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Abstract.

Subsurface hydraulic and geomechanical properties can be estimated from well water level responses to Earth and atmo-
spheric tides. However, the limited availability of analytical solutions restricts the applicability of this approach to realistic field
conditions. We present a new and rigorous analytical solution for modelling flow between a subsurface-well system caused by
harmonic atmospheric loading. We integrate this into a comprehensive workflow that also estimates subsurface properties using
a well-established Earth tide method. When applied to groundwater monitoring datasets obtained from two boreholes screened
in a sand aquifer in the Mary-Wildman Rivers region (Northern Territory, Australia), estimated hydraulic conductivity and
specific storage agree. Results also indicate that small vertical leakage occurs in the vicinity of both boreholes. Furthermore,
the estimated geomechanical properties were within the values reported in literature for similar lithological settings. Our new
solution extends the capabilities of existing approaches, and our results demonstrate that analysing the groundwater response to
natural tidal forces is a low-cost and readily available solution for unconsolidated, hydraulically confined, and undrained sub-
surface conditions. This approach can support well-established characterisation methods, increasing the amount of subsurface

information.

1 Introduction

Knowledge of subsurface hydro-geomechanical properties is crucial for Earth resource development and management. Such
properties determine the capacity of hydrostratigraphic units to store and transmit groundwater. Traditional, active hydraulic
testing methods such as pumping, slug, pressure and packer tests or laboratory analyses of cores involve considerable logistical
expenses (Maliva, 2016). In contrast, passive methods (e.g. Tidal Subsurface Analysis, TSA), which are used to estimate
hydraulic properties from well water level responses to ubiquitous periodic forces (Merritt, 2004; Cutillo and Bredehoeft,
2011), are relatively low cost to implement and derive additional value from commonly measured datasets (McMillan et al.,
2019; Rau et al., 2020, 2022). The effect of gravitational effects and atmospheric loading on the subsurface has been long
observed and reported (Meinzer, 1939) and is contained in routine groundwater pressure measurements made in countless
observation wells around the world (McMillan et al., 2019). The influence of natural forces such as tides on groundwater

pressures are ubiquitous allowing widespread application reducing effort and cost of investigations. Since passive approaches
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rely on natural signals and do not require any active perturbation of the subsurface system, we will refer to them collectively
as Passive Subsurface Characterisation (PSC) in our work.

Earth and atmospheric tides act at as harmonic forces at various frequencies (McMillan et al., 2019). For groundwater in-
vestigation the most informative frequencies range from 0.8 to 2.0 cycles per day (cpd) (Merritt, 2004). Dominant frequencies
present in groundwater pressure measurements are the Oy (0.9295 cpd), My (1.93 cpd) and the S5 (2.00 cpd). These com-
ponents generally show a higher amplitude in comparison with other tidal harmonics and are, therefore, more likely to be
contained in field datasets (McMillan et al., 2019).

Loading forces cause mechanical deformation of the water-saturated porous medium, leading to an instantaneous pore
pressure response and a hydraulic gradient towards the nearby observation well. This gradient drives groundwater exchange
between the subsurface and the well until re-equilibrium is achieved (Cheng, 2016; Verruijt, 2013; Wang, 2017). The am-
plitude ratio between the magnitude of well water level variation and subsurface pore pressure variation, as well as the time
delay required for groundwater exchange, expressed as a phase shift or phase lag, can be used to estimate subsurface hydro-
geomechanical properties (Hsieh et al., 1987). Positive phase shifts (i.e., when well water levels respond before subsurface
water pressures to Earth tide-induced strain variations) have been linked to vertical connectivity with adjoining hydrostrati-
graphic units (Roeloffs et al., 1989) and negative skin effects of the observation well (Valois et al., 2022). Amplitude ratios and
phase shifts can be readily extracted from measurements and inverted using established analytical solutions (McMillan et al.,
2019).

Cooper Jr et al. (1965) derived an analytical solution for the movement of groundwater caused by seismic waves in fully
confined aquifers. Bredehoeft (1967) proposed a method to interpret the effect of Earth tides on observation wells based on
classic solid mechanics, which allowed the estimation of specific storage of the aquifer if the Poisson’s ratio of the porous
medium was known. However, this method did not comply with Biot consolidation theory (Biot, 1941) as it did not couple
fluid dynamics with mechanical deformation. Subsequently, many studies described the effect of Earth tides in poroelastic
systems (Bodvarsson, 1970; Robinson and Bell, 1971; Arditty et al., 1978; Van der Kamp and Gale, 1983), but did not consider
the damping effect of the observation well on the amplitude and phase. To address the signal diminishing effect of a well,
Hsieh et al. (1987) combined the poroelastic response of a confined aquifer with Cooper Jr et al. (1965)’s work and derived an
analytical solution to model flow to wells due to Earth tides.

Rojstaczer (1988) proposed an analytical solution for modelling flow to wells induced by atmospheric tides. However, the
solution requires knowledge of vadose properties which are often unknown, and it does not account for the effect of barometric
efficiency on confined pore pressure (also known as tidal efficiency). To address this, Rojstaczer and Riley (1990) developed
an analytical solution that includes the barometric effects on confined pore pressure, but it does not consider the effects on
amplitude and phase shift of a well. Additionally, the mean stress in their formulation only considers the vertical direction and
neglects lateral directions, which can lead to significant errors for typical Poisson’s ratio values (Cheng, 2016; Verruijt, 2013;
Wang, 2017).

