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ABSTRACT

The UK'’s shallow aquifers offer significant but underdeveloped geothermal energy
resource. Seismic methods can help address this, by improving the understanding of
aquifer heterogeneity and potentially allowing long-term monitoring of thermal plumes.
Here, we consider the derivation of seismic velocity and attenuation models from borehole
distributed acoustic sensing (DAS) data, recorded on the University of Leeds Geothermal
Campus. We record active-source seismic shots in a 250 m-long vertical cable, that
samples two fractured sandstone aquifers (Elland Flags and Rough Rock). Compressional
wave velocities (vp) are obtained to 160 m depth, and are typically 3100 + 50 m s~! through
the Elland Flags. To predict the value of vp for thermal monitoring, we simulate
groundwater warming in a Hashin-Shtrikman petrophysical framework, which suggests
that +£50 m s™! precision is sufficient to detect heating > 26 °C (> 14 °C above ambient
temperature). Although this is at the upper range of likely temperature change in a shallow

geothermal system under typical usage, UK environmental legislation restricts heating to
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< 25 °C therefore our approach could be used to support the monitoring of operational
compliance. Refining both the DAS acquisition and measurement of seismic quantities (vp
and quality factor) should improve precision and thus facilitate monitoring of more subtle

heating expressions.

Keywords: Distributed Acoustic Sensing, Vertical Seismic Profile, geothermal aquifer,

petrophysics, seismic velocity, quality factor

1. Introduction

Heating accounts for around half of global energy demand, with 75% of that supplied by
fossil fuels (European Commission, 2016). In the UK, heating buildings is responsible for
~25% of carbon emissions (Climate Change Commission, 2020) with gas-fired heating
systems being widespread in domestic buildings. Decarbonising the supply of electricity
has been relatively straightforward because the interventions required (e.g., renewable
energy sources including wind and solar) require little retrofitting at the point of use to
implement and therefore are relatively unimpactful on public life. Retrofitting UK
heating/cooling systems is a much more significant challenge: reducing carbon emissions
would require intervention in almost every UK building. Technologies that both achieve
net zero goals and minimise disruption are therefore attractive, and UK geothermal energy
can have a significant role to play in future energy provision. Many UK urban centres are
underlain by shallow geothermal reservoirs, offering storage and extraction options for
excess heat and providing significant reductions in carbon demand (Abesser et al., 2020).
Nevertheless, the UK has been slow to explore geothermal heating solutions, owing to 1)
lack of knowledge about the geological and hydrological complexity of geothermal
reservoirs, and ii) stakeholder concerns about the long-term sustainability, and thus cost-
effectiveness, of geothermal heating. These obstacles are clearly intertwined, and in
demonstrating improved understanding of the subsurface controls on a geothermal system,

there is greater likelihood of stakeholder investment.

Geophysical intelligence therefore has a significant role to play in advancing the uptake of

geothermal technologies. From initial resource identification, through stages of system
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design and ultimately monitoring the sustainability of the geothermal facility and ensuring
compliance with environmental legislation, geophysics is (or could be) a major component
of developing a geothermal resource. Often, a major stakeholder concern relates to the risk
of induced seismicity, hence seismic monitoring can be undertaken around prospective
sites (e.g., Zang et al., 2014; Koirala et al., 2024). Since geothermal developments included
purpose-drilled boreholes, technologies that are compatible with borehole deployments are
also attractive: these include fibre optic cables for distributed temperature sensing (DTS)
and distributed acoustic sensing (DAS). Several studies document the application of DTS
across a range of geothermal depth scales (e.g., Liu et al., 2023; Kyrkou et al., 2026; Seib
etal., 2025) but DAS methods, where they are applied, support measurements of seismicity
in deep and/or engineered geothermal systems (Azzola et al., 2023; Chamarczuk et al.,

2025).

The application of DAS to shallow and/or low enthalpy geothermal systems is less
developed although numerous test-sites in the UK recognise its potential and contain DAS
capabilities (e.g., the British Geological Survey’s UK Geoenergy Observatories; Holmgren
et al., 2025). Carpentier et al. (2020) show applications of DAS for characterising the
structure of a shallow geothermal site, but there has been limited assessment of whether
DAS technologies are compatible with the direct detection of thermal change via seismic
velocity and attenuation. For characterising heat specifically, DTS technologies (e.g., Iten
et al., 2024; Kyrkou et al., 2026) clearly provide the most direct assessment of the thermal
state of an aquifer. However, DTS insight is limited to the immediate vicinity of the
borehole. By contrast, through time-lapse imaging with either active- or passive-source
approaches, DAS could extend sensitivity into the reservoir: with a reliable link between
temperature and seismic properties (e.g., velocity or attenuation) and sufficient sensitivity,
DAS could be valuably applied to tracking the evolution and interference of thermal
plumes. DAS monitoring could also help ensure that geothermal operations comply with
local environmental permitting. In the UK, for example, a licence is required for
abstraction and reinjection of groundwater which typically stipulates injection temperature
limits to prevent adverse impacts on ground- and surface-water ecosystems; in practice,
this commonly prevents any geothermal development from increasing groundwater
temperature above 25°C, or ~10°C above existing ambient temperature (Environment

