating are indicated by
dashed lines. Borehole lithologic and fracture logs are shown for comparison (after Johnson and Dunston, 1998).

FSE 9 shows more complicated displacement profile. Like in FSE 10, the peak displacement corresponds well with
a hydraulically stimulated fracture zone. In addition to this known fracture zone at 43 m depth, however, there
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appears to be a second displacement peak at a depth of about 28 m. This displacement peak corresponds to a logged
fracture set at 27.3 m below top of casing [Johnson and Dunstan, 1998]. If this is a hydraulically simulated fracture
zone, it was not detected in previous hydraulic testing and flow logging. Neither did it show signs of oxidation as
did the lower fracture. It is likely, therefore, that this fracture does not flow to the borehole under natural gradient
conditions. It is also possible that the deflection in displacement signal was due, not to hydraulic stimulation of the
fracture set, but a change in stiffness due to the flexure of the fracture set or even the lithologic boundary which is
coincident at that depth. It is also possible that the fracture does not flow under natural hydraulic gradients but
opened to the well under the hydraulic stress of pumping and injection.

4 Conclusions

DAS is capable of measuring very minute displacements in fiber optic cable, so long as that displacement is
dynamic. Although laboratory measurements have shown that large displacements can be measured with periods as
long as one-half day [Becker and Coleman, 2019], current instruments are more reliable with periods of less than
one hour in our experience. When displacement is dynamic, however, DAS is highly sensitive to geomechanical
strain. Displacements of less than 1 nm were detected in our experiments with good signal to noise. As we have
reported previously, head variations in less than 2 mm resulted in measurable displacement in FSE 10 [Becker et al.,
2017b]. Although much work remains before DAS can be used as reliable measure of hydraulic stress, these
experiments demonstrated that DAS has potential for mapping hydraulic connectivity in bedrock systems.

DAS provides an opportunity to observe previously unobserved geomechanical responses in bedrock aquifers and
reservoirs. The complex profile of displacement measured in both wells shows that hydraulic propping of a fracture
did not result in a simple separation of parallel rock blocks. Such a relative movement would have produced a
displacement profile similar to that induced in our laboratory experiments (Figure 1), whereas the displacement
profile measured in the boreholes was more complex. Similarly, the transient displacement matrix (Supplemental
Figure S4) reveals a dynamic propagation of displacement away from the stressed fractures. The shape of this
displacement profile may help elucidate the complex interaction between channeled flow in fracture networks and
the corresponding geomechanical response in the surrounding rock matrix. In our wells, there was no obvious
influence of lithology on displacement, although the increase in displacement at 27.3 m depth in FSE 9 was
coincident with a lithologic boundary. The rock in the well field is unlikely to vary appreciably in stiffness so
fracture flexure is considered to be the more important influence on displacement.

Although we were able to measure the displacement of fractures in response to fluid pressure, deriving hydraulics
from fracture displacement is not straightforward. Previous experiments in this well field suggest that water moves
in a highly heterogeneous or “channeled” manner through the fracture network [Becker and Shapiro, 2000; Becker
and Shapiro, 2003]. Channeled groundwater flow is typically in fractured bedrock [Tsang and Neretnieks, 1998].
One would expect that fluid pressure distributed through larger channels would produce greater normal force on the
fracture and, therefore, result in larger displacement of fractures. Geomechanical displacement of a fracture is a
function not only of fluid propagation but of coupled strain the bulk matrix [Murdoch and Germanovich, 2012]. In
some cases, this can cause a delay in fluid pressure propagation with respect to mechanical strain propagation [ Vinci
etal.,2015]. Consequently, fluid pressure in the vicinity of the well bore may cause measurable displacement in a
fracture intersecting a borehole but not result in appreciable flow to the borehole. To make full use of displacement
profiles, geomechanical simulations may be necessary.

The hydraulic logging capability of DAS in bedrock is limited by the gauge length. For very sparsely separated
fractures in long boreholes, a 10 m gauge length may not be an important limitation. In denser fracture networks or
over shorter intervals, as is the case in these experiments, the moving sensing window tends to smear the
displacement signal. Mathematically, the displacement profile is the result of a 10 m long “top hat” filter convolved
with the true displacement. When the displacement occurs at a single point, the profile is easily interpreted. In
bedrock, however, hydraulic stimulation will move the surrounding rock in a distributed manner. We have
experimented with various methods of deconvolving the gauge window from the profile, but have yet to find a
reliable solution. We are currently calibrating forward models of geomechanical displacement to the DAS-measured
displacement profile, but this too suffers from non-uniqueness. DAS systems using engineered sensing fiber are now
commercially available that provide a 2 m gauge length with SNR better than the 10 m gauge length system used in
this study. Shorter gauge lengths are expected to improve vertical resolution as DAS technology develops.
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When considering the use of DAS in downhole applications, it is important to keep in mind that the fiber must be
mechanically coupled to the formation to measure displacement. This can be accomplished using an over-pressured
liner, as was done in these experiments, or by grouting/cementing the cable into a borehole or outside a well casing
as is done for seismic applications [Correa et al., 2019; Daley, 2013; Daley et al., 2016]. Simply hanging a fiber in
a well will not reliably produce any measure of formation displacement and, therefore, hydraulic response. Pressure
changes in a water column will cause the fiber to compress radially, which may result in a measurable displacement
(lengthening) of the fiber according the Poisson’s ratio of the fiber glass. Our laboratory tests indicate that heads of
about 10 cm or more are necessary to make a measurable displacement in the fiber [Becker et al., 2017a], so it is not
a very sensitive direct measurement of fluid pressure. In any case, variations in fluid pressure in an open wellbore
are generally uninteresting in shallow wells.

The more fundamental limitation of using DAS as a hydraulic sensor is that displacement is an imperfect
measurement of fluid pressure. Fracture normal stress and strain are related by a fracture “compliance” which is
better defined in laboratories than in field situations. In addition, fiber displacement is measured in only one
direction so fracture compliance may not be correctly quantified by DAS. In the circumstance where the fiber is
oriented parallel to the fracture or fracture set, hydrualic propping may go undetected. Our previous analysis of the
FSE 10 well data [Becker et al., 2017b] and the positive relationship between injection period and displacement in
both FSE 9 and FSE 10 indicate, however, that DAS can provide at least a relative measure of hydrualic response.
Such a relationship is not limited to consolidated formations. Fluid stress in confined hydrostratigraphic units in
alluvial aquifers, for example, should also show a relatively focused displacement in DAS displacement profiles.
The application of DAS to geologic and hydrogeologic problems is in its infancy. The instruments are still not
widely available or cost effective for most hydrologic applications. However, the same could have been said of
fiber optic distributed temperature sensing (DTS) twenty-five years ago, and now DTS has become an indespensible
tool for many hydrologic applications [Bense et al., 2016]. Workshops are being convened at meetings to exchange
experiences and inform potential users about the technology. The National Science Foundation recently established
a Research Coordination Network (RCN) to help facilitate the development of DAS technology in Geosciences and
Engineering (EAR 1948737). DAS is usually deployed for seismic observations rather than geomechnical
observations, but low frequency signals in gas and oil fields are already being analyzed for hydraulic influences [Jin
and Roy, 2017; Jin et al., 2019]. Deployments of fiber intended to measure seismic signals or temperature,
therefore, may find a new life for hydraulic or geomechanical sensing.
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