Several studies have estimated subsurface properties using Earth tide analysis (Le Borgne et al., 2004; Doan et al., 2006;

Cutillo and Bredehoeft, 2011; Lai et al., 2013, 2014; Rahi and Halihan, 2013; Xue et al., 2016; Shi and Wang, 2016; Acworth
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et al., 2016). However, many of the analytical solutions used to derive estimates assume oversimplified settings, which can
lead to inaccurate results. To address this, Wang et al. (2018) recently developed an analytical solution that describes flow in
and out of a well caused by Earth tides in a two-layered flow system. Gao et al. (2020) accounted for the well skin effect,
which occurs when the physical properties of the formation in a larger area around a borehole are affected by drilling, leading
to reduced amplitude ratio and phase shift. Additionally, Guo et al. (2021) derived an analytical solution to describe flow in
fractures caused by Earth tides and estimated hydraulic properties. Finally, Liang et al. (2022) solved Richards equation (Freeze
and Cherry, 1979) to include the effect of the unsaturated zone, finding that it delays the phase shift response of the borehole
pressure.

Xue et al. (2016) and Rau et al. (2020) used the analytical solution of Wang (2017) to model the barometric effect of
atmospheric tides with vertical leakage, but it lacks the damping effect of an observation well. Recently, Rau et al. (2022)
proposed a new approach based on the work of Acworth et al. (2017) that combines poroelastic relations for one-dimensional
Earth and atmospheric tide deformation to obtain a system of equations with poroelastic properties. However, their approach
is based on an analytical model that does not correctly represent vertical leakage. To the best of our knowledge, there is no
rigorous analytical solution in the literature to model flow to wells induced harmonically from atmospheric tides based on the
mean stress flow equation while considering a semi-confined aquifer.

The objective of this work is twofold. Firstly, we introduce a new analytical solution based on the Biot theory of consolidation
that describes the flow between a subsurface-well system caused by the harmonic loading of atmospheric tides. Secondly, we
demonstrate its usefulness by applying it to well water levels from two boreholes in the Northern Territory of Australia and
comparing the results with established Earth tide methods and existing knowledge of the groundwater system. Our study
demonstrates that our new analytical solution extends the range of properties that can be accurately estimated and provides a

better understanding of subsurface processes and properties.

2 Analytical solution

In this section, a new analytical solution based on the mean stress flow equation is derived to simulate flow to wells resulting
from atmospheric tides loading the surface. The fluid continuity equation in the mean stress form can be used to describe the
water flow from a semi confined aquifer towards an observation well. If only radial flow is assumed and small vertical fluid
exchange from the semi confined layer occurs, the equation reads (Cheng, 2016; Verruijt, 2013; Wang, 2017)
2

S, H, (%-&Z):T[%Jrigﬂ —Z—llh. 1)
Here, t represents time, o is the mean stress; K is the drained bulk modulus of the solid material; 7 is the radius; hydraulic head
of the fluid (groundwater for this study), h is being used as a proxy for pore pressure ps = pgh; T is the transmissivity of the
aquifer with T = k, H,, where k,, is the hydraulic conductivity and H, the aquifer thickness. If the aquifer is overlain by a leaky
aquitard, then the downward leakage flux can be described as kjh H fl, where k; is the vertical hydraulic conductivity and H;

is the aquitard saturated thickness. Note that this approximation is only valid when k%, 1> 1. a is the Biot coefficient which
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is equal to one for unconsolidated systems (e.g., gravels, sands and clays), and ranges between n < o < 1 for consolidated
systems (e.g. bedrock); where n is effective porosity. .S, is the Biot modulus at constant stress (also known as three dimensional
storage coefficient) (Cheng, 2016; Verruijt, 2013; Wang, 2017)

Py
Sy =—, 2
I 2)
where g is gravitational acceleration (9.81 ms~2) and p the fluid density (1000 kgm =2 ). R is the Biot modulus at constant
stress defined as (Cheng, 2016; Verruijt, 2013; Wang, 2017)
1 n a—n(l—«
L_n (1—a) 3)
R Ky K
where K is the bulk modulus of the fluid (K = 2.2- 10° Pa for freshwater).
Barometric pressure fluctuations cause loading at the ground surface which results in vertical deformation of the subsurface
and, therefore, changes to the internal stress balance of the fluid-solid skeleton system. For example, when atmospheric pressure
rises and, the formation undergoes compressive stress resulting in an increased in the confined pore pressure (Domenico and

Schwartz, 1997). If a change in pore pressure is only caused by a vertical loading and only vertical deformation is allowed,

then the mean stress can be computed as,

o 11+,
3 €z =€yy=E=0 B 31— Uy

Osa “4)

In a fully saturated porous medium, this effect can be described by Biot consolidation theory as follows (Cheng, 2016;
Verruijt, 2013; Wang, 2017)

p=R(—70+¢). 5)

Here, py is the fluid (i.e., water in this study) pore pressure; o is the mean stress; K is the drained bulk modulus of the solid
material; £ is the change in fluid content, can be used to quantify changes in pore pressure resulting from hydraulic gradients
(Cheng, 2016; Verruijt, 2013; Wang, 2017). The sign of this parameter indicates whether a fluid is leaving or entering a given
porous medium.