Agency, n.d.).
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In this paper, we assess the feasibility of detecting thermal change under plausible heating
scenarios in a shallow ground-source heating/cooling system, using active-source DAS to
estimate compressional (P-) wave velocity (vp) and quality factor (Qr). DAS recordings
were undertaken on the University of Leeds (UoL) campus, in one of several appraisal
boreholes that were drilled to explore geothermal solutions to energy provision. Data were
recorded opportunistically while checking the variability of cable coupling in the borehole,
preceding a forthcoming programme of thermal testing, and providing a baseline dataset
to benchmark any seismic expression of hot- or cold- water injection. We first review the
borehole infrastructure on the UoL campus and the aquifers it targets, before assessing
velocity models derived from DAS vertical seismic profiles (VSPs) for their sensitivity to
groundwater temperature change. In so doing, we evaluate the use of DAS methods both
for monitoring the sustainability of a geothermal system under production and as a
potential means, cost notwithstanding, of ensuring that a geothermal development

complies with legislative frameworks.

2. Site overview: target geology and borehole infrastructure

2.1 University of Leeds’ Geothermal Campus

The UoL Climate Plan commits the university to achieving net-zero carbon emissions by 2030.

As part of this initiative, and to provide a ‘living lab’ for exploring geothermal heating/cooling

systems more widely, UoL constructed eleven boreholes at targeted locations around its

campus (Figure 1). With reference to acronyms for the nine boreholes shown in Figure 1,

- four closed-loop (CL) boreholes, allowing water circulation within HDPE (high-

density polyethylene) U-loops and thermal response testing (TRT) (Claesson and

Eskilson, 1988; Loveridge et al., 2013),

- two open-loop (OL) boreholes, in which hot or cold water can be injected, extracted

and circulated through target aquifers, and

- three pilot wells (PW), which are cored and logged with wireline tools, and kept open

(in part, with slotted casing) to allow further geophysical / hydrological monitoring.

All boreholes include single-mode fibre optic cables, appropriate for Rayleigh and Brillouin

backscatter analysis, and include both loose- and tight-buffered fibres (to differentiate strain

and temperature effects when using Brillouin interrogators; Sparrevik et al., 2022). The cable

4
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is most often grouted between the borehole casing and the borehole wall but is held in
permeable shingle in intervals where water ingress into boreholes is desirable. The cables have
a single-ended installation: there is no return leg from the base of the borehole, and the cable

end is terminated with a rubber heat-shrink cap to minimise water ingress.
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Figure 1: University of Leeds campus map and the location of geothermal boreholes. The
most southerly borehole, PW02a, is the primary focus of this paper. Aerial imagery from
Google Earth, featuring data from Data SIO, NOAA, U.S. Navy, NGA, GEBCOLandsat /

Copernicus. Dashed line 4-B shows the location of the geological cross section in Figure 2.

2.2 Background Geology

Leeds does not overlie a recognised principal aquifer (Allen et al., 1997; Jones et al., 2000)
but so-called ‘secondary’ aquifers which nonetheless possess potential for geothermal
development (Boon et al., 2019), and may be sufficiently porous (via matrix or fracture
porosity) to yield groundwater at the local scale (Jackson et al., 2024). Historic boreholes

around Leeds, and adjacent to the UoL campus, have variously exploited these shallow
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aquifers. For the UoL Geothermal Campus, the main target aquifer is a sandstone-rich
interval belonging to the Carboniferous Elland Flags formation, a lithostratigraphic
division of the Pennine Lower Coal Measures (Waters et al., 1996). The second, deeper,
aquifer target was the Rough Rock and Rough Rock Flags, of the uppermost Millstone Grit
(Hampson et al., 1996; Waters et al., 1996). Figure 2 summarises a geological cross-section
under the UoL campus, informed by surface mapping and 2007 borehole (marked “SEE”).
The cross-section enabled a prognostic log for the PW02a site to be constructed and, on
coring PW02a, depths to the Elland Flags and Rough Rock units were confirmed as 38-92
m bgl (metres below ground level) and 198-226 m bgl respectively.

Outcrop samples of the Elland Flags sandstones suggest moderate matrix porosities but
low permeabilities, corroborated during routine core analysis of plugs from the pilot wells.
Flow potential is thus reliant on fracture-derived porosity and permeability. During initial
pump testing in UoL's open loop boreholes, the main Elland Flags aquifer was able to
sustain flow rates of up to 27.5 L s°! for sustained periods. Two HOBOware loggers placed
in PW02a recorded ambient temperatures of ~12.2 °C at 50 m bgl and ~12.9 °C at 100 m
bgl (i.e., the top and base of the Elland Flags formation), and are used to calibrate an initial

test of DTS (Figure 3) with a multi-mode fibre optic cable suspended in the borehole.

