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Reservoir-induced deformation and continental rheology
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Abstract. Lake Mead is a large reservoir in Nevada, formed by the construction of the
221-m-high Hoover Dam in the Black Canyon of the Colorado River. The lake encompasses
an area of 635 km?, and the total volume of the reservoir is 35.5 km3. Filling started in
February 1935. On the basis of a first-order leveling in 1935, several levelings were
carried out to measure the deformation induced by the load of the reservoir. Subsidence
in the central parts of the lake relative to the first leveling was around 120 mm (1941),
218 mm (1950), and 200 mm (1963). The subsidence pattern clearly shows relaxation
of the underlying basement due to the water load of the lake, which ceased after 1950.
Modeling of the relaxation process by means of layered, viscoelastic, compressible flat
Earth models with a detailed representation of the spatial and temporal distribution of the
water load shows that the thickness of the elastic crust underneath Lake Mead is 30 £ 3 km.
The data are also consistent with a 10-km-thick elastic upper crust and a 20-km-thick
viscoelastic lower crust, with 10%° Pa s as a lower bound for its viscosity. The subcrust has
an average viscosity of 1018402 Pa 5, a surprisingly low value. The leveling data constrain

the viscosity profile down to ~200 km depth.

1. Introduction

The deformation of the Earth’s crust and mantle in re-
sponse to forces such as topographical and glacial loading is
controlled by its rheological properties. It is well established
that the response of the upper crust is elastic and that it may
fail brittlely along faults during earthquakes and that the re-
sponse of the mantle is distributed ductile flow (dislocation
creep). Very little is certain about the rheology between up-
per crust and mantle.

Laboratory rock mechanics data, extrapolated to crustal
depth, suggest that for continents a relatively strong upper
crust is underlain by a relatively weak lower crust and a rel-
atively strong uppermost mantle [e.g., Goetze and Evans,
1979; Brace and Kohlstedt, 1980; Kohlstedt et al., 1995].
These so-called strength profiles are based on assumptions
about crustal composition (quartz content), thermal struc-
ture, activation energy, and strain rate. Their applicability
to the Earth’s crust is debated.
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Various types of field data exist to constrain the rheologi-
cal properties of the Earth’s crust and mantle. Observations
of bending of the crust under topographical loads (see Burov
and Diament [1995], for a review) and of the growth of to-
pography by repeated earthquakes [King et al., 1988; Stein
et al., 1988; Armijo et al., 1996] provide information about
the flexural rigidity of the mechanically competent crust.
With several assumptions the flexural rigidity can be con-
verted into an elastic crustal thickness. Observations of re-
bound induced by the melting of the large paleoice sheets
provide information about the viscosity of the upper and
lower mantle [e.g., Lambeck et al., 1996; Mitrovica, 1996;
Mitrovica and Forte, 1997; Lambeck et al., 1998]. Few field
data exist to constrain the rheological properties of the lower
crust and of the uppermost mantle. The Earth’s rheologi-
cal structure at this depth cannot be resolved by large-scale
glacial loads because the spatial and the temporal distribu-
tion of the icesheets is not well enough known. Sources
of information for lower crustal and uppermost mantle rhe-
ology include the deformed paleoshorelines of Lake Bon-
neville, a Pleistocene glacial meltwater lake [e.g., Passey,
1981; Nakiboglu and Lambeck, 1982, 1983; Bills and May,
1987; Bills et al., 1994] and uplift related to coalmining in
NW Germany [Klein et al., 1997].

The rheological properties of the lower crust and upper
mantle in principle can also be constrained from observa-
tions of transient deformation after the loading of the crust
by the sudden slip during an earthquake (postseismic de-
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formation) [Thatcher et al., 1980; Thatcher, 1983; Taibai,
1989; Rydelek and Sacks, 1990; Pollitz and Sacks, 1992;
Buergmann et al., 1997; Pollitz et al., 1998]. The interpre-
tation of these data in terms of rheological structure, how-
ever, can be ambiguous. The observed surface deformation
not only represents relaxation of the ductile part of the litho-
sphere, it also depends on the amount and spatial distribution
of afterslip that may occur on the earthquake fault or neigh-
boring faults [Buergmann et al., 1997]. Furthermore, the
load (the earthquake slip distribution) may be poorly known.
For strike-slip faults, surface deformation data inherently
have limited resolving power for the mode of deformation
beneath the seismogenic crust [Savage, 1990].

In this paper we present a new data set to constrain the
rheological properties of the continental crust and of the
uppermost mantle: historic geodetic leveling observations
of the time-dependent deformation after filling of the Lake
Mead Reservoir in Arizona and Nevada in 1935. It is ac-
tually an old data set, but its resolving power in terms of
the crustal and mantle rheology has not been appreciated
previously. Most of the data are published in a report by
the U. S. Geological Survey (USGS) in 1960 [Smith et al.,
1960]. These data are of particular value because both the
spatial scale of the load (L < 50 km) and the relaxation
time (I'" < 25 years) are small in comparison to classical
loading problems like the disappearance of Lake Bonneville
(L ~ 300 km, T ~ 5000 years) or Late Pleistocene deglacia-
tion (L ~ 200-2000 km, T' ~ 10,000-100,000 years). The
size of the Lake Mead load is of the same order as seismic
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loads, and the timescale of the observations is comparable to
the timescale of postseismic relaxation data. The advantage
of the Lake Mead load in contrast to seismic loads is that
the size and the temporal evolution of the load are very well
known. We show that the leveling data resolve the rheologi-
cal structure of the crust and upper mantle in the Lake Mead
region down to ~200 km depth.

We discuss several rheological models for the Lake Mead
region by comparing the predicted to the observed deforma-
tion. Our Earth model is a layered, Maxwell-viscoelastic
half-space. First, a forward modeling strategy is employed
for simple two- and three-layer Earth models. The best
fitting models are then refined with a nonlinear Tarantola-
Valette inversion. This continuum model approach has its
limitations because it does not account for movements along
faults. The continuum models reproduce well the general de-
formation pattern, but individual section height differences
may be less well reproduced.