Biot’s consolidation theory assumes £ = 0 when undrained conditions apply within the porous medium (Cheng, 2016; Ver-
ruijt, 2013; Wang, 2017). Conversely, system conditions are drained when £ # 0. Note here that a drained porous medium
conceptually differs from a confined aquifer and these concepts that are often mixed up in the literature. For example, a con-
fined aquifer may exchange fluid via one of its horizontal boundaries such as a confined aquifer bounded by a river.

Assuming undrained conditions (¢ = 0) and an unconsolidated system (a = 1), we solved Eq. 1 for steady state conditions
to obtain the periodic water level in an open borehole. This assumes that the instantaneous mechanical equilibrium requires the
loading period to be long relative to the times for elastic wave propagation. Furthermore, the initial transient when the surface

loading starts is neglected. Under this pseudo steady-state approximation, i.e., time and depth are independent, the solution is
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first order and has the form 1" = hi)T e’ due to atmospheric loading, where w is the angular frequency of the tide signal
and superscript AT stands for atmospheric tides, for example S7 at 1 cycle per day (CPD) or the atmospheric response to S
at 2 cpd (Merritt, 2004; McMillan et al., 2019).

As boundary condition, the hydraulic head far away from the radius of influence of the borehole is given only by the

mechanical response of the system

> 0,1 = oo : h(rt) = hoo = 2L (6)

Py
where r is a distance far away from the radius of influence of the borehole and the hydraulic head at the borehole screen, A,

should be the water level in the bore

t>0,r=ry:h(r,t)=hiT(t), @)
the bore and the aquifer are free to exchange groundwater, i.e.,

t> 0,7 =1y : 21, T(Oh/Or) = mr (04T J0t). (8)

With these boundary conditions the solution of the water level in the borehole is derived as

wH, o
hAT _ Wil o
w0 (uAS{+%QH;+kMHnya(3K)’ ©)

where the periodic atmospheric loading is assumed only vertical (i.e. 0 = ¢,.) modelled as o = Catm €™, thus o gem represents

the amplitude of the atmospheric tide, and

2 .
re \ wry Ko(Brw)
=1 — —. 10
7 +<rw> 2TB K1(Brw) (10)
Here, Ky and K are the modified Bessel functions of the second kind and order zero and one, respectively, and

B h;ﬁM&+%WaQ5
“\TH, T ‘

Y

Note that S, the specific storage at constant strain, and S, are related as (Cheng, 2016; Verruijt, 2013; Wang, 2017)

Py
_g _ P9 12
SE SO’ K ( )

Since it is assumed that the borehole is open to the atmosphere, any change in barometric pressure will also play a role in
the hydrostatic pressure inside the borehole. Thus, the amplitude ratio between the atmospheric loading and the confined pore
pressure due to atmospheric tides, A47, has to be expressed as the balance between the far field pore pressure (p f.00(pg) 7L,

Eq. 5), the amplitude of the atmospheric load (Jatm(pg)*l) and the change of fluid level in the well, A, ,, such as

oo — Oatm — hAT
AAT _ by, t (pg> wo | (13)

Oatm
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The time lag between the far field confined pore pressure and the actual change of fluid in an open well is given by

oo~ Yatm — hAT
AQZ)AT =arg <pf7 Oat (pg) w,o) ) (14)

Oatm

Note that the applied amplitude of the periodic stress at a boundary has to be equal to the atmospheric pressure

Oatm = *Patmy (15)

where P,:,, is the barometric pressure measured in the field. In this convention, the compression stress is opposite in sign
compared to the atmospheric pressure as an increase compresses the subsurface.

We have named our novel analytical solution as the mean stress solution. Drawing an analogy to the established Earth tide
methods (Hsieh et al., 1987; Wang et al., 2018, e.g.,), our new solution enables the estimation of subsurface hydraulic and
geomechanical properties from atmospheric tidal components that are ubiquitous in standard field measurements of well water
levels. This innovative solution expands the scope of existing approaches that passively characterise subsurface processes and

properties (McMillan et al., 2019).

3 Field application
3.1 Field site and groundwater monitoring

In this section, we apply our analytical solution to field data, compare the results with those derived from established Earth
tide methods and consider the results in the context of existing knowledge such as from lithological logs and hydraulic testing.
The overall workflow applied in this section is shown in Fig. 1 which incorporates established Earth tide methods alongside
our new solution.

The study area is bounded by the Mary River National Park in the west and by the Kakadu National Park in the east. The
intervening area has been of interest for irrigated agricultural development since the 1980s. The area features a sub-equatorial
climate, with the dry season occurring between May and September and the wet season occurring between October and April.
The highest annual mean air temperatures are recorded between October and December at around 35°C' and the lowest in July
at around 16°C' (Tickell, 2017).

