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Estimation of fault-zone conductance by calibration of a regional
groundwater flow model: Desert Hot Springs, California

Alex Mayer - Wesley May - Chad Lukkarila -
Jimmy Diehl

Abstract The hydraulic conductance of a large fault zone
has been estimated by calibrating a regional groundwater
flow model. Drops in groundwater elevations of over 80 m
have been observed along a 15-km length of the Mission
Creek fault, California, USA. The large drops in elevation
are attributed to the reduced hydraulic conductivity of the
fault materials. A conceptual and numerical model of the
two hydrologic subbasins in Desert Hot Springs, separated
by the Mission Creek fault, was developed. The model
was used to estimate the hydraulic conductance along the
fault. The parameter estimation involved calibrating the
model with observed groundwater elevations from over 40
locations over a 60-year period. The fault hydraulic
conductances were estimated assuming a linear trend in
the fault length, yielding variations in the fault hydraulic
conductance of about an order of magnitude along the
fault length (2x107''4x107'° 1/s). When an average
fault thickness of 35 m is assumed, the fault hydraulic
conductivity values are estimated to be from three to five
orders of magnitude lower than the surrounding materials.
A sensitivity analysis indicated that assumptions made in
the conceptual model do not significantly affect estimated
fault hydraulic conductances.

Résumé La conductance hydraulique d’une zone présent-
ant une large faille a été estimée grice a la calibration d’un

Received: 14 December 2005 / Accepted: 5 January 2007
Published online: 10 February 2007

© Springer-Verlag 2007

A. Mayer (=) - J. Diehl

Department of Geological and Mining Engineering and Sciences,
Michigan Technological University,

1400 Townsend Drive,

Houghton, MI 49931, USA

e-mail: asmayer@mtu.edu

Tel.: +1-906-4873372

Fax: +1-906-4873371

W. May

Arcadis,

126 N. Jefferson St., Suite 400,
Milwaukee, WI 53202, USA

C. Lukkarila

Kleinfelder and Associates,

2405 140th Ave NE, Suite A101,
Bellevue, WA 98005, USA

Hydrogeology Joumal (2007) 15: 1093-1106

modéle hydrogéologique régional d’écoulement. Des
chutes de niveaux piézométriques de plus de 80 m ont
été observées le long de la faille de Mission Creek en
Californie, Etats-Unis, sur une longueur de 15 km. Les
importantes baisses de niveau sont attribuées a la faible
conductivité hydraulique des matériaux de la faille. Un
modéle conceptuel et numérique des deux sous-bassins
hydrologiques du Desert Hot Springs, séparés par la faille
de Mission Creek a été élaboré, Le modele a été€ utilisé
pour estimer la conductance hydraulique le long de la
faille. L’estimation de ce paramétre a impliqué de calibrer
le modéle avec les niveaux piézométriques observés au
niveau de 40 localisations sur une période de 60 ans. Les
conductances hydrauliques de la faille ont été estimées
avec I’hypothése d’une tendance linéaire sur la longueur
de la faille, accommodant les variations des valeurs de
conductance hydraulique de la faille d’environ un ordre de

- grandeur le long de la longueur de la faille (2x 1074 x

107! s7). Lorsque I’épaisseur moyenne de la faille est
supposée de 35 m, les valeurs de conductivité hydraulique
de la faille sont estimées étre entre 3 4 5 ordres de
grandeurs inférieurs par rapport aux matériaux environ-
nants. Une analyse de sensibilité a indiqué que les
hypothéses formulées dans le modéle conceptuel n’affec-
tent pas de maniére significative les conductances hydrau-
liques estimées de la faille.

Resumen Se ha estimado la conductancia hidraulica de
una gran zona de falla, mediante la calibracién de un
modelo de fluyjo regional de agua subterranea. Se han
observado caidas en las elevaciones del agua subterranea
por encima de 80 m a lo largo unos 15-km de longitud de
la falla Mission Creek, California, EE.UU. Se atribuyen
los descensos grandes en la elevacién, a la conductibilidad
hidrdulica reducida de los materiales de la falla. Se
desarrollaron un Modelo conceptual y numérico de las
dos subcuencas hidrologicas en el Desierto Hot Springs,
separadas por la falla de Misién Creek. El modelo fue
utilizado para estimar la conductancia hidraulica a lo largo
de la falla. La estimacion del pardmetro involucrd calibrar
al modelo, con las eclevaciones del agua subterrianea
observadas en mas de 40 localidades y por un periodo
mayor a 60 afios. Las conductancias hidrdulicas de la falla
se estimaron asumiendo una tendencia lineal en la
longitud de la falla, obteniendo variaciones en la con-
ductancia hidraulica de la falla, de alrededor de un orden
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de magnitud a lo largo de la longitud de la falla (2 1071
4x10° s7"). Cuando es supuesto un espesor medio de la
falla de 35 m, se estiman los valores de conductibilidad
hidraulicos de la falla, de tres a cinco 6rdenes de magnitud
mas bajos que los de materiales circundantes. Un analisis
de sensibilidad indic6, que los supuestos hechos en el
modelo conceptual, no afectan significativamente las
conductancias hidraulicas estimadas de la falla.

Keywords Faults - Hydraulic properties - Inverse
modeling - Regional model - Unconsolidated sediments

Introduction

Faults that act as barriers can appreciably affect ground-
water-flow patterns at the basin or regional scale (e.g.,
Smith et al. 1990; Bredehoeft et al. 1992; Haneberg 1995;
Lopez and Smith 1996). The degree to which a particular
fault impedes groundwater flow depends on the materials
found in the fault zone, the type and distribution of
adjacent aquifer materials, and the occurrence of diagen-
esis in the fault zone, as well as the externally imposed
flow regime (Heynekamp et al. 1999). Almost all
investigations of faults that act as barriers to subsurface
fluid flow have been conducted in well-lithified materials.
However, as noted by Heynekamp et al. (1999), faulted,
poorly lithified sediments constitute many of the most
important aquifers in the southwestern US and elsewhere
in the arid to semi-arid parts of the world.