2. Regional Setting

The Lake Mead Reservoir is located in the southeastern
Basin and Range Province in the states of Nevada and Ari-
zona, ~40 km of Las Vegas (Figure 1). The reservoir was
formed by the construction of the Hoover Dam in 1935 in
the Black Canyon of the Colorado River. The area has an
average elevation around 1000 m. To the east, the Basin
and Range Province gives way to the Colorado Plateau, with
the Grand Wash Cliffs abruptly rising around 1000 m above
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Figure 1. Lake Mead location map and relative subsidence between 1935 and 1950 (in mm), adopted
from Longwell [1960a]. The basins are Boulder Basin (B), Virgin Basin (V), and Pierce Basin (P).
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the lake. The Basin and Range Province is characterized by
generally northward trending mountain ridges, intersected
by wide basins with low relief. As a consequence, Lake
Mead consists of wide and low-walled basins such as the
Boulder, Virgin, and Pierce Basins and narrow, steep-walled
flooded canyons [Longwell, 1960b]. The two largest basins,
the Virgin and the Boulder Basins, account for 60% of the
total water stored. Lake Mead extends ~170 km upstream
toward the Grand Canyon and ~60 km up the Virgin River.
The width varies from several hundred meters in the canyons
to a maximum of 13 km. The reservoir covers ~635 km?
and has a maximum depth of 150 m and storage capacity of
35.5 km?® of water.

The deformation caused by the load of the Lake Mead
Reservoir is characterized by a nearly circular area of sub-
sidence with an extent of 100 km (Figure 1) and maximum
subsidence near the center of the lake. The leveling data
(sections 3.2 and 3.3) show that subsidence was progressive
for ~15 years and had ceased ~25 years after the filling of
the lake [Lara and Sanders, 1970]'.

3. Observational Data
3.1. Lake Level Data

Hoover Dam was build between June 1933 and May 1935,
and the lake started filling on February 1, 1935. In 19338,
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three years after completion of the dam, the lake was filled
to 75% of its maximum capacity. Since then, the lake is
filled on average to ~75% with yearly variations of up to
15%. For flood control purposes, on April 1 of each year the
lake may be filled to no more than 70% [Langbein, 1960].
The seasonal variations of the Lake level are around 20%.

The water load varies with time and depends on the lake
level. To derive a load model, we follow Stanley [1960] and
divide the lake into nine different basins. Each basin is rep-
resented by several discs with fixed radii so that the surface
area of a basin is reasonably approximated (Figure 2). The
thickness of a disc varies with time, sampled at one year
intervals. We do not account for seasonal variations of the
load. For a given year the thickness h;; of disc 4 in basin j
is hij = V;/(32; 7rZ;), with 7y the disc radius. The basin
capacity Vj is taken from Stanley using the lake level data
from Langbein [1960] averaged over 1 year. The effect of
the variable basin capacity on the lake volume is illustrated
in Figure 3. The maximum lake level variation between 1938
and 1950 is ~15 m and corresponds to a change in water vol-
ume of ~25%.

3.2. Leveling Data

During a leveling survey, relative height differences be-
tween adjacent points along the survey line are derived as
section heights, dh;. The topographical height H; of the ith
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Figure 2. Survey stations (dots) of leveling lines used in this study and disc load approximation of the
water load. The lake is divided into nine basins following Stanley [1960]; Boulder Basin (1), Boulder
Canyon (2), Virgin Basin (3), Temple Bar Area (4), Gregg Basin (5), Grand Bay (6), Pierce Basin (7),
Upper Granite Gorge (8, no disc load), and Overton Arm (9). Triangles indicate tide gage locations
Boulder Wash (BW) and Pierce Ferry (PF). The thin lines are mapped faults within the region.
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Figure 3. Lake level history of Lake Mead measured at Hoover Dam [Langbein, 1960] and corresponding

volume derived in this study.

bench mark BM; is the sum of the height Hj of the reference
bench mark BMj and all section heights between BMy and
BM;, H; = Hy+ ), dh;. Releveling of an existing leveling
line detects changes in elevation of a particular bench mark.
The elevation change Ah; of bench mark BM; between
times ¢; and ¢, is given as Ah; = H;(t2) — H;(t1). Lev-
eling surveys are subdivided into first-, second-, and third-
order levelings. The first-order leveling is the most precise.
Each order is subject to a field tolerance 8 (in mm). Each
section of a line is surveyed both in forward and backward
directions, resulting in double-run sections. Each section is
resurveyed until the desired field tolerance is met.

Several first-order geodetic levelings were undertaken by
the National Geodetic Survey (NGS) in the Lake Mead area
after the construction of Hoover Dam to monitor the defor-
mation related to the filling of Lake Mead [Parkin, 1960;
Lara and Sanders, 1970]. The first leveling in March and
April 1935 established the basic network. It was run shortly
after the lake started to fill and represents the minimum
water load condition. In 1935 a network of 1140 km of
bench marks (lines 1-11) was leveled. From October 1940
to April 1941 the entire network was leveled. In this and the
following surveys, lines crossing the lake were connected by
tide gages. In 1941, in addition to lines 1-11 a new line be-
tween Chloride and Pattersons Well was added to the net.
This line was not revisited afterward and does not enter into
our analysis. The 1940-1941 network comprised 1144 km
of lines. During the third survey from December 1949 to
July 1950 a network of 931 km of lines was leveled (lines 3-
5, 7, and 8-11). During the fourth survey from April to
June 1963 [Lara and Sanders, 1970] a network of 585 km of
lines was leveled (lines 3, 4, 5, 6, 10, and 11). In 1983, parts
of lines 5, 6, and 9 were leveled. Unfortunately, the spur line
from Moapa to Cane Springs was not leveled in 1983, and
these elevations cannot be differenced with the 1935 eleva-
tions. All levelings were first-order levelings with an accu-
racy of 3—4 mm \/f, with L the total line length in km. For
simplicity, we refer to the surveys in the following as 1935,
1941, 1950, 1963, and 1983 surveys (see Table 1).

The 1935 and 1941 surveys were carried out between Oc-
tober and April, a time when the lake level is relatively low.
The 1950 and 1963 surveys were completed in July and
June; thus the lake level at the end of the latter two surveys
was 20% higher than at the end of the 1935 and 1941 surveys
due to seasonal variations. This difference in lake level cor-
responds to a difference in the water load of 25% (Figure 3).