Two main hydrostratigraphic units are present as layers in the study area: (1) Mesozoic/Cenozoic sediments underlain by (2)
the Proterozoic Koolpinyah Dolostone, and silt- and sandstones (Fig. 2a) (Tickell, 2017). Groundwater and mineral exploration
wells are the main source of geological information as outcrops are rare. Mesozoic/Cenozoic sediments consist of unconsoli-
dated to poorly consolidated sands, clayey sands, and clays. Lithological logs indicate that this unit is laterally extensive across
the study area (Tickell, 2017). A leaky sandy clay aquitard partially confines a second semi-confined sand aquifer (B1 and B2 in
Fig. 2c). This aquifer is sufficiently permeable to allow recharge to the semi-confined sand aquifer, as observed by increases in
the groundwater level during each wet season. The Proterozoic strata consist primarily of Koolpinyah Dolostone and Wildman

Siltstone. The hydrological behaviour of this unit is conceptually a fractured aquifer (Tickell, 2017). Constant rate discharge
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Figure 1. Overview of the workflow applied to estimate subsurface hydraulic and geomechanical properties using the groundwater response
to Earth and atmospheric tides. The data set and Python scripts developed for this work are available in an external repository (see Code and

Data Availability statements).
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pumping tests indicate that the hydraulic conductivity of the Mesozoic/Cenozoic strata ranges from 8.0-107° to 6.3-107*
ms~! (Appendix B).

Groundwater monitoring datasets from two boreholes B1 and B2 were analysed in this work (Fig. 2b and Table 1). Note that
the original nomenclature from the Australian Northern Territory (NT) was modified (Table 1). The lithological logs indicate
that the boreholes are screened in the upper strata (Fig. 2¢). In general, the upper two thirds of the profile are clays and sandy
clays that confines the underlying aquifer. The lower third often consists of sands, clayey sands and gravels. Sands are mostly
present as fine-grained quartz with limited occurrences of coarse sands to pebbles.

Well water levels were monitored hourly between June 2016 and September 2019 in each borehole using InSitu Level
TROLL 400 data loggers (InSitu Inc., USA), the sensor’s sampling frequency was set to one sample per hour. The measured
pressure heads were converted to hydraulic head values by referencing the dips of depth to water level manually to the surveyed
top of casing elevations. Concurrently, barometric pressure was recorded from September 2016 to October 2017 using an InSitu

BaroTROLL 500 data logger (InSitu Inc., USA), the sensor’s sampling frequency was set to one sample per hour.

Table 1. Groundwater well construction information, reference datum Geocentric Datum Of Australia (GDA) 1994. DD stands for decimal

degrees.

Borehole NT ID  Borehole Latitude [DD] Longitude [DD] Total depth [m]  Screen length [m] Radius [m]

RN039769 B1 -12.6077 131.8295 43.0 4 0.156
RN024762 B2 -12.6259 131.8801 61.1 6 0.203

3.2 Extraction of tidal responses

Earth tide strains, barometric pressure and hydraulic heads in wells B1 and B2, are shown in Fig. 3. Outliers were identified
using Pearson’s rule, i.e., values that deviate more than three times the Median Absolute Deviation (MAD) (Pham-Gia and
Hung, 2001), and removed from the data (Fig. 1b and A1). Note that the overall head varies by about 2 m reflecting the wet
and dry seasons that are typical for tropical Australia. Earth tide strains were calculated using PyGTide (Rau, 2018) which is
based on the widely used ETERNA PREDICT software Wenzel (1996) (Fig. 1c). To ensure that ocean tides have a negligible
influence on the strain, the ocean tidal effect was computed using the Ocean Loading Model for Permanent and Persistent
(OLMPP) method developed by H. G. Scherneck at the Onsala Space Observatory in 2023, at the study site located at latitude
-12.607700 DD and longitude 131.829500 DD. For the M, Earth tides, the amplitude is 21 times higher than that of the ocean
loading, while for the S Earth tides, the amplitude is 37 times higher.

Harmonic tidal components of the dominant tidal components M, (1.93 cpd) and S; (2.0 cpd) (Merritt, 2004; McMillan
et al., 2019) were extracted from all time series and locations following the methods outlined in Schweizer et al. (2021) and
Rau et al. (2020):
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Figure 2. (a) Map of the study site, including surface water features, borehole locations and, location of the transect from A-B, (b) A-B
transect displaying a simplified geology adapted from Tickell (2017) and (c) lithological logs from both studied boreholes. DD stands for

decimal degrees.

— The measured well water levels, barometric measurements and computed Earth tidal strain were de-trended using a

moving linear regression filter with a 3-day window (Fig. 1d) and the results are shown in Fig. A2.
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— Amplitudes and phases of ten tidal harmonic constituents were jointly estimated using Harmonic Least Squares (HALS)

205 (Fig. 1e). HALS was applied to the entire duration of the time series.

— From HALS, amplitudes and phases of the M5 tidal components were obtained for Earth tidal strains and hydraulic
head. As the tidal component So encompasses both Earth tidal forces and atmospheric loading effects, the amplitudes
and phases of the S, tidal component were determined for Earth tide strains, hydraulic head, and barometric pressure

(Fig. 4b) and hydraulic heads (Fig. 4c,d).

210 — Complete disentanglement of the groundwater response to Earth and atmospheric tide influences was done for .Sy fol-
lowing the method established by Rau et al. (2020) (Fig. 1f). This allows to separate the effects of Earth tides and

atmospheric tides for the S5 constituent.