The deeper Rough Rock is a coarser sandstone, with metre-scale cross-beds but an
essentially homogeneous aquifer character. It filled and buried an incised landscape during
deposition therefore its thickness varies from 14 m in PW01a to 28 m PW02a. The coarser
grain-sizes in the Rough Rock compared to the Elland Flags lead to a higher permeability

in the rock matrix and a decreased dependence on fractures for aquifer function.
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Figure 2: Geological cross-section A-B beneath the University of Leeds campus, showing the
elevation of key units in the Coal Measures, including Elland Flags (EF) and Rough Rock
(RR). Borehole ‘SEE’ was drilled and tested between November 2007 and January 2008,
during development of the UoL School of Earth, Environment and Sustainability: this borehole

is ~90 m north of PW02a, thus the mapped depths to EF and RR were usefully prognostic for
PWO02a.
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Figure 3: Temperature profile for PW02a, recorded with a Silixa XT-DTS interrogator in a
suspended multi-mode fibre optic cable, and calibrated with temperature logger data. Red
curve is the mean of three repeat temperature measurements, each spanning 5 minutes, with
black showing the standard deviation as an error bound (typically +0.3 °C). Spatial sampling
interval is 0.25 m. Yellow shading shows the extent of the Elland Flags (EF) aquifer.

2.3 Wireline log data

In Section 3.1, we simulate DAS data based on PW02a wireline logs, but these required
preconditioning to improve their reliability. Specifically, there was first a need to blend data

from two closely-located boreholes, and secondly to correct a noisy sonic log.

PWO02a was initially drilled as PW02, but abandoned at ~160 m depth due to a sheared well
casing. PW02a was then drilled ~3 m away from the PW02 site. On the seismic scale of one

Fresnel zone (Spetzler and Sneider, 2004), we consider these boreholes to sample the same
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geology. Details of boreholes PW02 and PW02a, and the span of density and sonic logging

therein, are summarised in Table 1, with logs shown in Figure 4.

Table 1. Borehole details and extent of sonic and density logging in boreholes PW02 and

PWO02a
PWO02 PWO02a Comment
Coordinate of borehole top | 53.80493°N, | 53.8049°N, Located within 3 m of
1.55647°W 1.55646°W each other.
Elevation of borehole top 67.397 67.206
(m above sea level;
0OSGB36(15) datum)
Total depth (m) ~160 250
Sonic log span (m) 40-115 113-249 Sonic log noisy
throughout PW02.
Density log span (m) 10-108 106-249 Gap in coverage between
43-46 m in PWO02.

A combined log was created, blending observations made in PW02 and PW02a and using the
2-3 overlap between logged ranges as calibration. Within this overlap, inconsistencies in
density (0.19 + 0.05 g cm™) and slowness (23.3 + 31.0 ms m™!) were observed, hence the
density and sonic logs in PW02 were bulk-shifted by these amounts (grey, Figure 4b). A gap
in the density log, between ~43-46 m bgl, corresponds to a zone of significant fracturing. Data
through this gap were linearly interpolated to obtain a continuous density log at the contractor-

supplied depth step of 0.01 m (Figure 4a).

The shifted sonic log in PW02 remained noisy and produced spurious velocity/reflectivity
trends in initial VSP simulations. The cross-plot of PW02a sonic and density logs (magenta,
Figure 4c) suggests a compatible relationship with the Gardner et al. (1974) power law and a
2" order polynomial relationship (Castagna et al., 1993) for sandstone/shale geology, whereas
those from PWO02 (grey) are largely distributed outside of these models. PW02 sonic velocities
were therefore replaced with values based on a Gardner-like relationship (Gardner et al., 1974)
between the PW02a sonic and density logs. The least-squares predicted relationship (green,
Figure 4c) between these is vsonic = (0.348 X 1.048) p 2333 %0055 (sonic velocity, Vsonic, in km s°!
and density, p, in g cm™). Clusters within the bivariate histogram of PWO02 logs (inset, Figure
4c) suggest that subsets of data may be better represented with different trends, but these define

spurious density:velocity relationships for the known geology. As such, the PWO02 sonic log

8
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assumes the relationship defined above from the global PW02a data distribution, critically

lying between defined trends for shale and sandstone geologies in the observed data range.
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Figure 4. Wireline log data. (a) Density log, showing values measured in PW02a (magenta),
and measured and shifted by 0.19 g cm™ in PW02 (blue); a value of 1.8 g cm? (green) is
assumed for depths < 9.6 m bgl. Black curve is the smoothed log. (b) Sonic log, showing
values measured in PW02a (magenta), and measured and shifted by 23.3 us m! in PW02
(grey); 1418 m s™! (green, from seismic refraction surveying) is assumed for depths < 15 m bgl.
Black curve is the smoothed log. (c) Crossplot of PW02 (grey) and PW02a (magenta) logs, and
model curves for sandstone/shales. The least-squares fit to PW02a points (green) is used to
define the cyan points for PWO02 in (b). Inset: bivariate histogram through the main distribution
of PW02 datapoints (density and velocity ranges discretised into bins of dimension 0.004 and
0.002 units, respectively); dashed line is the least-squares fit shown in (c). Yellow shading

again shows the extent of the EF aquifer; red shading shows the Rough Rock (RR).