In this paper we use the elevation differences published in
Table 2.1 of Lara and Sanders [1970]. The measurements
in 1935, 1941, and 1950 are described by Parkin [1960].
The elevation differences are based on the assumption that
the elevation of the Cane Springs bench mark remained un-
changed. According to Parkin [1960], measurements which
are part of a circuit are corrected for circuit misclosures. For
the 1935 survey the average rate of adjustment corrections
was 0.19 mm/km with a maximum of 0.39 mm/km on a 59-
km line. For the 1941 survey the average adjustment rate was
0.11 mm/km with a maximum of 0.25 mm/km on a 128-km
line. For the 1950 survey the average adjustment rate was
0.14 mm/km with a maximum of 0.29 mm/km on a 29-km
line. For the 1963 survey, Lara and Sanders [1970] give an
average rate of adjustment of 0.35 mm/km, and the maxi-
mum rate was 0.85 mm/km. For the 1935 survey, 130 km
not part of a circuit (spur lines) were not adjusted. For the
1941 survey, 188 km were excluded from the adjustment.
This includes spur lines and the northern part of line 8 (Lake
Shore mine gage to 16 km east of St Thomas, Nevada) for
which the closures of 0.1 m and opposite sign were nearly
twice the allowable limit. Parkin finally fitted this line into
the adjusted network with a correction of 1.77 mm/km. The
3 mm /L criterion would allow a rate of 0.41 mm/km for
this 54-km line. We use this line only as supplementary in-
formation. For the 1950 survey, 62 km of spur lines were
excluded from the adjustment. Lara and Sanders [1970] do
not give a number for the length of lines excluded from the
adjustment for the 1963 survey.

Parkin [1960] and Lara and Sanders [1970] mention a
supplementary adjustment in which the 1935 network was
adjusted to sea level datum of 1929 by holding as fixed the
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Table 1. Selected Leveling Lines Surveyed During the Various Campaigns

NGS Number Date Order/Class Tolerance Deviation Line Length Signal-to-Noise
£, mm ap, mm L, km SNR
Line 5, Las Vegas to Cane Springs, Nevada
L6315 March 1935 - April 1935 12 4.0 1.08 111.12 3.84 (71)
L9095 Dec. 1940 - Feb. 1941 12 4.0 1.33 110.83 3.84 an
113431 Dec. 1949 - April 1950 1/1 3.0 1.23 109.96 6.51 an
L19225 April 1963 - May 1963 172 4.0 1.38 114.66
1.24739 Jan. 1983 - April 1983 12 4.0 0.85 227.25
Line 8, Pattersons Well, Arizona to St. Thomas, Nevada
L6310 March 1935 - April 1935 172 4.0 1.24 94.28
L9101/1 Feb. /1941 - March 1941 12 4.0 1.37 28.64 4.04 (84)
1910172 March 1941 - March 1941 172 4.0 1.36 53.13 4.04 84)
L13512/1 Feb. 1950 - Aug. 1950 1/1 3.0 1.21 24.37 4.60 (80)
L13512/2 April 1950 - Aug. 1950 1/1 3.0 1.30 49.02 4.60 (80)
Line 9, Boulder City, Nevada to Chloride, Arizona
L6314 March 1935 - April 1935 172 4.0 1.13 94.37
1L.9076/1 Sept. 1940 - Feb. 1941 1/1 3.0 1.30 94.51 1.89 (119)
1907672 Feb. 1941 - Feb. 1941 /1 3.0 1.38 5.83 1.89 (119)
L13460 March 1950 - April 1950 1/1 3.0 1.24 94.28 3.25 (117)
L19231 May 1963 - June 1963 172 4.0 1.39 92.49 3.25 (117)
Line 10, Las Vegas to Searchlight, Nevada
L5993 March 1935 - March 1935 12 4.0 1.18 90.38
L9055 Dec. 1940 - Feb. 1941 1/1 3.0 1.17 94.25 4.12 (58)
L13429 Dec. 1949 - Jan. 1950 171 3.0 1.19 92.17 3.91 (49)
L19228 May 1963 - June 1963 172 4.0 1.36 91.78
Line 11, Las Vegas, Nevada to Chloride, Arizona
L6312 March 1935 - April 1935 172 4.0 1.16 119.65
1.9079/1 Jan. 1941 - Feb. 1941 1/1 3.0 1.26 59.63 1.74 (80)
1L.9079/2 Jan. 1941 - Feb. 1941 171 3.0 1.31 38.32 1.74 (80)
L13514/1 Feb. 1950 - Aug. 1950 172 4.0 1.23 60.14 3.95 (80)
L13514/2 June 1950 - Aug. 1950 172 4.0 1.28 37.99 3.95 (80)
L19234 April 1963 - July 1963 12 4.0 1.35 84.98

The signal-to-noise ratio is taken for differences in elevation relative to the 1935 reference survey; the numbers in parantheses are

bench marks available. All lines are double-run surveys.

elevations resulting from the Cane Springs adjustment for a
ring of junctions on the perimeter of the net. The purpose of
this supplementary adjustment was to make the elevations
consistent with the surrounding control. Parkin [1960] was
not very clear as to whether the supplementary adjustment
was been applied to the published data. Since both Parkin
[1960] and Lara and Sanders [1970] note that the warping
due to the fitting to the older data can be problematic for
deriving changes in elevation, we are confident that the sup-
plementary adjustment has either been applied to all surveys
or to none; thus it has no effect on our analysis.

Our analysis is based on a subset of the leveling data (see
Table 1) to reduce the amount of computation time. A total
of 818 bench marks is used that are taken from lines 5, 8, 9,
10, and 11 and the 1935, 1941, and 1950 leveling campaigns.

3.3. Leveling Errors

Leveling data may be contaminated by systematic and
random errors. Systematic errors €, arise, for example, from
miscalibrated rods or from atmospheric refraction and can
accumulate along the leveling line. Systematic errors often
result in a correlation between observed tilt difference and
bench mark elevation. We plotted the tilt differences against
elevations for all lines, and we did not find systematic trends.

This indicates that the leveling data used in this study are not
grossly contaminated by systematic errors.

Random errors arise from a variety of processes, such
as inaccurate instrument readings or incorrectly noted data
(blunders). As random errors accumulate along a line with
the square root of total line length, the standard deviation ap
(mm) of a double-run line can be used to derive the allow-
able random error, €, = « D\/f (mm), with the total line
length L (km) [Marshall et al., 1991].

Here ap can be derived from several methods, such as
differences between forward and backward runs and loop
misclosures. In the first case, we find

N
1 V
=52y

with NV the number of double-run sections per line, n the
number of reruns for each section, V the variance, with
V = 1/n) ,(dh; — dhave)?, where dhaye is the average
section height, dhave = 1/n ), dh;, and L; the ith section
length (km) [e.g., Murray et al., 1996]. In the second case
the misclosure €, ;¢ (mm) is used to derive the standard de-
viation from ap = emis/\/E. For NGS surveys, ap is
listed with the leveling data.