10
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The resulting amplitude of the hydraulic head (abbreviated as GW for groundwater) A" can be divided by the Earth tide
strain amplitude (abbreviated as ET P for Earth tides) A®T | to obtain the amplitude ratio (Fig. 4e)
AGW

ET
AT = T (16)

The phase shift A¢ZT, can be obtained as the difference between the obtained phase of the hydraulic head measurements ¢“"

and the computed Earth tide strain prediction, $Z7 as

Resulting AZT and A¢ZT for hydraulic head and areal Earth tide strain for borehole B1 and B2 are presented in Fig. 4e and
Table Al.
Analogously, the ratio between the resulting amplitude of HALS of the hydraulic head A" can be divided by the measured

(time series) barometric pressure (abbreviated as AT P for atmospheric tides) A o7 p to obtain the amplitude ratio

(18)

The phase shift AT, can be obtained as the difference between the obtained phase of the hydraulic head measurements ¢&"

and the measured barometric pressure, p47 as
Agy T =g — AT (19)

Resulting A4 and A¢/'" for hydraulic head and areal Earth tide strain for borehole B1 and B2 are presented in Fig. 4f and
Table A2.

3.3 Estimation of subsurface properties

To estimate subsurface parameters from the groundwater response to Earth tides, the analytical solution by Wang et al. (2018)
was fitted to the M, harmonic component extracted from field data. This analytical describes the well water level fluctuations,
hgi’;, caused by the harmonic compression of the subsurface from Earth tides (abbreviated as E'T).

The reduction in amplitude of an harmonic signal is described by the ratio between the far field pressure generated by Earth

tide strain and the fluid level in the borehole and is known as amplitude ratio(Hsieh et al., 1987)

ABT = 0 (20)

where ¢ is the unit-less areal strain. The time lag between the far field pressure and the fluid level in the borehole is known as

phase shift Hsieh et al. (1987)

hETS6
AGET — arg ( ) ' @1
€

11



240

245

(a) (b) (c) (d)

M M _ S S
2 0 [mm] 2 0 [-]1107° 2 0 [mm] 2 0 [kPa]
1.5 10 0.125
-0.251 0.25m -0.251 1% 0.25n -0.251 g 0.25m -0.257 0.100 »5
1.0 o 20T
10 6 0.075
0.5 = 4 0.050
7 2 0.025
-0.5m 0.5m -0.5m 0.5m -0.5n 0.5m -0.5m 0.5m
-0.75n 0.75m -0.75m 0.75m -0.75m 0.75m -0.75% 0.751
T m m T
B1 ‘
(ey4 B2 ()S
g 0 10° [m] 2 0 -]
0.8
-0.251t 0.6 0.25mn -0.251 0.6 0.25m
oA 0.4
02 0.2
-0.5n 0.5m -0.5n 0.51n
-0.75n 0.75m -0.75m 0.75m
L8 L8

Figure 4. Polar plots showing the M> and S2 harmonics estimated from hydraulic heads in response to Earth and atmospheric tides for
boreholes B1 and B2. (a) M> constituent in measured well water levels. (b) M2 constituent in Earth tide strain data calculated at well
locations. (c) S constituent in well water levels. (d) S2 constituent in Earth tide strain data calculated at well locations. (¢) Amplitude and

phase shift of the M, constituent, equations 16 and 17. (f) Amplitude ratio and phase shift of the S constituent, equations 18 and 19 .

In theory, the obtained amplitude and phase shift from field measurements (equations 16 and 17) should be the same as
those obtained using the analytical solution (Eq. 20 and 21). Since the observed amplitude, AZ”, and phase shift, A¢Z7, are
measurable in the field, they can be used to fit parameters of the analytical solution of Wang et al. (2018) with a non-linear
solver to find roots (Fig. 1g). To do so, the following objective function has to be minimised

AET _ AET
AFT

OFFT = ’ (22)

A¢ET _ A(bET
-

Since phase shifts can be orders of magnitude grater than amplitude ratio, OF 7, is normalised to avoid that one term
dominates the solution. Assuming that the borehole construction parameters are known (H,, H;, r. and r,,), three parameters
can be estimated, i.e., hydraulic conductivity of the aquifer (k,), vertical hydraulic conductivity of the leaky layer (k;), and
specific storage at constant strain (S¢). Once S is obtained, effective porosity can be computed if the material is unconsolidated
using (Cheng, 2016; Verruijt, 2013; Wang, 2017)

rg

(23)

12
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where K is the bulk modulus of the fluid (K = 2.2- 10° Pa for freshwater).

In analogy to Earth tides, the field measurements of barometric pressure and well water levels in the field should match the
those obtained by analytical methods. Thus, the obtained amplitude ratio, AfT, and phase shift, Ag¢/'T, in the field (computed
later with Eq. 18 and 19, respectively) can be used to estimate subsurface parameters by iterative non-linear numerical methods
(Fig. 1h). The function to minimise is

AAT _ AAT AGAT — AGAT
|| s

The non-linear search allows for the iterative fitting of four parameters: hydraulic conductivity of the aquifer (k,), vertical

OFAT =

(24)

hydraulic conductivity of the leaky layer (k;), bulk modulus (K), and specific storage at constant strain (S.). Additionally,
specific storage at constant stress (S,,) can be estimated using Eq. 12.
Once S, is estimated, porosity can be computed with Eq. 23. Specific storage, .S, can be obtianed if the Barometric Efficiency

