UNSW

A USTIRATLIA

(CARDIFF
KIT @DEAKIN
CAERDY@ UNIVERSITY AUSTRALIA

Karlsruhe Institute of Technology

Disentangling the groundwater response to Earth and
atmospheric tides reveals subsurface processes and properties

Gabriel C. Rau, Timothy McMillan, Mark O. Cuthbert, Martin S. Andersen, Wendy A. Timms, Philipp Blum

Institute of Applied Geosciences, Department of Engineering Geology

European Geosciences Union |,Shaf_ing»--;Gé.Oijéfilen:cv:_e Qﬂ"ﬁe;l 4-8'-N}Ia

KIT — The Research University in the Helmholtz Association



What is Tidal Subsurface Analysis (TSA)?

» Earth and atmospheric tides
cause subsurface compression
and expansion at well-known
cycles (i.e. tides)

» By knowing these drivers
(tides), the groundwater
response can be inverted to
guantify in-situ subsurface
hydro-geomechanical
properties

» Hydraulic conductivity
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https://www.dropbox.com/s/omcnfq1d4nb81gl/2019_McMillan_et_al_RoG.pdf?dl=0
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® The impact of Earth and atmospheric tides (EAT) can be used to
understand and quantify groundwater processes and properties

® Advantage: Passive approach - no active testing required
[McMillan et al., 2019]

® Earth tides have been used to quantify hydraulic conductivity and
specific storage

B Atmospheric tides have been used to quantify barometric efficiency
(B E) [Acworth et al., 2016]

® Given a porosity estimate, formation specific storage and
compressibility

® Calculating BE using the impact of EAT was compared to
Barometric Response Functions (BRF) [rumadge et al., 2019]

Subsurface compressible properties
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Dominant EAT frequency components &(IT

Darwin Frequency Tidal Tidal Gravity Tidal Description Attribution
name Potential Variation Dilation

[cpd] [m*[s7] [m/s°] [-]

Diurnal
) 0.929536 5.363385 8.26E-06  3.347E-08 Principal Lunar diurnal Earth
M, 0.966446  10.286769 1.58E-05 6.419E-08 Lunar Diurnal Earth
P 0.997262 7.407625 1.14E-05  4.622E-08 Diurnal Lunar perigee Earth
S 1.000000 Principal Solar Atmospheric Pressure (thermal) Atmosphere
K 1.002738 22.924982 3.53E-05 1.431E-07 Lunar Solar Diurnal Earth
Semidiurnal

Ny 1.895982  12.963403 1.996E-05  8.089E-08 Lunar elliptic Semidiurnal (variation in moon distance) Earth
M- 1.832274  42.060943 6.477E-05  2.625E-07 Principal Lunar Semidiurnal Earth
5 2.000000  19.309855 2.973E-05  1.205E-07 Principal Solar Semidiurnal Atmosphere/Earth
K> 2.005476  11.791770 1.816E-05  7.358E-08 Lunar Solar Semidiurnal Earth

Table 1: Frequency components found in borehole water level records [McMillan et al.,2019]
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Confinement, Barometric EfflClency and S ﬂ(".

® Definition of BE [Jacob, 1940]
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® Need to remove ET influences from S2 S0
component [Acworth et al., 2016]
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® Water compressibility § is known

® Given a porosity estimate, we obtain:
® formation compressibility a
¥ specific storage S; = pg(¢f + a)

Pressure head [mAHD]
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Limitations when using AT ST
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® Inherent assumptions are 107 Bk
Instantaneous response between
1. EAT strain and pore pressure 10-3 Increasing il
2. Pore pressure and well T errors L
B Assumption (1) requires more research < >
® Assumption (2) can be assessed 5107 . 1 Hos 7
assuming confined conditions and g 8l g o
horizontal harmonic flow [rsieh et al, 1988] £ . - ] g
A. = M g ] 0.4 =
T A 3 |
P s | Well dimensions _
8 Well response depends on the well 1 . —0127m
dimensions and formation permeability L. =106m o2
® BE method by Acworth et al. [2016] is I D
limited to higher formation permeabilities Hydraulic conductivity K [m s~1]
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Water level [m] Baro [m]

Gravity [u/s?]

A case study testbed

BLM-1 (Death Valley, California)
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Data courtesy of National Park Service (NPS), California, USA — Details about hydrogeology and borehole see Cutillo and Bredehoeft [2011]
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Main harmonic components in testbed data

Amplitude (BP & GW) [m]
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Earth tide response in testbed data Q(IT
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® Areal strain sensitivity (1,481,280) and phase shift between ET and GW (—1.08°)
® Solving equations [Hsieh et al., 1988]: S~ 6.7 X 107 /m and K ~ 4.3 x 10° m/s
® The amplitude ratio between well water level and pore pressure: A, = 0.998 (~0.2% error!)
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ET and AT influences can be disentangled ﬂ(".

® The groundwater response
to ET and AT at the same
frequency Is superimposed

® Influences from ET and AT
can be disentangled using
the harmonic addition
theorem [vcwilian et al., 2016]

® The results can be used to

characterise the individual
strain responses

© by all authors. All rights reserved.
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Disentangling the S2 component ... A\‘(IT

St%o 1

Theoretical ET
GW observed response to ETy;
X GW inferred response to ETs3

S2

Complex representation

et 14

® We use M2 of the theoretical ET record to
reference the GW response

® This allows us to determine the GW
response to S2 — amplitude and phase!

© by all authors. All rights reserved.

® GW observed response to ETs; + ATs2
X' GW inferred response to ETs3
X GW inferred response to ATsz
°

AT driver at S2
—~—

+1
We can use the inferred GW response to S2 to
unravel the response to AT (amplitude is magnified)

This results in complete disentanglement and a
universally applicable BE estimate
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Results A\‘(IT
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® Barometric efficiency
® BE ~ 1.29 using Acworth et al. [2016] is obviously impossible!

® BE ~ 0.60 using standard ration is confirmed by calculating the Barometric
Response Function (BRF): BE~0.585) [rasmussen and Crawford, 1997

® For complete confinement (at 2 cpd), the phase difference between
GW and AT should be the same as between GW and ET

0 A¢GW ET _ __ 1.1° and A¢GW —AT __ —98°

® The phase discrepancy points to vertical proximity to drainable
pore space Iin the pressure response between surface and depth
— not completely confined at that frequency

® ET strain response is high, but BE << 1 which points to a vertical
contrast in formation compressibility
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AT

Conclusions

® The testbed dataset provides a textbook example for impacts of
Earth and atmospheric tides on groundwater systems

® Compared to Acworth et al. (2016), we assess a case with ET > AT impact

® Large ET impact is usually associated with deeper, more consolidated
systems (e.g., fractured rock with low compressibility)

® We illustrate a new, more complete approach to disentangle GW
response to ET and AT

® Individual groundwater response to ET and AT can be used to
calculate properties and understand subsurface processes
® Hydraulic conductivity, specific storage, BE, compressibility

® Strain anisotropy: Small AT strain response (BE) relative to large ET strain
response reveals vertical geomechanical heterogeneity of the formation
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