M
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For two different levelings taken at times ¢; and t, the
uncertainty in elevation change is given as

62 :OLD(tl)2+O{D(t2)2. (2)

The uncertainty in elevation change between two adjacent
bench marks is given by

0; =1/ 62L; + A2, 3)

with Ad an additional uncertainty to account for unmodeled
adjustments along faults and for local subsidence. We as-
sume A = 2 mm. Although larger values of Aj improve
the fit of the leveling data, the best fitting solution is inde-
pendent of the absolute value. While § is constant for the
entire line, o; varies for every bench mark. In this study, o;
is between 3 and 5 mm. To measure the relevance of the
surveyed elevation change relative to the uncertainties in el-
evation change, we define a signal-to-noise (SNR) ratio for
each line [e.g., Marshall et al., 1991],

A SNR of 1 means the average elevation change of the or-
der of the uncertainties, and a larger value indicates better

“)
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resolving power for the rheological structure. We observe
a generally better signal-to-noise ratio for the 1950 leveling
campaign (Table 1), which is due to the larger subsidence at
that time.

Figure 4 shows an example of the leveling data for lines 9
and 11. The surveys of 1941 and 1950 detect a large-scale
and progressive subsidence relative to 1935, which is largest
in the middle of the line in the Virgin Basin area for line 11.
The deformation is clearly associated with the water load
of Lake Mead, and the maximum subsidence is 122 mm in
1941 and 217 mm in 1950. The 1963 survey indicates re-
bound, as the maximum subsidence of 200 mm is smaller
than in 1950. However, since the area is heavily faulted (Fig-
ure 2), the measured deformation is likely to be influenced
by movement along faults, especially on line 8.

After the filling of Lake Mead, seismicity increased sig-
nificantly [Carder and Small, 1948; Longwell, 1960a; Rogers
and Lee, 1976]. Most of the events are shallower than
13 km. An event with magnitude 5 occurred shortly before
the 1963 leveling [Lara and Sanders, 1970; Rogers and Lee,
1976]. The uplift in the Boulder and Virgin Basins detected
in the 1963 survey can possibly be attributed to this event.

Lara and Sanders [1970] concluded that the subsidence in
the Lake Mead area ceased around 1950. This corresponds
to a relaxation time of t ~ 25 years. Using the relation
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Figure 4. Vertical surface deformation along lines (top) 9 and (bottom) 11 relative to the 1935 survey
from levelings in 1941, 1950, and 1963. Note that line 11 is discontinuous across the lake, and the shaded

area represents the topography along the line.
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for the Maxwell relaxation time ¢t = n/pu, [e.g., Turcotte
and Schubert, 1982] and the average shear modulus p =~
100 Pa, the viscosity 1 of the subcrust must be of the order
of 10*® — 109 Pas.

4. Theory

4.1. Formulation of the Problem

We calculate surface deformations associated to changes
in the water load for different Earth models. We consider
a flat, compressible, Maxwell-viscoelastic continuum con-
sisting of K — 1 layers (¢ = 1, K — 1) of thickness hy,
overlying an infinite half-space (hx — 00). The density p,
shear modulus py, bulk modulus Ky, and viscosity ny are
homogeneous within each layer but can vary between layers.
This modeling approach is similar to other load-induced de-
formation studies [e.g., Ward, 1985; Wolf, 1985a; Bills et al.,
1994]. However, for comparison with observed leveling data
we also account for the warping of the geoid as a result of
both internal and external mass redistributions [see Solling,
1950; Wolf, 1985b] to obtain surface deformations relative
to the geoidal surface.

We solve the equation of motion, the Maxwell-viscoelastic
constitutive equation, and the Poisson equation by trans-
forming the time-dependent field quantities into the Laplace-
transformed domain. Thus the Laplace-transformed vis-
coelastic equations are similar to the equivalent set of elastic
equations, as stated by the correspondence principle [e.g.,
Biot, 1962; Peltier, 1974]. The Laplace-transformed equa-
tions then read

bij g = (95t ;
__tij = )\ak,,kéij + 0 (ai,j + aj,,») R (®)]
b = 0.

Here the tilde denotes a Laplace-transformed field quantity,
t;; is the Cauchy stress tensor, u; is the displacement vector,
¢ is the gravitational potential, g; is the gravitational accel-
eration, and d;; is the Kronecker delta. The indices range
between 1 and 3, and repeated indices within a term imply
summation over this index. In equation (5) we implicitly as-
sume that (1) the continuum is isotropic and isochemical, (2)
the bulk modulus is elastically compressible, K (t) = K and
A(t) = K — 2u(t), (3) the shear modulus is time-dependent
according to u(t) = poexp(—at), @ = uo/n, and po the
seismically inferred shear modulus, and (4) the gravitational
field is homogeneous. The latter assumption decouples the
mechanical and gravitational field equations.

We solve (5) subject to a set of boundary conditions.
Within the continuum, u;, t;;, ¢, and ¢ ; — 4w G pu, are con-
tinuous across each interface. At the surface a load ¢ is ap-
plied in the direction normal to the surface,

(@] = 0,
[th"J = _(ia
9 = o ©)
[ni((lg,i —4nGpi;)| = — %TGQ'-

16,347

Here G is Newton’s gravitational constant, and n; is the
unit normal at the surface. We introduce a cylindrical co-
ordinate system (r, z), assuming axial symmetry and define
z as depth positive downwards into the continuum. Thus
gi = (0,0,9)T. The load q is given as g(r,t) = q1(r)ga(t),
with the load geometry g1(r) = pywghy for r < ry; puw,
Tw, and h,, are the load density, radius, and height, respec-
tively. The time dependence is assumed to be impulsive,
g2(t) = 6(t), and a more realistic loading history can be de-
rived by convolution. We then apply a Hankel transforma-
tion of zeroth order to u,, t,,, and ¢ and of first order to u,
and t,,. Hankel-transformed field quantities are identified
by capitals.

The mechanical field equations are then recasted into the
matrix equation

aﬁ‘(k, 2,8)
0z

with & the wave number, s the Laplace frequency, F =
[U,,U,,T,,T.,)7, and M the rheology matrix for the kth
layer as given in (Al).

For two starting solutions at the top of the half-space at
z = zg such as

= M(k,z,s)F(k,z,s), @)

(1,1, —2jik, — (2fik + pg)]Te k2K,
- fi [ A+f

= __ P 9
Fo(k 21, 9) [, N+ 20 “k<A+2ﬁ)’

K T —kZK 8
pg———AJrzﬁ] e , ®)

Fl(k,zK,s) =

we can propagate the starting solution (8) to the surface z =

Zp, using
Fl(k,z0,s) =
F2%(k,z0,8) =

p(k7 2K 20, S)FI (k, 2K, 3)7

- - 9
P(k,ZK,Zo,S)F2(k,ZK,S), ( )

with P(k, zx, 2o, s) the product of all layer propagators as
listed in (A2),

K—-1
P(k,zx,20,8) = [[ Pe(k, 2k, 26-1,5).  (10)
k=1

Finally, we apply the two remaining boundary conditions
(6) at z = 2y,
azjrlz(kaz(hs) + bez(k7ZO75) = 01 -
aTl (k,zo,8) + bT2,(k,20,8) = —Q(k,s),
with Q the Hankel-transformed surface load. By solving

(11) for a and b we have determined the surface deforma-
tion field,

F(k, 20,5) = aF(k, 20, s) + bF?(k, 20, 5),

1)

12)

which then is transformed back by an inverse Laplace and an
inverse Hankel transformation into the temporal and spatial
domain.