For simulating VSP data, the completed logs (black, Figures 4a,b) were smoothed with a
running average (Liner, 2004) using a depth range approximating the wavelength-scale of
recorded P-waves (10 m from 0-40 m bgl, 20 m thereafter, assuming ~100 Hz wavelet
frequency). The shallowest properties (green, 0-15 m bgl) were infilled using 1) a velocity of

1418 m s7!, the deepest velocity sampled in a short P-wave surface refraction survey crossing

9
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PWO02 and PW02a, and ii) a representative density (1.8 g cm™) for near-surface engineering

materials. Despite these corrections, data shallower than ~35 m bgl remain noisy and imply

densities and velocities that are unrealistically low, potentially attributable to partial saturation

and air-fill in the borehole above the water table. However, no further correction is made in

this range. Furthermore, although sonic velocities were measured at 23 kHz, we omit any

velocity scaling for dispersion; however, the observed difference between sonic and seismic

velocity data is used to evaluate the seismic quality factor (Section 4.1).

3. DAS data: simulation and acquisition
3.1 Data simulation

DAS VSP data were simulated to predict the strength of reflectivity, without the
complicating impacts of (e.g.) poor cable coupling or ambient urban noise. Our simulation
used the smoothed velocity and density models from Figure 4, and fixed the ratio of
compressional-to-shear wave velocities at 2 (consistent with velocity ratios later observed
in Section 3.2). The free-surface is included in the model, and multiple reflections are
indeed evident in simulated data. This 1-D simulation initially derived the ground
displacement as a function of time at each point in depth, from 0-250 m bgl, corresponding
to the centre of each gauge of the DAS recording. In the absence of field observations, we
ignore attenuation and impose P- and S-wave quality factors (Qp and Qs) of 1000 and 500,
respectively. To maintain computational tractability, we downsample the 0.01 m-spaced
log to 1 m spacing, but preserve all depth points where there is a change in P-wave velocity
or density larger than 10% between layers in the model. No significant differences between
original and downsampled models could be observed, hence downsampling serves the

prognostic purpose of our simulation.

We use the matrix propagator method of Wang (1999) to compute synthetic seismograms
for a vertical-component receiver directly above the well at the surface and an explosion
source at each depth; from the principle of reciprocity this is equivalent to the VSP source
being placed at the surface and the recordings at depth. We then differentiate the ground
displacement with respect to time to obtain ground velocity, integrate with respect to
distance (equivalently, depth) along the cable to give the strain rate, and finally convolve
in distance with a box-car function of width equal to the gauge length (e.g., Kennett, 2024)

to reproduce the averaging effect of the interrogator. The gauge length was set to 5 m,

10
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consistent with that used in the data acquisition (see Section 3.2). Because the source and

receiver are aligned vertically and the fibre is also vertical, there is no explicit need to

account for the fibre’s directional sensitivity to strain.

Simulated data are shown in Figure 5, highlighting key arrivals that include the downgoing

direct wave (solid red), upgoing primary reflections (blue) and multiple arrivals (purple).

On encountering the strong velocity increase at ~40 m depth, consistent with the Elland

Flags, the slope of direct P-wave arrivals shows a strong deviation; correspondingly, the

contact with the Elland Flags produces strong reflections and is a prominent multiple-

generating interface.
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Figure 5. (a) Simulated DAS data and (b) identification of representative arrivals therein.

As a 1-D synthetic, S-waves are omitted from this simulation.

3.2 Active-source DAS survey
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The motivation for DAS surveying was to verify that the grouted cable was well-coupled,
and assess the extent to which poorer coupling in the ungrouted cable sections was
associated with reduced data quality. In PW02a, the ungrouted intervals span 37-80 m bgl
and 198-250 m bgl, within the Elland Flags and Rough Rock aquifers. Hudson et al. (2025)
show that usable data may still be obtained even where coupling is notionally poor, but
validating cable performance is particularly important given that the slotted intervals
correspond to the target geothermal reservoirs: Gurevich et al. (2023) highlight how
relatively small changes to casing design can impact recorded DAS amplitudes. However,
in anticipation of there being no such problems, the DAS acquisition was parameterised to

yield a high-resolution vertical velocity model.

The tight-buffered cable in PW02a was monitored using a Febus Optics Al interrogator,
with the connection to the installed cable section made through a 1000 m-long launch cable.
The gauge length in the Al interrogator can be customised and, based on the anticipated
smallest seismic wavelengths (a minimum of 20 m, assuming 100 Hz source frequency
travelling at 2000 m s!), is set to 5 m. Output data have a trace interval of 1.6 m and an
output time sampling interval of 0.5 ms, with no downsampling from the original pulse

interval.