Mechanical and chemical processes have been associ-
ated with the reduction of hydraulic conductivity in
unconsolidated sediments in fault zones, including (1)
cataclasis, or grain-size reduction, (2) offsetting of
permeable beds by impermeable beds, (3) rotation of
elongated and flat clasts parallel with the fault surface,
reducing the hydraulic conductivity perpendicular to the
fault, (4) tectonic mixing or smearing of beds of low
hydraulic conductivity sediments (i.e., clays) in the fault
zone, and (5) deposition of minerals in the fault zone,
reducing the pore space and, hence, the hydraulic
conductivity (Mozley and Goodwin 1995; Mozley et al.
1995; Mozley and Davis 1996; Caine et al. 1996; Sigda et
al. 1999; Caine and Forster 1999; Heynekamp et al. 1999;
Bense et al. 2003). Although advances are being made in
understanding the small-scale processes contributing to
reductions in the hydraulic conductivity of unconsolidated
fault material, few data are available on the hydraulic
parameters that are needed for regional hydrologic studies
of faulted aquifers (Marler and Ge 2003).

Although very large drops in groundwater elevations
and other evidence of faults acting to impede groundwater
flow have been reported in field studies (e.g., Huntoon and
Lundy 1979; Ganser 1987; Huntoon 1985; Kolm and
Downey 1994), these studies have not yielded estimates of
the fault-zone hydraulic conductivity. The usual assump-
tion is that faults are homogeneous along their length and
are usually treated as no-flow boundaries in numerical
models. Because this assumption is rarely verified, little
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information is available on the basic hydraulic properties
and distribution of fault materials.

The availability of groundwater resources in faulted,
unconsolidated basins can depend on the hydraulic proper-
ties of the faults. For example, in the arid area investigated in
this study (Desert Hot Springs, California), further develop-
ment depends on the availability of groundwater in the local
subbasin. This subbasin is separated from another subbasin
by a fault. Because recharge from local precipitation is very
small (less than 13 cm annually on the valley floor), the
amount of water contributed across the fault could form a
significant portion of the overall recharge to the aquifer in
the local subbasin. Water quality also can be affected by the
hydraulic properties of faults that separate aquifers with
higher quality water from those with lower quality water.
This result is again the case in the area investigated in this
study, where high concentrations (concentrations above
water-quality standards) of hazardous compounds associated
with natural and anthropogenic sources are found on one
side of the fault, but not the other. The flux of these
compounds across the fault into the subbasin with higher
quality water is directly related to the magnitude of flow
across the fault.

The purpose of this work is to estimate the macroscopic,
hydraulic properties of a large, high-displacement fault zone
in an unconsolidated aquifer. The hydraulic properties of the
fault zone are estimated by inverse modeling, whereby a
regional-scale, groundwater-flow model is calibrated with
groundwater elevations collected from over 40 locations
over six decades. Multiple hydrogeologic parameter values
are estimated by minimizing a weighted least-squares
objective function that accounts for measurement error.
The quality of the estimated parameters is assessed by
determining confidence intervals and testing for covariance
between parameters. A sensitivity analysis was conducted to
assess the significance of key assumptions made in
developing the conceptual model; specifically, the assump-
tion that outflow rates remain constant over the study period
and the rate of pumped water returned to the subsurface.

Description of study area

The study area is situated around the city of Desert Hot
Springs, Riverside County, California in the upper Coachella
Valley (see Fig. 1). The upper Coachella Valley is filled
with alluvium, with estimates of depths to underlying
bedrock of more than 1 km (Proctor 1968). The upper
Coachella Valley has a tropical desert climate. Annual
temperatures vary from 49°C during the summer to below
0°C during the winter (Proctor 1968). The average annual
precipitation is from 76 to 102 cm in the mountains and
less than 13 cm on the valley floor (Harding Lawson
Associates 1985).

The San Bernardino Mountains and Indio Hills bound
the study area to the west and east, respectively. The study
area is bounded to the north by the Little San Bernardino
Mountains and to the south by the Banning fault, an
extension of the San Andreas fault system. Another
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branch of the San Andreas fault system, the Mission
Creek fault, bisects the study area to form the Desert Hot
Springs subbasin to the north of the fault, and the Mission
Creek subbasin to the south. Both the Banning and
Mission Creek faults are right lateral reverse faults,
dipping 80-90° to the northeast (Proctor 1968). The faults
can be traced across the ground surface of the study area

Fig. 2 Aerial photo of a
portion of the study area,
including indication of faults
(white dotted lines) and vege-
tation scarps
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by the appearance of vegetation, topographic scarps, and
disrupted alluvium (see Fig. 2).

The study focused on a 15-km section of the Mission
Creek fault (see Fig. 1), where observations indicate that
the fault, or fault zone, is acting as a barrier to ground-
water flow. Proctor (1968) first suggested that the presence
of phreatophytic vegetation (plants that extract water
from water tables via their root system) along the northern
side of the Mission Creek fault trace (see Fig. 2) was an
indication of high groundwater elevations. Proctor (1968)
further surmised that the high groundwater elevations
were caused by the fault impeding fluid flow. Measured
differences in groundwater levels of more than 80 m
across the fault zone have been reported (California
Department of Water Resources 1964; May 1996;
Lukkarila 1999), yielding apparent hydraulic gradients
of greater than 10% across (perpendicular to the strike
of) the fault zone. A distinct difference in the chemistry
and temperature of the groundwater on either side of
the fault also indicates very low flow rates across the
Mission Creek fault (Geotechnical Consultants 1979;
Proctor 1968). The mechanism responsible for impeding
groundwater flow across the Mission Creek fault is not
understood, although cementation is suspected to have
created a low hydraulic conductivity zone (Harding
Lawson Associates 1985; May 1996). Zones of cemented
materials have been observed in sediments exposed in
road cuts and excavations (Harding Lawson Associates
1985; May 1996).