For the inverse Laplace transformation we partition the
solution vector F into an elastic and a viscous part:

F(k, z0,5) = Fe(k, 20) + F"(k, 20,5).  (13)
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The elastic part is readily derived from

Fe(k,20) = lim F(k, z, ). (14)
§—00

For the viscous part we assign a set of collocation points in

the Laplace-transformed domain, s = s;, which sample the

relaxation times 1/s; evenly over the entire time interval of

interest [e.g., Schapery, 1961; Mitrovica and Peltier, 1992].

We then can solve the set of equations

bj (k, Zo)

1
8¢+Sj’ (13

Fw(kvzmsi) = Z
J

for the vector b;(k, z9). We calculate the time domain re-
sponse of the viscous part as

F(k,z0,t) = > bi(k, zo)e %3¢, (16)

with t the time, and reassemble the time-dependent solution
vector as

F(k,ZO,t) ZFC(k,Zo)-I-Fv(k,Zo,t). 17

A similar procedure is used to solve Poisson’s equation
in the Laplace and Hankel-transformed domain [e.g., Breuer
and Wolf, 1995]. After inverse Laplace transformation we
arrive at

K

- Z(pk_,ok-—l)

k=1

Blhz0,t) = -2 [%ﬁ

k g

x Uz(k,zk,t)e“k(zk‘zo)] : (18)

From (18) we apply Bruns’ formula [Heiskanen and Moritz,
1967] and obtain the geoid height deformation as

(b(k, 20, t)

EZ(ky'zO’t) = g

(19)

Finally, we apply an inverse Hankel transformation and
derive our predicted surface deformation between two level-
ings carried out at times ¢; and ¢, for the ith bench mark,

[uz(r, 20, t2) + €, (r, 20, t2)]

—[UZ(T, 20>t1) + ez(rv 207t1)]'

pi =
(20

In (20), p; = pi(a;) is a function of the rheology of the
proposed Earth model, indicated by the parameter vector a;.

4.2. Forward Problem

We adopt two strategies to infer the Earth models, which
best fit the observed leveling data. The first strategy is a for-
ward modeling procedure with simple two- and three-layer
Earth models. The quantities of interest for layer k are the
thickness hj, and the viscosity 7. For each set of Earth mod-
els, two of the hy and 7y are free, and the remaining are
fixed to some value. The two-dimensional parameter space
is then systematically explored with forward calculations by
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varying the free parameters within a given interval and cal-
culating a x2 merit function between observed and predicted
deformation for a given pair of parameters:

X (ax) = [oi = pilar)] [Cof) ™" oj = pj(ar)].  (21)
Here, the 0;,7 = 1,n are the observed elevation changes at
the ith bench mark relative to the Cane Springs bench mark
and p;(a;) are the model predictions. The Earth model pa-
rameter vector a; represents the two free model parameters,
e.g., the thickness of the elastic crust and the viscosity of the
subcrust. We define the data covariance matrix C’ofj [Ar-
nadottir et al., 1992] as

SL;,
SLia

j<

q _ 52
Coij—é{ Y

}i,j =1n, (22)
with S L; the total distance from the first bench mark in each
line to the actual ith bench mark and ¢ given by (2). If the
leveling data are uncorrelated, the data covariance matrix
simplifies to Cof; = 076;;.

From (21) we derive the root-mean-square (rms) value as

elar) = %Xz(ak% (23)
in the following referred to as misfit function. The rms
value identifies the Earth model ay, which best satisfies the
leveling data within the observational uncertainties and the
adopted model parameter space. If the model parameter
space is complete and the observational uncertainties are
normally distributed with known standard deviations, the ex-
pected rms is 1. However, we do not expect to fit the leveling
data to this accuracy because our continuum model does not

“account for discontinuous movements along faults. Thus it

is likely that € will exceed 1.

The rms value does not, however, indicate the range of
Earth models, which also satisfy the observations within
their uncertainties. We therefore introduce the statistic vy
[Lambeck et al., 1998] as

Plaw) = s~ pila)] (o815 — pilaw)], @4)

with p; the model prediction, which results in the minimum
value for x2. The statistic v2 has a x? distribution with n —
4 degrees of freedom, and model predictions with ny? <
X2|n—a,c satisfy the leveling data at the ¢ confidence limit.

4.3. Inverse Problem

Our second strategy is used to infer more complicated ra-
dial variations in Earth model properties. Here, the forward
modeling approach quickly becomes inefficient, and a for-
mal inverse procedure to minimize the difference between
predictions and observed leveling data is more appropriate.

The nonlinear inverse problem is given as
1=1,n, (25)

05 =pi(aj)’ .7 = 1>m9

with aj,7 = 1, m the Earth model parameter vector, and m
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the number of free parameters. We find a; by minimizing the
sum of x? and D, min{x? + D}, with x? given by (21) and
D the weighted length of the model parameter space [e.g.,
Menke, 1989],

D = [a; — a]] [Coip] ™" [a; — af].

0 (26)

Here, C o?} is the model covariance matrix, containing infor-
mation about the uncertainty of the model parameter space
Aa; on the main diagonal and possible dependencies be-
tween model parameters as off-diagonal elements,

1, i=j
Cor = 2Aa2 2 . . i? ‘:1)m7 27
ot 5 i

with Ah = h; — h; the distance between the ith and the jth
layer and c the correlation length. For ¢ = 0 the model co-
variance matrix has completely independent model parame-
ters. However, we use ¢ = 10 km to enforce a smoothness
constraint on the viscosity profile over this length. For the
model parameter uncertainty we have chosen Aa; = 0.03 to
stabilize the solution. We use the best fitting model from the
forward procedure as a priori value a of a;.