(AfT in this study) is known (Cheng, 2016; Verruijt, 2013; Wang, 2017),

Se

S = Fy (25)
then shear modulus can also be estimated as (Cheng, 2016; Verruijt, 2013; Wang, 2017)
3(1-K(S—-S.
a3l ( /p9) 26)
4 S—5./pg

By solving Eq. 22, aquifer hydraulic conductivity k,, specific storage at constant strain S, and vertical hydraulic conduc-
tivity of the aquitard k; can be estimated. Eq. 24 allows estimation of aquifer hydraulic conductivity k,, specific storage at
constant strain S, vertical hydraulic conductivity of the aquitard k;, and bulk modulus K. Once specific storage at constant
strain is quantified, porosity n, can be estimated with Eq. 23. The specific storage S, can be obtained with Eq. 25 and shear
modulus G, can be estimated with equation Eq. 26. Equations 22 and 24 can be solved using non-linear iteration (Fig. 1g and
1h).

The non-linear inversion was performed in two steps to help the iterative method converge to a global minimum instead of
a local one. Firstly, the solution space of the objective function was divided into intervals within feasible ranges of subsurface
properties, creating a feasible objective space, thus bounding the initial conditions for the least-squares algorithm. Secondly,
1,000 randomly generated values following a log-normal distribution were fed as initial conditions to the least-squares algo-
rithm, the array of parameters that converges to the best fit among them, was considered to be the global minimum of the

non-linear search (Aster et al., 2018).
3.4 Hydraulic and geomechanical properties

Values from Earth tide analysis and atmospheric tide analysis are presented in Tables 2 and 3. Further, the estimated aquifer
hydraulic conductivity, specific storage at constant strain and aquitard vertical hydraulic conductivity for boreholes B1 and B2

are shown Fig. 5.
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Table 2. Estimated subsurface parameters from Earth tide analysis.

Non-linear search results

Borehole ko [ms™] Sc[m™ ki [ms™'] nl[-]

Bl 1.1-107° 1.8-107% 5.4-107% 0.37
B2 1.0-107* 3.8-1077 1.1-107% 0.08

Table 3. Estimated subsurface parameters from atmospheric tide analysis.

Non-linear search results

Borehole kg [ms™'] Se[m™'1 ki [ms™'] K[GPa]l So[m~'1 n[] S[m™'1 GIGPal
Bl 1.6-107° 1.8-107% 8.0-1071° 0.3 35-107° 04 22-107¢ 18.5
B2 1.0-107* 5.0-1007 6.0-1078 8.0 1.5-107% 011 1.6-107° 0.63

280 The basic assumption of undrained conditions applies to the analytical solutions by Wang et al. (2018) and this study (Eq.

9). To assess whether this condition is fulfilled, both Earth and atmospheric tide analyses, were assessed separately:

1. For Earth tide analysis, Bastias et al. (2022) numerically computed the level of drainage over depth for different arrays
of subsurface properties. Despite the estimated k; being outside the range presented by Bastias et al. (2022), it can be
extrapolated. At borehole B1, the aquifer is within undrained conditions. At borehole B2, it is within the transition zone

285 between drained and undrained.

2. For atmospheric tide analysis, Wang (2017) defined the depth of undrained conditions as

0= %, 27
w

where c is the consolidation coefficient. For boreholes B1 and B2, undrained conditions are found at depths higher than

2.3 and 40.6 m, respectively, under atmospheric tide loading.

290 Consequently, for the estimated parameters in this study, B2 borders drained conditions, and the generated confined pore
pressure by tidal forcing is being diminished. This may influence the estimated properties.

The aquifer hydraulic conductivity estimated with PSC complies with previous values of poorly consolidated sands and

gravel aquifers in the literature (5-107% < k, <1073 ms~1!) (Freeze and Cherry, 1979; Tickell, 2017) (Fig. 5a, Tables 2 and

3). Note that the estimated value of k, is lower compared to the pumping tests in the study site (Table B1). Bastias et al. (2022)

295 studied the area of influence of PSC and concluded that PSC is a small-scale characterisation technique where parameters are

estimated in the vicinity of the well screen. This might explain the difference between values presented in this study and the

ones obtained with pumping tests (Appendix B), as estimates parameters with small-scale methods will tend to give much

14



300

305

310

315

1071 a) 107 (p) 1077448

r|'<_' 1074 = ,-".—' 1078-
0 ‘ 0
g £ 106 £
~ = ~
107 % T 10°°

1076- 1077- 10710

10°° 107> 1074 1073 1077 10°° 1073 10710 107° 1078 1077
KET [ms—1] SET [m~1] KET [ms—1]

Bl B2 X=y

Figure 5. Comparison of the subsurface parameters estimated independently using the well water level response to Earth tides and at-
mospheric tides: (a) hydraulic conductivity of the aquifer, (b) specific storage at constant strain, (c) vertical hydraulic conductivity of the

aquitard.

lower values than obtained from a full-well or packer pumping test, because small-scale analyses may miss the most permeable
intervals that make the greatest contribution to the transmissivity (Maliva, 2016). This idea is supported by previous studies
that reported several orders of magnitude differences between traditional hydraulic characterisation methods and PSC (Allegre
et al., 2016; Zhang et al., 2019; Valois et al., 2022; Qi et al., 2023). The difference was attributed to issues such as the borehole
skin effect (Zhang et al., 2019; Valois et al., 2022) and differing model assumptions (Qi et al., 2023). Furthermore, Zhang
et al. (2021) showed good agreement between hydraulic parameters of a consolidated subsurface system derived using PSC
and laboratory measurements. This supports our observation that PSC results are representative of a smaller sample volume
close to the well screen. However, determining the extent of the area around the well screen affected by flow from tidal forces
is outside the scope of this work and requires further investigation. Additionally, reconciling the properties derived from both
active and passive approaches will require more research.