Fault

Scarps &

Disrupted
{ Alluvium
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Figure 3 shows groundwater-elevation contours from a
set of measurements collected in 1998; Fig. 4 shows
ground-surface elevations for reference. The general
direction of groundwater flow in the subbasins is primarily
along the northwest to southeast axis of the valley, a pattern
consistent with the regional pattern in the upper Coachella
Valley (Tyley 1971). The exception to the pattern is the
bend towards the southern end of the Banning fault. The
steep gradient across the Mission Creek fault zone is
implied by the large differences in measured groundwater
elevations on either side of the fault.

In general, there is a distinct contrast between the
chemistry and temperature of the groundwater in the two
subbasins (Geotechnical Consultants 1979, 1992). The
groundwater in the Desert Hot Springs subbasin has a
geothermal character, with total dissolved solids (TDS)
concentrations of over 1,000 mg/L and temperatures
exceeding 50°C. The groundwater chemistry in the
majority of the Desert Hot Springs subbasin has been
characterized as predominately Ca—Na,CO;—-SO,4 (Geo-
technical Consultants 1979).

The groundwater in the Mission Creek subbasin is
similar in character to groundwater in the upper Coachella
Valley, with TDS concentrations of 100-500 mg/L,
temperatures of 30-35°C, and chemistry characterized as
predominately Na—SO4. However, along the southeastern
section of the Mission Creek fault, between Long Canyon
(see Fig. 5) and the southeastern end of the study area, the
groundwater chemistry in the Mission Creek subbasin is
characterized as Na—SO,, and TDS concentrations ranging
between 500 and 900 mg/L are found (Geotechnical
Consultants 1979).

Groundwater-model development

Groundwater models have been developed in and around the
study area as part of groundwater-resource assessments

Desert Hot
Springs Subbasin

AN
280 ef _ AN
240 Mission N\
Creek / \
/ Fault
~ Mission Creek Subbasin

~
~ (/\ 220

Banning ~
Fault / ~

Fig. 3 Observed groundwater elevations in meters above mean sea
level, 1998. Groundwater elevations used in this figure consist of
water-level measurements taken from observation wells and
elevations determined from electrical resistivity surveys
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(Tyley 1971, 1974; Swain 1978; Reichard and Meadows
1992). In each of these investigations, the Mission Creek
fault zone was treated as a complete barrier to groundwater
flow in order to simplify the modeling efforts. In this work,
a conceptual and numerical groundwater-flow model was
developed for the Desert Hot Springs area, where the
Mission Creek fault zone has non-zero hydraulic conduc-
tance. The model is used to estimate the fault conductance,
along a 15-km section of the fault zone, via a two-phase
calibration and verification procedure.

Conceptual model

The groundwater system is treated as a single layer aquifer
under unconfined conditions. The aquifer materials are
composed of the Pleistocene Cabezon fanglomerate and
Ocotillo conglomerate. These materials are poorly sorted
and poorly consolidated, consisting of coalescing alluvial
fan, braided stream, and debris flow deposits (California
Department of Water Resources 1964). No laterally
continuous units can be identified from lithologic logs
from well-installation records, which are separated on the
order of hundreds of meters to kilometers. The apparent
lack of correlation at this scale for this study has led to the
application of a hydraulic conductivity distribution model
that is homogeneous in the vertical and distributed in
blocks in the aerial direction.

The lateral boundaries of the study area are shown in
Fig. 5. The northern and western boundaries, which
generally follow the outline of the San Bernardino and
Little San Bernardino Mountains, are treated as no-flow
boundaries, except where canyons intersect the boundary
and subsurface inflow occurs. Portions of the boundaries
to the southeast coincide with the Indio Hills, which are
composed of the Palm Springs Formation and consist of
semiconsolidated siltstones, claystones, and sandstones
(California Department of Water Resources 1964). It was
assumed that this material creates a no-flow boundary on
the southeastern corner of the study area (Proctor 1968).
Outflow of groundwater from the study area occurs via (1)

5km

Desert Hot Springs Subbasin

A Mission
Creek

300
~f// Fault N
~C Mission Creek Subbasin
~ M—/\
~
~ 250

~
,f Banning ~

Fault
N ‘au! \

Fig. 4 Ground-surface elevations in meters above mean sea level
(contour interval 50 m)
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Fig. 5 Location of inflow and outflow boundary conditions and estimates of inflows from Tyley (1971); locations of pumping wells; and

finite-difference grid used in model simulations

groundwater flow across the Banning Fault, (2) ground-
water outflow through an area to the north of the Indio
Hills (“eastern flux boundary”), and (3) evapotranspiration
though phreatophytes on the ground surface near the
Banning or Mission Creek fault. The outflow locations are
indicated in Fig. 5.

The basement rock in the upper Coachella Valley area
consists of the San Gorgonio igneous-metamorphic com-
plex (California Department of Water Resources 1964).
Proctor (1968) suggests that typical sediment thicknesses
in the upper Coachella Valley are greater than 400 m.
However, recent seismic refraction and reflection surveys
at Long Canyon (see Fig. 2 for location) indicate that low
hydraulic conductivity materials could be as near as 70 m
below ground surface on the Desert Hot Springs subbasin
side of the Mission Creek fault (R. Catchings, US
Geological Survey, unpublished data, 1999).

Surface-water flow in the study area consists of
ephemeral or intermittent streams that originate in the
mountains. Mission Creek is the only stream that flows to
the valley floor on a consistent basis, but the stream
usually disappears a short distance from its entrance into
the study area. Streams flowing through Morongo Valley,

Hydrogeology Journal (2007) 15: 1093-1106

Big Morongo, Little Morongo, and Long Canyons
periodically reach the valley floor for short periods of
time when there are localized, intense storms in the
mountains. The water recharging the aquifer originates as
precipitation in the mountains forming the northern and
western boundaries and enters the study area almost
exclusively as subsurface inflow via the major canyons.
The study period began in 1936, since, according to
Tyley (1971), nearly steady-state conditions were present
in the upper Coachella Valley, because very little pumping
occurred at this time and historical records indicate an
average precipitation year for the area. Figure 5 shows the
locations of inflows and outflow and the corresponding
rates estimated by Mayer and May (1998), based on the
rates estimated by Tyley (1971) for the year 1936. Tyley
(1971) estimated the inflows and outflows by using a
combination of precipitation estimates and water balances.
Given the inflows and outflows described above, the
water balances for the two subbasins are proposed as