Vertical seismic profiles (VSPs) were generated using a 6.4 kg sledgehammer source. A
polymer impact plate was positioned close to the top of the borehole (within 0.5 m),
effectively providing zero-offset data. To facilitate stacking, 38 individual impacts were
recorded. For our specific interrogator, recording cannot be directly activated by an impact
trigger (although this functionality exists in later models), therefore impact times were
measured directly within the passively-recorded DAS dataset. Tap-testing confirmed the
position (to within + /2 gauge length) of the zero-depth trace, and individual shots were
identified and extracted using RMS-amplitude thresholding within this trace. The timing
of source impacts was initially investigated through first-break time picking, but this
proved difficult given noise in the records. Instead, wavelet maxima (typically, in the
second half-cycle of the wavelet) were picked, with first-break times then simulated by
shifting these picks by -10 ms, corresponding to % of the 13 ms period of a 75 Hz wavelet
(see spectra in Figure 6). These simulated first-break times are therefore considered to be
the source impact time for each shot, and seismic records of 200 ms duration are extracted

from these times, from the continuous DAS record.
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Although the hammer source can be vulnerable to a lack of repeatability, we observed a
mean correlation coefficient of 0.91 between wavelets in individual shots and an arbitrary
reference shot (here, shot 15 in the sequence). Correlation coefficients for a receiver at 14.4
m depth are shown in Figure 6a, considering each shot’s direct arrival and comparing it
(arbitrarily) to that in shot 15. Wavelets from representative shots (blue emphasis in Figure
6a) are shown in Figure 6b alongside the reference wavelet, with spectra shown in Figure
6¢c. A subset of 25 shots was selected for stacking, comprising those for which the
correlation coefficient with the reference shot exceeds 0.9 and only those which increased
the cumulative signal-to-noise ratio (SNR) in the stack. Following stacking, SNR was

increased from ~2 dB (Figure 7a) to ~18 dB (Figure 7b).
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Figure 6: Correlation metrics for a sequence of 38 hammer strikes. (a) Correlation coefficients
of traces recorded at 14.4 m depth, with respect to a reference trace from shot 15. (b) Traces
from selected shots, shown in blue, and the reference trace from shot 15. (¢c) Amplitude spectra
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Figure 7: DAS data from PWO02a. (a) Shot 15 in the sequence of 38 shots. (b) An optimised
stack of 25 shots, based on metrics defined in main text and Figure 6. (c) Initial appraisal of
data, identifying representative direct wave velocities, suggested reflectivity and a likely shear-

wave reflection. Data displays have an Ormsby bandpass filter (corner frequencies 5-10-200-

400 Hz) applied.

The initial appraisal of direct wave amplitudes shows no local reductions in SNR that can
be associated with ungrouted zones (37-80 m bgl and 198-250 m bgl). The cable also
appears to be intact through its whole length, with arrivals still perceptible (albeit with low
SNR) in the deepest traces that sample the Rough Rock aquifer. Consistent with the
synthetic data, the slope of direct wave arrivals undergoes a distinct change at 40 m depth,
likely across the water table and into the Elland Flags aquifer; the coarse vp model is also

consistent with the wireline velocity log: ~2000 m s’ in the upper 40 m, increasing to
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~3100 m s! thereafter (Figure 7¢). The direct wave arrival times display a slight inflexion
at ~150 m bgl, indicating a local velocity anomaly, which is also observed in the synthetic

data.

Although the sequence of primary reflectivity is altogether weaker and sparser than implied
in the simulation, a package of P-wave reflections is perceptible between 50-95 m bgl,
likely from within the Elland Flags; more isolated reflectivity could be present at greater
depth (e.g., a weak event around 180 m bgl). Frequency-wavenumber filtering was
attempted to boost the clarity of reflections but this was of limited value, likely due to poor
signal-to-noise ratio at depth. A further reflection originates from ~150 m bgl, which
expresses a velocity (~1350 m s!) that is slower than any direct P-wave. Although the
orientation of our cable is unfavourable for recording S-waves, we assume that this arrival
is some S-wave phase from a dipping horizon or fracture, or alternatively some borehole

mode.

The shallowest ~18 m of data appear dominated by near-surface reverberations, which
destructively interfere and remove any coherent arrivals in this interval. Unlike the
synthetic, discrete multiple arrivals are not apparent elsewhere, likely because of the
apparent weakness of primary reflectivity in the first instance. Furthermore, attenuation
was effectively neglected in the synthetic, thus Qp is greatly over-estimated. An initial
depth-averaged Op estimate is obtained by considering the amplitude decrement within the
depth interval z1 to zo. Neglecting reflectivity effects, the amplitude 4> observed at z> can

be expressed as

Ay = Ay (21/2;) e” 72770 (1)

where 4 is the amplitude observed at zi, (z1/z2) is the contribution to amplitude loss from
geometrical spreading and « is an attenuation coefficient, related to Op as a =z /QpA.
Direct wave amplitudes A1 and 4> were measured across three traces (i.e., one gauge
length) in traces centred on z1 = 44.8 m and z2 = 140.8 m; 4; and A4 are 8167 + 2200 and
1769 + 400. Rearranging equation (1), ais estimated as 4.0 + 0.2 km™!. With /= 75 Hz and
vp=3100ms!, Qpis 19 +2.
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4. Interpretation
4.1 Vertical velocity models