Following Tarantola and Valette [1982], we minimize
x? + D by differentiating with respect to a; and setting it to
zero. As our model is nonlinear in p;, we apply an iterative
approach to infer the best fitting a;. This implies calculat-
ing the Frechet kernel matrix J;; = 0p;/0a;. For a given
a priori model parameter vector af we then can improve the

solution iteratively for the (k + 1)th step as

-1
axy1 = ag+ {JkT[Cod]_le + [Com]_l}
xJi T[CoY [o—pr+Jk(ax—ap)]. (28)

Here, bold field quantities are used as short-term notations
for vector and matrix fields. The a posteriori model covari-
ance matrix can be used to assess the reliability of the inverse
solution. It reads

Copost,x = {JkT[COd]_l-]k + [Com]”l} (29)
Note that (29) is only meaningful if model predictions are
weakly nonlinear with respect to a; [e.g., Snieder, 1998].
This is achieved by solving for the logarithm of the viscosity
in 10 layers of predescribed thickness.
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5. Results

In this section we infer an Earth model, which satisfac-
torily explains the leveling data and which is as simple as
possible. We compare the observed subsidence with numer-
ical predictions for a set of different Earth models to infer
the rheological structure of the Earth’s crust and subcrust.
Models with a minimum discrepancy between observed and
predicted deformation are considered representative for the
Earth’s rheological structure. The elastic structure (den-
sity, shear, and bulk modulus) is taken from Priestley et al.
[1980] and is based on surface waves and seismic refrac-
tion data. Here a 35-km-thick crust is underlain by a high-
velocity layer of 29 km thickness and a low-velocity zone of
120 km thickness. For our best fitting models the minimum
misfit of (23) is e ~ 10 — 15, indicating that we cannot pre-
dict the observed subsidence within the uncertainties of the
data. As stated earlier, we do not expect our predictions to
fit the observations to that degree, as our viscoelastic con-
tinuum model cannot simulate the discontinuous movement
along faults, which is observed in the leveling data.

In the forward procedure the two-dimensional parameter
space is systematically explored with forward calculations
by varying the two free parameters within a given interval
and calculating a misfit between observed and predicted de-
formation for a given pair of parameters. The inverse pro-
cedure allows the inference of a more complex rheological
structure, as we subdivide the Earth model into 10 layers and
treat the layer viscosities as free parameters. The viscosity in
each layer is correlated to neighboring values, as the correla-
tion length in (27) is fixed to 10 km. This correlation length
damps the deviation of viscosity between layers in order to
infer relatively smooth variations of viscosity with depth.

5.1. Thickness of the Crust and Viscosity
of the Subcrust

We first use the leveling data of lines 5, 9, 10, and 11 of
the 1941 and 1950 surveys to constrain the thickness of the
elastic crust and the viscosity of the subcrust, based on a
two-layer Earth model M2 (Table 2). We have omitted line 8
at this stage, as the data indicate strong discontinuous move-
ment along faults, and the adjustment correction applied by
Parkin [1960] is 4 times larger than the allowable limit. We
first employ the forward modeling strategy and assume that
the data are uncorrelated, Cof; = 070;;. The two free Earth

Table 2. Parameters of Two-Layer Earth Model

Model Layer Viscosity Thickness
n, Pas h, km
M2 crust 00 h1 € [10,70]
subcrust n2 € [3.16x10'7,10%] 00

Earth model is calculated every
for 12, resulting in 42 models.

10 km for h1, and two per decade
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1020 .
£=12.3

h,=30 km
n,=10"8Pa’s |

n, [Pas]

h; [km]

Figure 5. Misfit between observed and modeled deforma-
tion for two-layer Earth model M2 as a function of crustal
thickness h; and subcrustal viscosity 72. The data used are
lines 5, 9, 10, and 11 from the 1941 and 1950 surveys and
are assumed to be uncorrelated. The shaded region indicates
the 99% confidence limit. The numbers in the legend are
the misfit value € and the free parameters for the best fitting
model.

model parameters are the crustal thickness h; and the sub-
crustal viscosity n2. The results are presented in form of a
two-dimensional misfit function, and the best fitting param-
eters for a set of Earth models are given by the minimum
misfit. The interval for the free parameters is chosen to en-
sure that the minimum misfit represents a global minimum.

The misfit function (Figure 5) has a clear minimum for
h; ~ 30 km and 75 ~ 1018 Pa s. These values represent the
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crustal thickness and subcrustal viscosity of the two-layer
Earth model that best fits the observations. Misfit values in-
crease rapidly further away from the global minimum, an
indication that both free Earth model parameters are well
constrained by our continuum model approach. However,
the minimum misfit of ¢ = 12.3 indicates that the major-
ity of the predictions cannot fit the observations within the
observed uncertainties. As we discuss in section 5.3, the ap-
parent contradiction between well-constrained Earth model
parameters and the poor fit of model predictions to leveling
data at individual bench marks is a result of local deforma-
tions not directly associated with the Lake Mead water load.

We have derived the set of Earth models, which satisfy
the leveling data within their uncertainties to the 99% con-
fidence limit by predicting the statistic (24). Thus values
smaller than 1 indicate that two predictions p; and p; can
fit the observed data equally well within the uncertainties of
elevation change given. The shaded area in Figure 5 identi-
fies the confidence limit, which is fairly small and suggests
uncertainties of & 3 km for h; and £0.2 for log ns.

In Figure 6 we test the reliability of this result using the
same two-layer Earth model but different subsets of the lev-
eling data. The subsets are lines 5, 9, 10, and 11 of the
1941 leveling data (Figure 6a), lines 5, 9, 10, and 11 of the
1950 leveling data (Figure 6b), and lines 8, 9, 10, and 11
(Figure 6¢), and lines 9, 10, and 11 (Figure 6d) of the 1941
and 1950 leveling data. For all data subsets the minimum
misfit is found for h; = 30 km and 7, = 108 Pa s. With the
1941 leveling data alone a smaller misfit (¢ = 9, Figure 6a)
is achieved than with the entire data set (¢ = 12, Figure 5).
However, the model parameters are less well constrained, as

1020
0 £=9.0

h,=30 km
n,=10"®Pas

1019 —— 18—

n, [Pas]

a

~\\\\;

=148
h,=30 km
L ) —— n,=10"®Pa s

TENEN

1020

e=17.3
h,=30 km

_,/32'_-—\
30
\
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1019
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2
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n,=10" Pas |
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Figure 6. Misfit between observed and modeled deformation for two-layer Earth model M2 as a function
of crustal thickness h; and subcrustal viscosity 72 for different subsets of the leveling data. (a) Lines 5,
9, 10, and 11 of the 1941 survey, (b) lines 5, 9, 10, and 11 of the 1950 survey, (c) lines 8,9, 10, and 11 of
the 1941 and 1950 surveys, and (d) lines 9, 10, and 11 of the 1941 and 1950 surveys.