Desert Hot Springs subbasin :
Owmc + Ore = Omcr + Orrs + Ppus + ASpus,

(1a)

DOI 10.1007/s10040-007-0158-0
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Fig. 6 Annual pumpage from study area for Desert Hot Springs
and Mission Creek subbasins

Mission Creek subbasin :

Owmc + Omve + Osmc + Owmicr = Osr + Pyc + ASwuc,
(1b)

where O vic is the inflow from Lower Morongo Canyon,
O c is the inflow from Long Canyon, Qycr is the flow
across the Mission Creek fault, Qgrp is the outflow from
the eastern flux boundary, Oy is the inflow from Mission
Creek, Onmvc is the inflow from Morongo Valley Canyon,
Opmc is the inflow from Big Morongo Valley Canyon,
Ogr 1s the outflow across the Banning fault (see Fig. 5),
Ppus and Pyic are the pumping rates in the Desert Hot
Springs and Mission Creek subbasins, respectively, and
ASpns and ASyic are the storage changes in the Desert
Hot Springs and Mission Creek subbasins, respectively.
Figure 5 shows the locations of the inflows and outflows
and the estimates for the inflows provided by Tyley
(1971).

Table 1 Parameter best estimates and Confidence Intervals (CI)

Evapotranspiration through phreatophytes along por-
tions of the fault zone also was considered. Calculated
values of evapotranspiration for the Banning and Mission
Creek faults are 0.032 and 0.0012 m?/s, respectively,
using an aerial evapotranspiration rate from Lines and
Bilhorn (1996) for similar vegetation (1.3x10°* m*/s/m?).
The evapotranspiration at the Mission Creek is negligible
and is ignored in the conceptual and numerical models.
The evapotranspiration at the Banning fault is lumped into
the Banning fault outflow rate.

The net annual pumpage from the Desert Hot Springs
and Mission Creek subbasins is shown in Fig. 6. Most of
the pumping in the study area occurs near the city of
Desert Hot Springs. Approximately 20% of the pumped
groundwater is transported out of the study area. The
remainder of the pumped groundwater is used in the study
area and is either returned to the subsurface through
irrigation and sewage-effluent return or is lost to evapo-
transpiration or other sinks. It is assumed that, on average,
35% of the pumped groundwater is returned to the
subsurface (Tyley 1971). The significance of this assump-
tion is assessed in the sensitivity analysis section.

Numerical model

Assuming that the fluid density is constant, the principal
axes of hydraulic conductivity are aligned with the
coordinate directions, and the aquifer is homogeneous
and isotropic, the vertically averaged groundwater flow
equation is (Bear 1979)

Ph
?

S Oh  OPh

T 0t ox?

a9, W7 (2)

where § is the storage coefficient, 7=K# is the transmis-
sivity along the x and y coordinate axes, h=H—zy; is the
potentiometric elevation above the aquifer bottom, H is
the potentiometric elevation AMSL (above mean sea
level), zpo 18 the elevation of the aquifer bottom AMSL,

Parameter, inflow, or outflow Variable  Prior estimate  Steady-state calibration Transient calibration

Best estimate  95% CI Best estimate  95% CI Units
Mission Creek inflow Omc 0.13 0.13 0.16 0.04 0.15 m’/s
Morongo Valley Canyon inflow Omve 0.03 0.03 0.05 0.02 0.06 m’/s
Big Morongo Canyon inflow Osmc 0.06 0.06 0.04 0.02 0.04 m/s
Little Morongo Canyon inflow Orme 0.07 0.07 0.06 0.03 0.10 m’/s
Long Canyon inflow Orc 0.05 0.05 0.04 0.02 0.08 m/s
Eastern flux boundary outflow OrrB 0.07 0.07 0.05 0.02 0.06 m’/s
Banning fault outflow Ogr 0.27 0.27 0.30 0.06 0.18 m’/s
Storage coefficient S NA NA NA 0.12 0.03 -
Transmissivity Desert Hot Springs  apps NA —6.4x107 2.3x1077 =7.7x10"7 2.8x1077 m*/s/m
Tpus = apusX + bpus bpus NA 3.4%1072 6.7x107  2.5x1072 49x107°  m¥s
Transmissivity Mission Creek ame NA -1.5x1077 50x10°%  -1.8x10"7 54x107°  m%/s/m
Tyc = apcX + buc by NA 24x107 6.0x107*  2.9x107° 58x107*  m¥s
Fault Conductance ap NA 3.1x1074 6.0x107"°  24x107* 48x107"  1/s/m
K* = apx + b by NA 1.7x1071 8.7x10712  22x107! 1.ox107""  1/s

NA not applicable
CI confidence interval

Hydrogeology Journal (2007) 15: 1093-1106
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Table 2 Estimates of uncertainties associated with model inputs and measurements used in calibration procedure

Calibration phase Input/measurement

Uncertainty Methodology used to estimate uncertainty

Steady-state calibration Water levels interpolated from Tyley
(1971) potentiometric-surface map

Groundwater-elevation observations from
local water- agency records over the
period 1937-1998

Transient calibration

Water levels estimated from wells in May (1996) 0.05 m
and Lukkarila (1999) less measurements taken

at fault transects

Water levels estimated from resistivity surveys
in Lukkarila (1999) less measurements taken

at fault transects

0.20 m Assumed

0.10 m Assumed

Precision: estimated from repeated measurements
in a single well

0.13 m Accuracy: average difference between water
levels estimated from wells and resistivity
surveys (taken at the same location)

0.24 m Precision: estimated from repeated measurements
at a single location

0.37 m Sum of accuracy and precision

K is the hydraulic conductivity, and W is a volumetric flux
per unit area and represents sources or sinks of water. The
assumption of constant fluid density ignores the signifi-
cant differences in temperature and concentrations of
dissolved solids in groundwater across the study area.
However, a maximum density difference of less than 1%
is associated with the extremes in temperature (30-55°C)
and dissolved solids concentrations (100-1,500 mg/L).
This density difference is not expected to appreciably
affect the processes considered in this study.