A depth-varying vp model is obtained using the cross-correlation lag between direct wave
arrivals in pairs of traces separated by a fixed gap (e.g., Booth et al., 2020). To reduce the
discretisation in cross-correlation time steps, the temporal sampling interval in the data was
upsampled to 0.1 ms; a bandpass filter (10-20-75-150 Hz corner frequencies) was applied,
together with muting to isolate the direct wave (Figure 8a). The DAS-derived velocity
model (blue points, Figure 8b) is obtained using a correlation gap of 40 m depth: longer
gaps produced models that were deemed to be over-smooth, whereas smaller gaps were
prone to noise and featured large velocity jumps across small intervals. Nonetheless,
correlation lags required manual adjustment beyond 75 m depth, where the peak cross-
correlation produced spurious velocities (e.g., where the correlation diverged from the first
half-cycle of the direct wave, instead matching later half-cycles and/or ambient noise).
With the observed velocities and dominant wavelet frequency of 75 Hz, 40 m is also
representative of the dominant wavelength in the data. Beyond ~160 m bgl (grey box in

Figure 8), SNR is too poor to obtain reliable cross-correlations.

Also shown in Figure 8b is the velocity model from the wireline sonic log. The wireline
points show the mean inverse slowness (and its standard deviation as an error bar) of log
values within a 5 m depth range, consistent with the DAS gauge length, and are plotted
every 1.6 m, consistent with the DAS trace interval. The precision of the DAS velocity
model is estimated as + 50 m s, evaluated by simulating cross-correlations that are
contaminated with amplitude-scaled noise traces from the DAS record. Direct waves are
represented by 75 Hz Ricker pulses, which are delayed from a reference arrival by times
ranging from 8 ms to 20 ms (equivalent to a vp range from 2000 m s to 5000 m s™!, across
a 40 m correlation gap). 1000 manifestations of noise traces are added to these models,
with SNR ranging from 10 to 30 dB. Figure 9 shows the standard deviation of inverse
slownesses for these delay times and SNR pairs, across these 1000 noise manifestations.
As stated in Section 3.2, the typical SNR we observe is 18 dB, and the mean vp in Figure

7b is ~3100 m s'!, which corresponds to a time lag of ~13 ms across the correlation gap.

16



411
412

413

414

415
416
417
418
419
420
421

422

For these model parameters, Figure 9 implies that the standard deviation of inverse

slownesses is 50 m s™'.
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Figure 8: Velocity analysis of DAS VSP direct wave. a) Direct wave, isolated and
bandpass filtered. The display is rotated with respect to earlier figures, for better
comparison to velocity models. The blue bar shows the length of the cross-correlation gap,
an indicator of the resolution of the DAS-derived velocity model. b) Velocity models
derived from (blue) cross-correlation of direct waves in DAS and (red) the wireline sonic

log in Figure 4b. DAS points are plotted at the centre of the correlation gap.

17



423
424

425
426
427
428
429
430
431
432
433
434
435
436
437

438
439
440
441

10

time lag (ms)
= o

-
[}

18

20
10 12 14 16 18 20 22 24 26 28 30
SNR (dB)

Figure 9: Estimation of precision for DAS-derived velocity model. For SNR = 18 dB and
a time lag of 13 ms across the 40 m correlation gap (vp = 3100 m s™!), 1000 manifestations
of random noise traces imply a standard deviation of inverse slowness of +50 m s,

Contours are at 10 m s”! intervals; the 50 m s™! contour is shown in bold.

The DAS-derived velocity model shows similar behaviour to the sonic log (red, Figure 8b),
with vp steadily increasing from ~2500 m s at 40 m depth, through the Elland Flags
aquifer, and reaching ~4000 m s™! at 120 m bgl. Velocity reduces between 120-160 m bgl,
although the sonic and DAS models diverge in the lower 20 m of the model. Consistent
with the increase in reflectivity, the DAS-derived velocity model becomes chaotic in the
lower section of the Elland Flags, with significant deviations in the interval 90-110 m bgl.
This spans the interval of intense fracturing which led to the abandonment of borehole
PWO02. In the uppermost 40 m of the log, in the unsaturated zone above the water table, the

DAS-derived velocity model appears to give more reliable data than the sonic log.

Nonetheless, DAS velocities are systematically lower than the sonic velocities (especially
through the Elland Flags aquifer) due to dispersion, and the difference can be used to
evaluate QOp. Liner (2004) provides an expression for Qp that is not limited to low-loss

media (i.e., permitting Op < ~100) which states

(s/w) AJI00|9A JO UOIIBIASP PJEPUE]S
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and v is the propagation velocity observed at frequencies fi and f> (set here at 23 kHz and

75 Hz, respectively, for sonic and DAS observations). The right-hand-side of equation (2)

. . . . . v v . . .
is the gradient in a linear regression between Ji and T2, with the intercept set to 0, 1.e.

Y
vf = (ﬁ) Uf
T (4)

The best-fit regression is defined as the geometric bisector between regressions obtained

when Vh and Vs are interchanged between x and y axes, which honours the associated
uncertainty in both observations. Figure 10 cross-plots the DAS- and sonic-derived
velocity models, and shows the best-fit regression lines for all points from depth > 40 m
bgl (red dashed line) and for points within the Elland Flags aquifer (solid red line). Points
which plot beneath the Op = « are considered non-physical. Given the unreliability of the
shallow sonic log, this is the case of all points <40 m bgl hence they are excluded. Some
deeper points show this behaviour too, but we include them in our calculation for statistical

rigour.