KAUFMANN AND AMELUNG: DEFORMATION AND RHEOLOGY IN VICINITY OF LAKE MEAD

indicated by a small relief of the misfit function. This is
related to the small amount of deformation which occurred
until 1941. The minimum misfits for the 1950 data alone
(e = 14.8, Figure 6b) and using the same data as for Fig-
ure 5 but replacing line 5 with line 8 (¢ = 17.3, Figure 6¢)
are higher than in Figure 5, but the minima are well defined
in both cases. The higher misfit values are clearly associated
to the larger proportion of lines having less smooth elevation
changes. Using the same data as for Figure 5 but omitting
line 5 to sample the vicinity of the two major basins, we also
obtain a similar misfit pattern (¢ = 13.1, Figure 6d). Thus
the parameters of the best fitting model are robust against
different subsets of the leveling data.

We then tested the influence of the correlation among the
leveling data, the influence of the value of the uncertainties
in elevation change, and the influence of outliers in the lev-
eling data on our result. Taking into account the full co-
variance matrix (22), we obtained essentially the same best
fitting model. This indicates that the correlations among
the leveling data represented by the off-diagonal elements
of (22) are not important and for computational efficiency
can be neglected. In order to obtain a misfit value of 1, we
need to multiply the uncertainties in elevation change o; (3)
by a factor of 20. However, the increased o; do not affect the
result for the best fitting model. We investigated offsets of
10 mm and 20 mm in the 1950 data and obtained the same
best fitting Earth model. For larger offsets the result should
be the same, as the pattern of the misfit function does not
depend on the off-diagonal elements of (22). Also, reducing
the weight of leveling data, which are obviously influenced
by local deformation and do not fit to generally smooth lines
(e.g., points at bench mark 47 in line 10), by increasing o;
for that bench mark did not change the results. All this indi-
cates that the crustal thickness of 30 km and the subcrustal
viscosity of 1018 Pa s are very well constrained by the level-
ing data.

5.2. Viscosity Profile of the Subcrust

In this section we employ the inverse modeling strategy to
explore whether the leveling data provide information about
the variation of viscosity with depth. We use the viscosity
variation inferred in section 5.1 as the a priori model param-
eter vector. As this viscosity profile represents the minimum
within the two-dimensional parameter space, we expect the
inversion to modify the viscosity profile only slightly. From
this starting solution we iteratively improve the model pa-
rameter vector, using (28), until the weighted least squares
solution (21) does not improve significantly. This is typi-
cally achieved within three to six iterations.

The resulting viscosity profile is shown in Figure 7. The
minimum misfit decreases only from ¢ = 12.3 to 12.0, and
the final viscosity profile obtained is similar to the best fit-
ting parameters from section 5.1. The inverse solution in-
dicates that the data do not require a viscosity decrease in
the lower part of the crustal layer. This is also indicated
by the reductions in uncertainties of the model parame-
ter space Aa;, which are presented as ratio between pos-

16,351

terior (Alogn,,) and prior (Alogn,,) model uncertainty,
Alog 1po/Alogny,. This ratio provides a measure of the re-
solving power of the leveling data with depth. For A log 7,/
Alogn,r = 1, the inversion cannot improve the a priori vis-
cosity profile, while Alogn,,/Alogny: < 1 indicates that
the leveling data contain more information for the viscosity
in that depth. A significant reduction of the model uncer-
tainty ratio is only achieved below a depth of 30 km. Within
the top 30 km the formal inversion cannot improve the a pri-
ori viscosity model, except by a slight increase of viscosity
between 20 and 30 km depth. As we discuss in section 6.1,
this lack of sensibility of the Lake Mead leveling data for
the viscosity in the lower crustal region is important to rec-
oncile our results with the lower ductile crust preferred by
postseismic deformation studies.

5.3. Best Fitting Earth Model

We now compare the observed and modeled deformation
along the five survey lines for the two levelings in 1941 and
1950 (Figure 8). We use the best fitting two-layer model
(hi = 30 km, 1, = 10'8 Pa s). The model predictions based
on the viscosity profile inferred by formal inversion are very
similar.

The modeled deformation is far from matching the ob-
servations over the entire lines. The fit for lines 5 and 11,
and for some parts of lines 8 and 9, is reasonably good. For
line 11 the fit could apparently be improved by increasing the
warping of the modeled displacement profile using an Earth
model with a smaller thickness of the elastic crust. However,

100 gy e
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X2 = 11.94
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Figure 7. (left) Viscosity profile and (right) ratio of pos-
teriori to priori viscosity uncertainty resulting from the for-
mal inverse procedure. The dashed line is the a priori model
as inferred from two-layer forward modeling, and the solid
lines are the improved viscosity profile and the viscosity un-
certainty ratio. x3, and x2, are the a priori and a posteriori
least squares misfit, respectively.
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Figure 8. Observed (symbols) and predicted (lines) displacements along four survey lines. The Earth
model is the two-layer model M2 with h; = 30 km and o = 108 Pa's. The vertical bars indicate the

discontinuity of a line traversing the lake.

this is not possible because a thinner elastic crust would in-
crease the 1950 prediction and the fit would become poorer
for all lines. The largest discrepancies occur over the left
branch of line 8 and the 1950 data of line 10 as well as the
leftmost part of line 5. Here, both observations of line 10
(bench marks 25-59) and line 5 (bench marks 1-10) indicate
a local deformation not directly associated with the filling
of Lake Mead. Bench marks 1-10 in line 5 are mapping
the local groundwater withdrawal from the artesian basin in
Las Vegas [Longwell, 1960a; Amelung et al., 1999]. Along
bench marks 25-59 in line 10, Longwell [1960a] noted that
the large deformation here can be related to local subsidence
of a basin west of Searchlight.

Part of the remaining misfit can also be explained. As al-
ready pointed out by Longwell [1960a], the subsidence can-
not entirely be attributed to the weight of the water load it-
self. Some basin floors are graben structures, and readjust-
ment along faults may occur here. The induced seismicity
has been described by Carder and Small [1948] and Rogers
and Lee [1976]. Load-induced seismicity was detected espe-

cially around the larger basins such as Boulder Basin, sug-
gesting that pre-Pleistocene faults were activated.

In addition, sedimentation occurred since the filling of the
lake. In 1948, ~1.75 km? of sediment had accumulated in
Lake Mead [Gould, 1960], reducing the filling capacity of
the reservoir by 5%. Most of the sediment was deposited
in the Lower Granite Gorge (38%), Boulder Basin (21%),
and Virgin and Pierce Basins (both 10%). Only 2.7% had
been accumulated in the St. Thomas Overton Arm. Since
the sediment volume is small compared to the total reservoir
capacity and the density of the water-saturated sediments is
relatively low, the effect of sediment loading on the defor-
mation process is negligible.