The numerical model used for this study is MOD
FLOW, a well-known, quasi-three-dimensional ground-
water-flow modeling program (McDonald and Harbaugh
1988) based on Eq. (2). The MODFLOW horizontal flow
barrier (HFB) package was utilized here (Hsieh and
Freckleton 1993) to simulate the effect of the Mission
Creek fault on groundwater flow. The HFB package
essentially simulates the fault via a leakance term between
two horizontally adjacent finite-difference cells. The HFB
package is based on the assumption that the fault is
vertically oriented and that the flow through the adjacent
cells is horizontal. The fault hydraulic properties are input
as a conductance, K* = K; / ¢, where Ky and c are the fault

v o 1

RS Desert Hot Springs Subbasin
Transmissivity Distribution:

v | Tous = aprsx +bpys

Mission Creek Subbasin =
Transmissivity
Distribution:

Tye = ayeX +bye

Mission Creek Fault
Conductance
Distribution:

¥
K =apx+bg

b

Fig. 7 Assumed directions of transmissivity patterns for the
Desert Hot Springs and Mission Creek subbasins and assumed
directions of fault conductance patterns

Hydrogeology Journal (2007) 15: 1093-1106

hydraulic conductivity and thickness in the direction
normal to flow, respectively.

The numerical model is based on a single layer, 170-
column x 98-row rectangular grid, that is oriented along the
strike of the Mission Creek fault (see Fig. 5). Only 9,643
cells are active, due to the irregular boundary of the study
area. Each cell is 125x%125 m. Inflows are simulated as
constant-flux terms at the relevant grid cells (see Fig. 5 for
location), as are the outflows along the Banning fault and
the eastern flux boundary. All other grid cells along the
boundary are no-flow. Pumping rates at 21 wells are
represented in the model grid and are based on historical
pumpage records, beginning in 1936 (see Fig. 5 for
location and Fig. 6 for an illustration of the pumping rates).

Model calibration, verification, and sensitivity
analysis

The model calibration consisted of two phases: a steady-
state calibration based on observations collected in a year
(1936), where little or no pumping occurred, and a

Legend
&= Elevation taken from well

<+ Elevation taken from
resistivity survey

B-B’
3 Fault transect and designation

0 1 5 km

Desert Hot Springs Subbasin

Fig. 8 Location of groundwater-elevation measurement points and
fault transects. Note that not all individual measurement points are
indicated in the fault transects
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Table 3 Cross-correlation matrix for estimated parameters fro transient calibration
Owmc Ovmve Osvc Ome Oic OkrB Ogr N AdpHSs bpus amc bae ar br
Omc 1.00
QMVC _077 100
Oime —0.03 —-0.13 0.15 1.00
Orc -0.03 -0.10 0.10 —0.45 1.00
Oz —0.03  —0.06 007 048 033 1.00
Ogr 0.35 0.39 023 —0.03 0.03 -0.17 1.00
0.29 034 -0.28 0.39 0.41 0.44 -0.39 1.00
apus 0.00 0.06 —0.03 0.06 —-0.04 -0.06 0.00 0.07 1.00
bpus -0.01 -0.09 0.10 —0.19 0.22 029 -0.08 -0.04 0.44 1.00
ame -0.05 -0.07 0.10 0.06 0.08 0.00 —0.06 0.00 0.00 —0.03 1.00
byve 0.15 0.18 0.10 —-0.08 —0.10 —0.03 0.19 —0.01 0.04 0.03 —-0.47 1.00
ar 0.08 -0.06 -0.09 —0.11 0.01  —-0.05 0.08 0.03 0.07 0.05 0.03 0.01 1.00
b -0.03 -0.09 0.12  —0.18 0.18 0.10 -0.17 -0.03 -0.05 -0.03 -0.11 -0.01 -0.38 1.00

transient calibration based on observations from 1937
through 1998. A separate data set collected in the vicinity
of the fault zone was used to verify the model. Finally,
sensitivity to basic assumptions in the conceptual model
conceptual was assessed.

Inflow and outflow rates, transmissivities, storativity,
and fault conductances were estimated via model calibra-
tion. The parameters estimated by calibration are listed in
Table 1, along with prior estimates of the parameters. Prior
estimates for inflows and outflows were obtained as
described previously in the conceptual model section.
The “observations” used in the calibration procedure
consist of published maps of groundwater elevations,
historical groundwater-elevation records from public
water supply wells, direct measurements of groundwater
elevations in observation wells, and groundwater eleva-
tions interpreted from electrical resistivity surveys. It was
assumed that the “observed” groundwater elevations are
equivalent to the vertically averaged hydraulic heads
predicted by the model at the corresponding nodal
location. Uncertainty estimates for each category of
observed groundwater elevations are provided in Table 2.

——
0 1 5km

Desert Hot
Springs Subbasin

AN

Mission
Creek
Fault

220

~

Banning
Fault

2—)

Fig. 9 Simulated groundwater elevations in meters above mean
sea level, 1998
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Best parameter estimates were found using the PEST
package for nonlinear parameter estimation (Doherty
1994). The PEST package is based on the Gauss-
Marquardt-Levenberg method. The objective of the
parameter estimation is to find the minimum global sum
of the squares of the residuals (SSR) between the
observations and the model predictions, as in

SSR = (h?qodel _ h?bs)2 (3)

N
i=1

where N is the number of observations and #™°%" and 4"
are the groundwater elevations obtained from model
simulations and from observations, respectively. Optimum
parameter values are constrained to lie between individ-
ually specified upper and lower bounds. The uniqueness
and optimality of the parameter estimates were tested by
repeating the calibrations using a wide range of starting
points for the parameter estimates.