The overall regression line defines Op= 36 £ 5; this reduces to Op=30 = 2 when considered
only through the Elland Flags, potentially due to the greater degree of fracturing. We
recognise that the comparability of sonic and DAS data may be limited, given that the
different operational frequencies and measurement lengths (e.g., the ~2 m length of the
sonic logging tool vs. the 40 m correlation gap for DAS) implies that different spatial scales
of geology are sampled around the borehole. However, this is represented in the scatter in
the data and thus accommodated in the uncertainty bounds on results. Furthermore, these
observations are comparable with Qp estimates made in Section 3.2 m, based entirely on

DAS data.
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Figure 10: Cross-plot of DAS- and sonic-derived velocity models, for depth > 40 m bgl.
The slope of the linear regression (red lines) provides the right-hand-side of Equation (2),
and thereby the Op when fi is 23 kHz and /> is 75 Hz. Blue lines indicate reference slopes
for Op of 5, 10 and 100. Datapoints which plot beneath Qp = oo (grey shading) are

considered non-physical.

4.2 Temperature sensitivity of seismic velocity

Having shown that our DAS installation is compatible with obtaining reliable seismic
properties, we now consider the likelihood that a given temperature change results in a
detectable velocity change. Then elastic properties of water vary with temperature (Poletto et
al., 2018; Fokker et al., 2024) and therefore modify vrp and Qp from a reference value. For the
purposes of this feasibility study, we consider only a static model of elastic properties and only
simulate the vp. response; we omit the dynamic behaviour (e.g., squirt flow; Poletto et al., 2018)

that would be needed to predict the behaviour of Qp.

We apply the Hashin-Shtrikman (HS) model (Mavko et al., 2020) to predict the seismic
response of the Elland Flags aquifer to different heating and cooling scenarios. The HS model
predicts the widest possible range of elastic moduli given the bulk («) and shear (x) modulus

of constituents and their volume fraction, while making no assumptions about the matrix
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architecture of a rock. The upper bound of the precited range gives the stiffest possible

assemblage: the stiffest bulk modulus s, is

Kq + P2 )

- 4\t
(r2—=K1) 1+¢1(K1+§#1)

and the stiffest shear modulus, Hzs, is

¢
i+ : =1 (0)
(#2—M1)_1+2¢1(K1+2M1)/[5#1(K1+§ﬂ1)]
where ¢ and ¢» are the fractions associated with constituent moduli 12 and 1. The lower
bound describes the softest possible assemblage, and is expressed when the constituents
associated with indices 1 and 2 are swapped. When combined with a volumetric average

density, the possible range of vp is

v5=\/(xis+§u£s)/p NG

When one of the constituents is a fluid, as in the case we model here, the upper bound is
expressed as a modified upper bound to acknowledge a critical porosity of ~40%. At this point,
the upper bound converges on the lower bound and, without this, the stiffness of highly porous
materials is over-estimated. However, the difference between the modified and original upper

HS bound is small at our estimated porosity of 15%.

The mineral component of the Elland Flags matrix is fixed and assumed to be quartz, with p=
2530 kg m™ and x = 30.8 GPa. These quantities are derived from the Elland Flags interval of
the density and sonic logs in Figure 4, assuming = 11.6 GPa, which fixes compressional-to-
shear velocity ratio at 2 (guided by the ratio, = 2.46, implied in Figure 7¢). To simulate less
cohesive aquifer architectures, we also simulate a velocity ratio of 5 (requiring ¢ = 1.3 GPa).
For the water component, the model of Ewing et al. (1948) is used to describe the temperature
dependency in water of vp and &; water density is fixed at 1000 kg m=, and its shear modulus
is 0 GPa. The 15% total porosity of the Elland Flags is represented with mineral (¢) and fluid
(¢2) fractions set to 0.85 and 0.15 respectively. Our models represent the largest plausible
change in vp since we assume that pore water at ambient temperature is entirely replaced by
water at some warmer or cooler temperature; given the low permeability of the Elland Flags,
this is unlikely in a real geothermal development. Temperature loggers and DTS in PW02a

record ambient temperatures of ~12 °C in the Elland Flags (Figure 3): we model cooling to a
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minimum of 5 °C and heating to a maximum of 32 °C (exceeding the likely range that would
be experienced in the real operation of the campus system). Within this range, we anticipate no
change in the elastic properties of the quartz component of the Elland Flags (e.g., Woodman et

al., 2021) and are thus justified in varying only the properties of the pore water.