The estimated values of specific storage at constant strain for B1 are within the previously reported values in the literature
for sand aquifers, 1.13-1076 < S, < 2.27-107% m~! (Freeze and Cherry, 1979) (Fig. 5b). Porosity, computed with Eq. 23, is
also within the reported range, 0.25 <n < 0.5 (Freeze and Cherry, 1979). Conversely, borehole B2 shows values of specific
storage at constant strain and porosity are below the expected range Tables 2 and 3. There are several potential causes for
this, such as the presence of flow paths that create undrained conditions, leading to a reduction in the generated confined pore
pressure and exposing the limitations of passive methods for this borehole (Bastias et al., 2022; Wang, 2017; Cheng, 2016).
Furthermore, the degree of aquifer consolidation is limited, and the length of the well screen is not representative of the full
depth of the aquifer. These factors were not explored in this study and should be the focus of future numerical investigations

to better understand their effects on the results.
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The estimated aquifer bulk modulus values (Table 3) were consistent with literature values for sands and gravels, typically
between 51072 GPa and 3-10' GPa (Das and Das, 2008; Look, 2007). The estimated values of specific storage were
consistent with the pumping tests performed at the study site (assuming low spacial variability of the hydro geomechanical
properties, Fig. B1). Once specific storage is estimated, shear modulus can be estimated with Eq. 26. We note that these values
are consistent with expectations reported in the literature for similar lithological settings, e.g., typically between 8- 1073 G Pa
and 9- 103 G Pa (Das and Das, 2008; Look, 2007).

Compared to the previous analytical solution presented by Rojstaczer and Riley (1990), which describes flow to wells due to
barometric loading, the derived analytical solution in this study simplifies the pore pressure wave generated in the vadose zone
by assuming that only small vertical flow occurs in the confined layer. Moreover, the solution of Rojstaczer and Riley (1990)
requires knowledge of vadose zone properties that are difficult to determine. Furthermore, the continuity equation is solved in
terms of the mean stress equation, allowing for the estimation of mechanical parameters such as bulk modulus and specific
storage at constant stress. As shown in our work, this extends the current range of parameters that can be estimated passively
(McMillan et al., 2019).

While we present a new analytical solution, we are unable to compare or validate geomechanical results due to a lack of
independent measurements. Additionally, the literature comparing subsurface properties using PSC from different methods is
sparse and contains somewhat conflicting conclusions (Allegre et al., 2016; Zhang et al., 2019; Valois et al., 2022; Qi et al.,
2023; Zhang et al., 2021). This is likely due to the fact that subsurface investigations often focus on determining hydraulic
properties such as hydraulic conductivity and specific storage, which are critical for understanding subsurface fluid flow.
Obtaining geomechanical information such as bulk modulus, shear modulus, and stress state can be challenging and may
require additional investigation techniques. However, Rau et al. (2022) noted that in-situ stress conditions, stress anisotropy
and scale differences complicate comparisons with laboratory methods. We believe that systematic investigations in different
archetypes of formations, including the use of borehole geophysical investigation techniques and careful laboratory testing of
material samples, could help to clarify scale and heterogeneity influences, reconcile the different theories, and provide further

confidence in values derived from PSC.

4 Conclusions

We have introduced a novel analytical solution based on the mean stress flow equation for modelling flow to wells induced
by atmospheric loading. We integrate this mean stress solution into a comprehensive workflow for estimating subsurface
hydraulic and geomechanical properties using the groundwater response to Earth and atmospheric tides, applied this to a
standard groundwater monitoring data set from the Northern Territory (Australia) and discussed the results with hydraulic
properties from pumping tests and geomechanical literature values for similar lithological settings. Our new solution allows
estimation of hydraulic conductivity of the aquifer, vertical hydraulic conductivity of the aquitard, porosity, specific storage at
constant strain, specific storage at constant stress and bulk modulus. The advantages are estimation of additional subsurface

properties without the need for knowledge of vadose zone properties.
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We compared the hydraulic properties estimated independently using the groundwater response to Earth tides and atmo-
spheric pressure. After constraining the solution space based on feasible values derived from the lithology information obtained
from the well logs, 1,000 randomly generated values were employed as initial conditions for the least-squares algorithm. These
values were generated according to a log-normal distribution. The purpose was to obtain an array of parameters that would
converge to the best fit. The estimated values of aquifer hydraulic conductivity with Earth tidal analysis were 1.1-107° ms~1
and 1.1-10~* ms~! for borehole B1 and B2, respectively. Meanwhile, with the mean stress solution, the estimated values
of aquifer hydraulic conductivity were 1.6-107° ms~! and 1.0-10=% ms~! for borehole B1 and B2, respectively. These
estimated values were lower than those estimated using pumping tests for the region between Mary River National Park and
Kakadu National Park (ranging from 6 - 10~ to 8 - 10~® m.ss—!). This difference is consistent with the literature and supports
the idea that PSC is a small-scale characterisation method.