Legend

+ Elevation taken from
observation well

4 Elevation taken from
resistivity survey

0 1 5 km

Desert Hot Springs Subbasin

-10 0
5 +

<

~

~
~

Banning
Fault

Mission
Creek
Fault

Mission Creek Subbasin

==

Fig. 10 Residuals between simulated and observed groundwater
elevations (simulated minus observed elevations) in meters, 1998
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Table 4 Water-balance after

transient Calibration, 1998

#Change in groundwater
level calculated as (change in

Water-balance component Quantity Units
Mission Creek subbasin N
Mission Creek inflow 0.15 m3/s
Morongo Valley Canyon inflow 0.06 m3/ s
Big Morongo Canyon inflow 0.04 mz/S
Mission Creek fault (in) 0.07 m3/s
Mission Creek subbasin total inflow 0.32 ms/ s
Banning fault outflow 0.18 rn3/s
Mission Creek subbasin pumpage 0.36 m/s
Mission Creek subbasin total outflow 0.54 m /s
Mission Creek subbasin change in storage as volume —0.22 m’/s
Mission Creek subbasin change in storage as groundwater elevation” —0.52 m/year
Desert Hot Springs subbasin 5
Little Morongo Canyon inflow 0.10 m3/s
Long Canyon inflow 0.08 m}/s
Desert Hot Springs subbasin total inflow 0.13 m3/ s
Eastern flux boundary outflow 0.06 m3/ s
Mission Creek fault (out) 0.07 m3/s
Desert Hot Springs subbasin pumpage 0.05 m3/s
Desert Hot Springs subbasin total outflow 0.18 m3/ s
Desert Hot Springs subbasin change in storage as volume 0.00 m’/s
Desert Hot Springs subbasin change in storage as groundwater elevation” —0.01 m/year

storage as volume)/(area)
(storage coefficient)

Variances were assigned to all observations. The vari-
ances were assumed to reflect the uncertainty given in
Table 2. Equation (3) was modified to separate the SSRs
associated with each category of measurement. The
individual SSRs are weighted by the inverse of the
variances as in the following example, where observations
from observation well measurements (subscript “ow”) are
combined with groundwater elevations estimated from
resistivity surveys measurements (subscript “rs”) yielding

NOW N[s
SSR — 1 Z (hmodel hobs) + L Z (hmodel hobs)
0-2 Low low 2 Irs Irs

OW gy =1 Trs i1
(4)

Weighting by the inverse of the variances before the
sum-of-squared residuals has the effect of giving obser-
vations less prone to error more importance in determining
the parameter values.

Confidence intervals are calculated to give an indica-
tion of the uncertainty in the parameter estimates. Here, it
is assumed that the true model errors are normally
distributed and that the calibrated model is approximately
linear with respect to the parameters near the estimated
values (Seber and Wild 1989). Based on these assump-
tions, the individual confidence intervals are calculated as
the final estimated parameter value plus or minus the
product of the standard deviation of that estimate and the
student ¢ statistic.

The steady-state calibration phase involved estimation
of inflow and outflow rates (except for the cross-fault flow
Owmcr), transmissivities, and fault conductances with a
steady-state simulation of the year 1936. In this phase, the
“observed” groundwater elevations were derived from a
potentiometric-surface map from Tyley (1971). An uncer-
tainty of 0.2 m was assumed for these values (see Table 2).
Inflow and outflow rates are calibrated but are also
constrained by the water balances given in Egs. (1a) and

(1b).

Hydrogeology Journal (2007) 15: 1093-1106

The transmissivity distributions in both subbasins are
assumed to follow a linear trend paralleling the axis of the
upper Coachella Valley, as in

Tpus = apusX + bphus

(5a)

Tvic = amex + buic (Sb)
where the subscripts DHS and MC refer to the Desert Hot
Springs and Mission Creek subbasins, respectively; a and
b are the fitted parameters in the linear model, and x is the
distance along the axis of the subbasins, beginning at the
extreme northwestern ends of each subbasins and con-
tinuing from northeast to southeast (see Fig. 7). This
pattern reflects the change in aquifer materials and depth
to impermeable materials that is expected to occur in
alluvium-filled valleys. Whereas the transmissivity distri-
butions may actually follow a more complex pattern than
a linear pattern, the minimal information regarding
transmissivity values in the study area do not justify a
more complex model.

The conductance along the Mission Creek fault also is
modeled as following a linear trend:
K" = apx + b (6)
where the subscript F refers to Mission Creek fault; @ and
b are the fitted parameters in the linear model, and x is the
distance along the faults zone, beginning at the extreme
northwestern end of the fault zone and continuing from
northeast to southeast (see Fig. 7). The distribution of
conductance along the fault zone may actually follow a
more complex pattern than a linear pattern, but the
minimal observation data to be used in the calibration
does not justify a more complex model.

The transient calibration phase involved estimation of
the storage coefficient with a transient simulation from
1937 to 1998, using the calibrated 1936 simulation as

DOI 10.1007/s10040-007-0158-0
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Fig. 11 Simulated and observed groundwater elevations in meters above mean sea level for fault transects in 1998: a transect A-A’,

b transect B-B’, and ¢ transect C-C’

initial conditions. The inflow and outflow rates, trans-
missivities, storativity, and fault conductances were also
re-estimated. In this phase, groundwater-elevation obser-
vations from local water-agency records over the period
from 1937 to 1998, along with measurements recently
collected from 30 observation wells and 30 resistivity
soundings by May (1996) and Lukkarila (1999) were
used. Water levels were obtained from the observation
wells using a standard depth-to-water probe. The sounding
data were collected with a ABEM Terrameter SAS300B
using a Schlumberger array (Zhody et al. 1974) with AB/2
spacings ranging from 3 to 200 m and MN/2 spacings
from 0.4 to a maximum of 20 m. At several locations,
where the depth to the water table was shallow, the

Hydrogeology Journal (2007) 15: 1093—-1106

maximum AB/2 and MN/2 spacing were considerably less
than listed above. The modeling program “Resist” (Vander
Velpen and Sporry 1993) was used to invert the sounding
data to obtain water-table depths. Root-mean-squared fits
of 2-3% were generally obtained. The uncertainty for
each model input and measurements is indicated in
Table 2. The locations of the wells and resistivity surveys
used in the calibration data sets are shown in Fig. 8.