Figure 11 shows the vp change in the Elland Flags with changing water temperature, for the
lower (solid red) and modified upper (dashed red) HS bounds. Our limit of sensitivity is defined
as + 50 m s (i.e., 8v/v ~1.6%), the precision threshold in our correlation-based velocity
analysis. The green-shaded areas of Figure 11 show where the implied velocity change exceeds
the = 50 m s'! sensitivity threshold. If the architecture of the aquifer conforms with the lower
HS bound (i.e., a soft assemblage of mineral and fluid components), we suggest that our
approach could only detect the expression of heating when > 26 °C, and is insensitive to cooling.
If the Elland Flags architecture was instead more consistent with the upper HS bound (e.g., the
stiffest possible assemblage), then plausible temperature increases may be undetectable.
However, for the structurally weaker aquifer described by the blue HS bounds, the range of
plausible velocities is narrower and there is more likelihood that the expression of heating could

be detected.
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Figure 11. P-wave velocity anomaly as a function of water temperature in the Elland Flags
aquifer. Red lines show the lower (solid) and modified upper (dashed) Hashin-Shtrikman
bounds for vp/vs = 2, with the green shading highlighting where the vp anomaly exceeds our
precision threshold of 50 m s™! sensitivity threshold (thus only visible for the heating scenario).
For comparison, the blue lines are the Hashin-Shtrikman bounds for a less cohesive aquifer

with vp/vs = 5.
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Although dynamic behaviour is omitted from this model, an increase in vp would change
the apparent Qp. If all velocities through the EF were increased by 50 m s™! (i.e., the upper
bound of velocity precision), the regression line in Figure 10 would instead define 41 + 3,
which is statistically distinct from the original Op (30 + 2). This suggests that Or may be
the more sensitive indicator of heating, although a more complex model (e.g., Poletto et

al., 2018) would be required to explore this fully.

5. Discussion: Precision of DAS velocity models and their utility

In modelling the behaviour of an aquifer thermal energy storage (ATES) site, Jackson et al.
(2024) suggest that groundwater temperature changes in plausible usage scenarios would most
likely be ~5 °C, and would be unlikely to exceed 8 °C. In the Elland Flags, based on inferences
from Figure 11, these changes would represent dv/v of ~0.5% and ~0.7%, respectively. Our
current approach therefore lacks the sensitivity to detect thermal variations of this magnitude,
although could potentially be used to support UK environmental legislation that restricts
temperature increases above 25 °C. There is also increasing interest in developing
underground thermal storage solutions which could lead to higher routine temperatures
(Bloemendal et al., 2024), subject to updated regulatory oversight and approval (Gonzalez
Quiros et al., 2025)

Improved sensitivity could be provided by modifications to the acquisition approach, thereby
improving SNR, or a more sophisticated approach to velocity model building. For the former,
a more impactful seismic source could be considered, or a longer gauge length (although this
comes at the detriment of depth resolution). To resolve a temperature change of +5 °C (i.e., a
velocity change of +20 m s!), Figure 9 suggests that SNR would need to be raised above 25
dB. For improving the velocity estimate, techniques such as coda wave interferometry could
be highly sensitive to localised velocity anomalies. Ouellet et al. (2025) confidently detect
dv/v anomalies of 1% in geotechnical DAS data, and Li et al. (2025) show sensitivities to ov/v
perturbations less than 0.5% associated with temperature-related stress fluctuations. Extensive
passive recordings are currently not available for the UoL campus, but will be explored during

forthcoming thermal tests.
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Although our existing approach may lack the sensitivity for detailed thermal monitoring, our
DAS-derived velocity models likely suffice for seismic stratigraphic correlation across
campus. The location of boreholes was, in part, informed based on the known location of faults
beneath campus (see Figure 2), since these potentially impact hydraulic connectivity However,
it is highly possible that additional faults are present. Only a subset of boreholes were cored
and logged, to provide depth control on the key horizons such as the target aquifers. For the
remaining boreholes, the depth to (and, potentially, the properties of) the Elland Flags aquifer
could be resolved using DAS. One diagnostic characteristic of the velocity model (Figure 8)
could be its systematic reduction ~20 m beneath the EF. If this was consistently observed in

other boreholes, it allows the maximum extent of the EF to be predicted at unlogged locations.

However, even if the sensitivity of DAS to small-scale thermal change could be verified, the
current cost of interrogators likely limits the widespread uptake of DAS in geothermal
monitoring. However, given that shallow geothermal systems can achieve the greatest impact
in the urban environment, co-located dark-fibre networks (passively monitoring, e.g., traffic
noise and, indeed, induced seismicity) could support in-borehole measurement while reducing

the cost of cable installation (e.g., Ehsaninezhad et al., 2025).

6. Conclusions

Geothermal living-labs provide vital research infrastructure for advancing geophysical
monitoring technologies that can track the thermal evolution of the subsurface. In this paper,
using boreholes on the University of Leeds Geothermal Campus, we have explored the
characteristics of an active-source DAS dataset, and derived baseline models of
compressional wave velocity and quality factor. Through petrophysical modelling using
the Hashin-Shtrikman framework, we predicted the likely sensitivity of our experimental
approach to thermally-induced changes in elastic properties. For the Elland Flags aquifer,
we suggest that groundwater heating could only be detectable if it exceeded 25 °C. While
this may help monitor environmental compliance, improved approaches to both data
acquisition and velocity modelling could improve the sensitivity of seismic properties to

more subtle expressions of thermal change.
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