The estimated specific storage at constant strain for borehole B2 was 3.8-10~7 and 5.0-10~7 m~! with Earth tidal analysis
and the mean stress equation, respectively. This indicates that the response near borehole B2 is drained since the estimated
values are lower than the reported bounds in the literature. Consequently, the drained conditions reduce the confined pore
pressure generated by tides. The estimated values of aquitard vertical hydraulic conductivity differed from the pumping tests
by orders of magnitude but suggest that the aquifer in both boreholes is semi-confined with small leakage.

The bulk and shear moduli aligned with literature values for the formation type, confirming that PSC has the potential to
enhance field investigations. However, for PSC to be applied successfully, it is necessary for the basic physical assumptions
underlying the analytical solutions to be valid. This can be challenging to determine in situations such as confined and undrained
hydraulic conditions or an unconsolidated system where the Biot coefficient is unknown. As a result, PSC can only be applied
in hydrogeological settings that adhere to the theoretical framework.

Compared to established methods like hydraulic testing, using PSC requires a better understanding of hydraulic and hydro-
geomechanical theory as well as signal processing. However, PSC is less costly and effort-intensive because it only requires
monitoring datasets that typically meet standard practice criteria. The literature reflects confusion about the suitability of theory
and a lack of geomechanical testing alongside hydraulic testing, making it challenging to validate poroelastic properties. Sys-
tematic investigations involving a range of archetypal formations with a combination of hydraulic, geophysical, geotechnical
field and laboratory tests are needed to validate PSC. This would help compare properties from rigid and elastic formations,
reconcile theories, and support groundwater and geotechnical investigations.

Analytical solutions assume simplified systems that often fail to comply with complex geologic formations. This discrep-
ancy can result in significant errors when the assumptions of analytical solutions are violated. To assess the impact of such as-
sumptions, two approaches can be considered. Firstly, numerical models can be employed to elucidate potential discrepancies
between analytical and numerical solutions when the fundamental assumptions underlying analytical solutions are violated.
Secondly, more intricate analytical or semi-analytical solutions can be developed that incorporate the mechanical effects of

undrained conditions and/or consolidated systems.
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Code availability. Python files to read and visualize data as well as key figures generated for this study, are available at a Zenodo repository:

https://doi.org/10.5281/zenodo.8200689 with MIT license.

385 Data availability. Hydraulic head and barometric pressure measurements are available at a Zenodo repository: https://doi.org/10.5281/zenodo.8200689
with MIT license.

Appendix A

The hydraulic head measurements in borehole B1 and B2 are shown in Fig. Al. Outliers were detected and eliminated with the

procedure described in Section 3.2.
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Figure Al. Hydraulic head time series and outliers measured in boreholes (a) B1 and (b) B2.

390 Computed areal Earth tide strain, measured barometric pressure and hydraulic head of borehole B1 and B2 were de-trended

using a moving meadian filter with 3-day window, Sec. 3.2 and Fig. A2.
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Figure A2. The corresponding de-trended time series showing only components with frequencies up to 3 cpd; (a) computed Earth strain, (b)

measured atmospheric pressure, hydraulic head (c) B1 and (d) B2.

Harmonic constituents were obtained applying harmonic least squares (HALS), results of amplitude and phase shift to the

M signal are shown in Table A1l. Analogously, the amplitude and phase shift to the S, signal are shown in Table A2.

Table A1l. Amplitude ratio and phase shift obtained with HALS for the M> constituent.

Borechole  AETP ] A@ETP[°] AW [m] A¢SW [°]  AET [m] A¢ET [°]

Bl 26.57-107° 0.52 0.0015 —0.061 57386.49 0.59
B2 26.65-107° 1.74 0.0012 1.76 46710.38 —0.02

19



Table A2. Amplitude ratio and phase shift obtained with HALS for the S> constituent.

Borehole AATF [kPa] A¢ATT[°] AW m]  A¢SV[°] AAT ] A¢AT [°]

B1 0.12 2.84 1.0-1072 2.83 0.82 —-0.71
B2 0.12 —0.33 0.58-107? —0.20 0.47 7.83
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Appendix B

Time—drawdown data from five two-well pumping tests in the Mary—Wildman rivers area were reinterpreted using appropriate

drawdown solutions using a two-step process (see Table B1 and W1 to W10 in Figure Bla) (Turnadge et al., 2018). The

time—drawdown data, were used to identify appropriate pumping test analysis solutions. These included: the solutions of

Barker (1988) for fractured rock flow under confined conditions; Hantush (1960) for leaky conditions; and Neuman (1974) for

unconfined conditions.

(a)

\_ A-B

( . )
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@ Baro logger @ Surface water # Darwin
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J

(b)

Siltstone
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Figure B1. Map of the study site. (a) shows PSC boreholes, barometric sensor and location of the wells were pumping tests were performed

(wells W1 to W10). (b) shows the surface geology of the Mesozoic/Cenozoic strata (modified from NT Geological Survey digital data,

(Tickell, 2017))
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