In the verification phase, a data set of groundwater-
elevation measurements collected in 1998 at three trans-
ects across the Mission Creek fault by Lukkarila (1999)
was used using observation wells and resistivity surveys.
The fault transect observations are compared with the
1998 model output of water levels from the transient

DOI 10.1007/s10040-007-0158-0



calibration phase. The fault transect observations are not
used in either of the prior calibration phases. The locations
of the three fault transects are shown in Fig. 8.

Results and discussion

Regional scale calibration

The best estimates and corresponding confidence intervals
for each parameter used in regional scale calibrations are
indicated in Table 1. A correlation matrix for all estimated
parameters is provided in Table 3. The best estimates of
the inflows and outflows are roughly similar to the prior
estimates. The confidence intervals for the inflows and
outflows are relatively low: on average, the confidence
intervals are on the order of 25% of the best estimate
values. The estimated correlations listed in Table 3,
however, indicate that there is significant self-correlation
between the inflows and outflows within each subbasin
(but not between each subbasin). The self-correlations
indicate that the ability to estimate individual inflows and
outflows is relatively weak.

Figure 9 shows a contour map of simulated ground-
water elevations for the year 1998, the last year of the
model-simulation period. Recalling the observed ground-
water elevations in Fig. 3, the simulations provide a good
match with the patterns in groundwater-elevation con-
tours. Figure 10 shows a map of the residuals between the
simulated and observed groundwater elevations (simulated
minus observed elevations), including the locations of the
water-level observations. The highest residuals are found
in the northwestern portion of the Mission Creek
subbasin, where the groundwater-elevation observations
are sparse.

Table 4 shows the inflows, outflows, and other flow
components obtained after the transient calibration phase
for the final year of the simulation (1998). These results
indicate that, due to pumping rates in excess of the overall
recharge rates (inflows minus outflows), there is a loss of
groundwater in storage. The losses translate to significant
declines in groundwater elevations in the Mission Creek
subbasin (on the order of 0.5 m/year) and minimal decline
in the Desert Hot Springs subbasin (on the order of
0.01 m/year). These declines are consistent with declines
observed in wells in the two subbasins over the period
1990-1998.

The estimated values of the parameters in the trans-
missivity equations indicate that, for both subbasins, the
transmissivities decrease to the southeast, or in the
direction away from the mountains. This result could be
explained by the expected decrease in grain size of
alluvial materials as the distance from the source of the
materials increases. In the Desert Hot Springs subbasin,
the minimum, maximum, and average values of transmis-
sivity are 1.7x 1072, 2.5x1072, and 2.1x107% m?%s,
respectively. In the Mission Creek subbasin, the mini-
mum, maximum, and average values of transmissivity are
1.8x107%,2.9x1073, and 1.5x 10> m%/s, respectively. The
higher values for the Desert Hot Springs subbasin are
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likely due to the proximity of the subbasin to the
mountains, indicating that the aquifer materials, on
average, have higher grain sizes, and, thus, higher
hydraulic conductivities.

The estimated transmissivities are a product of hydrau-
lic conductivities and saturated thicknesses. Given that the
transmissivities in the Desert Hot Springs subbasin are
higher than in Mission Creek subbasin, the hydraulic
conductivities are likely to be significantly higher in the
Desert Hot Springs subbasin, because the saturated
thicknesses are likely significantly lower in this subbasin.
The lower saturated thicknesses in the Desert Hot Springs
subbasin would be explained by the expected, significant-
ly smaller depths to impermeable materials in the
subbasin. Given average saturated thicknesses of 50—
300 m in the Desert Hot Springs and Mission Creek
subbasins, respectively, the corresponding, average hy-
draulic conductivities in the Desert Hot Springs and
Mission Creek subbasins are 5x10°* and 7x10 ° m/s,
respectively. These values of hydraulic conductivity are
within the range of expected for alluvial materials and are
consistent with materials reported in lithologic logs (80%
of the materials are fine to medium sands; California
Department of Water Resources 1979).

A uniform value of 0.12 provided the best model fit
for the storage coefficient. This value is reasonable for an
aquifer under unconfined conditions consisting of un-
consolidated alluvium. Spatially distributed values of
the storage coefficient could not be justified, because the
groundwater elevations are relatively insensitive to the
storage coefficient. For example, increases or decreases of
the storage coefficient by 50% resulted in changes in the
sum of the squares of the residuals of less than 5%.

Calibrated fault-zone conductances

Using the values of the parameters estimated for the fault-
zone conductance equation, the minimum, maximum, and
average values of fault-zone conductance are 2.2x10 ',
3.8x10°'°, and 2.0x107'° 1/s, respectively. The conduc-
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Fig. 12 Sensitivity of estimated fault conductance (averaged along
fault length) and global sum of the squares of the residuals (SSR) to
return flow percentage
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tance values obtained for the southeastern section of the
fault are about 5-10 times greater than the value for the
northwestern section of the fault. This result is supported
by two distinct sets of observations. First, differences in
observed groundwater elevations between the two sub-
basins in this area are smaller in the southeastern portion
of the study area, as indicated in Fig. 3. Second, as
described in the description of the study area, the
groundwater chemistries in the southeastern portions of
the two subbasins are less distinct from each other than in
the remainder of the study area. The similarity in the
groundwater chemistries would indicate that there is more
flow across the fault in the southeastern portion of the area,
corresponding to a higher fault conductance in the area.

Given the average, estimated fault conductance (Ky/c)
0f 2.0x107'° 1/s and assuming a constant fault-zone width
(¢) of 35 m (Rasmussen 1979), the fault hydraulic
conductivity estimate is approximately 7x107° m/s in
the northwestern to 1x10°® m/s in the southeastern
section. These estimated values of hydraulic conductivity
are from three to five orders of magnitude lower than the
calibrated, regional hydraulic conductivities in contact
with the fault.

Fault-zone verification
Figure 11 shows a comparison of observed and simulated
groundwater-elevation profiles across the Mission Creek

fault at three transects (see Fig. 8 for the transect
locations). The observed groundwater elevations mea-
sured in the fault transects were not used in the model
calibration and the simulated groundwater elevations in
Fig. 11 were generated without any further parameter
calibration. Figure 11a demonstrates a very good match in
pattern between the observed and simulated groundwater-
elevation measurements for transect A-A’.

The match is not as good as shown in Fig. 11b and c as
compared to Fig. 1la. For the A-A’ transect, the
groundwater elevations on the upgradient side of the
Mission Creek fault match well, but groundwater eleva-
tions on the downgradient side of the fault are under-
estimated in model simulation. The model results for
transects B-B’ and C-C’ can be improved by increasing the
hydraulic conductance of the northwestern section of the
fault. However, when the fault conductance is increased,
the fit over all of the observations becomes significantly
worse, as measured by the global SSR.

The result described above indicates that either the
parameter values local to transects B-B’ and C-C’' (e.g.,
hydraulic conductivity on the downgradient side of the
fault) need to be refined or that the observed groundwater
elevations obtained at the downgradient locations are
erroneous. The observed groundwater elevations on the
downgradient side of the fault given in Fig. 11b and ¢
were derived exclusively from resistivity measurements.
Resistivity measurements have more uncertainty than
groundwater elevations measured directly from observa-
tion wells.

Sensitivity analysis

In the sensitivity analysis, the fault conductance was re-
estimated as an assessment of the significance of two
conceptual model assumptions: the percentage of pumped
water returned is fixed, and the outflows remain constant
over the period of the transient calibration. The fraction of
the pumped water returned to the aquifer was assumed to
be 35%. This assumption could be critical because the
return flow percentage essentially controls the effective
pumping rate. The return flow percentage was varied from
0% (no pumped water is returned) to 100% (all of the
pumped water is returned) in steps of 5%. The transient
phase calibration was repeated for each step.

The results of the sensitivity analysis are shown in
Fig. 12, where the average, calibrated fault conductance
(averaged along the length of the fault) is plotted against
the return flow percentage. The total sums of the squares

Table 5 Comparison between constant and variable outflow approaches

Outflows held constant Outflows allowed to vary Units
Average eastern flux boundary outflow” 0.06 0.05 m’/s
Average banning fault outflow® 0.18 0.17 m’/s
Average fault conductance 2.0x10°1° 1.8x10°1° 1/s
Sum of the squares of the residuals 2,450 2,289 m?

* Averaged over 1937-1998 period
® Averaged over length of fault

Hydrogeology Journal (2007) 15: 1093-1106

DOI 10.1007/s10040-007-0158-0



of the residuals also are provided, as calculated with
Eq. (4). Figure 12 shows that the SSR is relatively
insensitive to the return flow percentage, indicating that
the agreement between the simulated and observed water
levels is not significantly affected by the value of the
return flow percentage. The results in Fig. 12 also indicate
that the calibrated fault conductance increases as the
return flow percentage decreases. This pattern reflects the
notion that, as the effective pumping rate increases, more
water has to flow from the Desert Hot Springs subbasin to
the Mission Creek subbasin, where significantly more
pumping is present. However, the range of values of the
calibrated fault conductance indicated in Fig. 12 is
relatively small, again indicating that the sensitivity of
the model output and the calibrated parameters to return
flow percentage is minimal.

The assumption that the outflows (eastern flux bound-
ary outflow and Banning fault outflow) remain constant
over the period of the transient calibration could also have
an impact on the parameter estimates. Because these
fluxes are essentially controlled by the magnitude of
groundwater levels, it is possible that the outflows could
change as groundwater elevations change, due to, for
example, pumping. This assumption is tested by allowing
the outflows to vary during the period of the transient
phase calibration. The outflows are estimated for a series
of six, 10-year intervals over the period 1937-1998.

The results of these simulations are shown in Fig. 13
and Table 5. Figure 13 shows that the estimated outflows
vary significantly with time, in a pattern similar to that of
the pumping in the respective basins (see Fig. 6). As
indicated in Table 5, however, the average values of the
outflows over the period 1937-1998 are similar to those
estimated when the outflows were held constant. The re-
estimated values of fault conductance (averaged along the
length of the fault) also are similar to the vales obtained
when the outflows were held constant. However, the
coefficients of correlation between the outflow parameter
estimates and the storage coefficient are much higher in
the case where the outflows were allowed to wvary.
Absolute values of the coefficients of correlation between
the estimated storage coefficient and the estimated, time-
varying outflows are on the order of 0.60-0.70, as
compared to coefficients of correlation on the order of
0.30-0.40 obtained when the outflows were held constant.
This result indicates that the factors responsible for
transient changes in water level over the study period are
not easily separated into changes in outflows and storage.

Summary

A conceptual and numerical model of a faulted, uncon-
solidated groundwater system was developed in an area at
and near Desert Hot Springs, California. The groundwater
system consists of two hydrologic subbasins (Desert Hot
Springs and Mission Creek subbasins) bounded by the
Mission Creek fault. The model development involved
estimation of regional parameters—hydraulic conductivi-
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ties and storage coefficients—and a parameter specific to
the fault—the fault hydraulic conductance. The parameter
estimation was based on calibrating the model with
observed groundwater elevations from observation wells
located at over 40 locations measured over a 60-year
period.

The calibrated values of regional hydraulic conductiv-
ities and storage coefficient are reasonable, considering
the aquifer materials found in the subbasins. The fault
hydraulic conductances estimates yielded variations in the
fault hydraulic conductance of about an order of magni-
tude along the fault length. The higher value of fault
conductance in the southeastern portion of the fault was
supported by hydraulic and geochemical observations.
When an average fault thickness of 35 m is assumed, the
fault hydraulic conductivity values are estimated to be
from three to five orders of magnitude lower than the
surrounding materials.

Sensitivity analysis indicates that assumptions made in
the conceptual model, specifically the assumption that
outflow rates remain constant over the study period
(1936-1998) and the amount of pumped water returned
to the subsurface, do not significantly affect estimated
fault hydraulic conductances. However, field-based, direct
estimates of parameters such as transmissivities in each
subbasin and fault hydraulic conductances, would signif-
icantly improve confidence in the values of the parameters
obtained by model calibration.
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