The predicted subsidence in 1950 for the best fitting two-
layer Earth model (h; = 30 km, 2 = 10'8 Pa s) is shown
as map view in Figure 9. The prediction well reproduces the
observed pattern (Figure 1) in the central area. Farther away,
the model prediction overestimates the observed subsidence,
predicting a generally broader subsidence area. However, as
Longwell [1960a] noted, the low survey line density around
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Figure 9. Predicted deformation for 1950 (in mm) for a two-
layer Earth model with h; = 30 km and n; = 108 Pas.

Moapa and Searchlight does not provide reliable information
on the subsidence pattern in that areas.

6. Discussion

Several authors have inferred the rheological structure
of the Earth’s crust and subcrust in the Basin and Range
Province, using a variety of observations. We now dis-
cuss our results deduced from the observations of subsidence
from the filling of Lake Mead in view of some of these re-
sults. We also compare our results to rheological models
based on postglacial rebound and postseismic deformation
data.

6.1. Basin and Range Province

The displacement of shorelines of late Pleistocene Lake
Bonneville is an important data set for estimating crustal
thickness and subcrustal viscosity. The Lake Bonneville re-
gion is located 400 km north of Lake Mead and is also in
the Basin and Range Province. At the last glacial maximum,
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Lake Bonneville encompassed an area of 51, 300 km? [Bills
et al., 1994]. The surface area of the water load was around
80 times larger than that of Lake Mead.

The results of Nakiboglu and Lambeck [1982, 1983] and
Bills and May [1987] are based on model predictions using
Earth models comprising an elastic crust and a viscoelastic
subcrust. Estimates of crustal thickness range between 25
and 30 km, consistent with the Lake Mead data. Estimates of
subcrustal viscosity are higher than for Lake Mead with val-
ues between 2.5 x 10'° and 102° Pass. Bills et al. [1994] an-
alyzed a larger set of shoreline data using layered, viscoelas-
tic Earth models to infer a fairly thin quasi-elastic crust of
10 km thickness. On the basis of a formal inverse proce-
dure, Bills et al. [1994] suggest viscosities rapidly decreas-
ing from 2 x 102 Pa s in the quasi-elastic crust (0-10 km)
to values of 10%! Pa s in 10-40 km depth, around 10*® Pa s
between 40 and 80 km depth, and then again increasing to
2 x 1020 Pa s in 150-300 km depth.

The Lake Mead data indicate similarly low viscosities in
30-80 km depth. However, our 30-km elastic crust is signif-
icantly thicker than the 10-km crust from Bills et al. [1994].
In order to reconcile the different results we introduce a
three-layer Earth model M3a (Table 3) with an elastic up-
per crust of thickness h; = 10 km, a viscoelastic lower crust
of thickness ho = 20 km with free viscosity 772, underlain by
a viscoelastic half-space with free viscosity 3. In this Earth
model the thickness of the upper crust is equal to the value
inferred by Bills et al. [1994] for their quasi-elastic crust.
Hence the inferred viscosities beneath the upper crust can
directly be compared with the results of Bills et al. [1994].
Small misfits (¢ < 16) occur for n; > 4 x 10! Pa s and
ns = 10'® Pa s (Figure 10). All models with 7o > 10%° Pa s
fit the leveling data within the confidence limit, indicating
that this value is a lower bound for the viscosity in the lower
crust (10-30 km depth). Hence the lower crustal viscosity
of 102! Pa s suggested by Bills et al. [1994] is consistent
with the Lake Mead data. The viscosity of 108 Pa s for sub-
crustal depth (>30 km) found with model M3a agrees well
with the values found in sections 5.1 and 5.2.

This viscosity model with h; = 10 km, he = 20km, 7 =
10%° Pa s, and 173 = 10%8 Pa s is used as an a priori model
for the inverse procedure (Figure 11). The misfit is reduced
only slightly from ¢ = 12.5 to 12.0. The resulting viscosity

Table 3. Parameters of Three-Layer Earth Models

Model Layer Viscosity Thickness
n, Pas h, km
M3a upper crust 0 h1 =10
lower crust n2 € [10'7,10%%] he =20
subcrust ns € [10*7,10%] 00
M3b crust 00 h1 =30
subcrust n2 = 10'® hz € [50, 400]
7 € [107,107] oo

Earth models are calculated every 50 km for k2, and two per decade
for ne and ns, resulting in 65 models for M3a and 72 models for M3b.
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Figure 10. Misfit between observed and modeled deforma-
tion for three-layer Earth model M3a as a function of lower
crustal viscosity 7y and subcrustal viscosity n3. The data
used are the same as in Figure 5.

profile is characterized by a high-viscosity upper crust (O-
10 km), intermediate viscosities around 2 x 10%° Pa s for
the lower crust (10-30 km), and a low-viscosity subcrust (>
30 km). The viscosity profile in the subcrust is similar to the
profile resulting from the inversion based on the best fitting
two-layer model as a priori model (Figure 7). The ratio of
prior to posterior viscosity uncertainties is also similar to the
previous inversion (Figure 7), indicating that the subcrustal
viscosities are a robust feature of the inversions.

The difference in lower crustal viscosity (10-30 km) ob-
tained using the best fitting two-layer and three-layer mod-
els as a priori models for the inversion is significant. It re-
veals that the leveling data can be explained equally well
with an elastic or a viscoelastic lower crust (10-30 km) if
the viscosity in the lower crust is larger than 10%° Pas. The
lower crust appears quasi-elastic due to the short timescale
of subsidence of 25 years. However, the strength relaxes on
timescales of 10,000 years and longer, as observed with the
Lake Bonneville data. Our rheological model derived from
short-term reservoir loading is also consistent with models
for long-term loading such as the growth of faults through
repeated earthquakes [e.g., King et al., 1988; Stein et al.,
1988; Armijo et al., 1996]. Substituting in these models the
elastic plate overlying an inviscid half-space by a two-layer
elastic-viscoelastic plate would eliminate the need to reduce
the seismically inferred shear modulus in the plate to long-
term values reduced by factors of 100-1000. The viscoelastic
lower crust would account for the required relaxation of the
shear modulus.

Viscosities of the order of 10'® to 102° Pa s for the lower
crust (below a more rigid upper crust of around 10 km thick-
ness) have been inferred from numerical modeling of chan-
nel flow induced by topographical loads such as lithospheric
extension of the Basin and Range Province (Kruse et al.
[1991], for the Lake Mead region, and Kaufinan and Royden
[1994], for the Halloran Hills region west of Lake Mead).
While topographical loading is on a much longer timescale
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of the order of millions of years, it is interesting to note that
the upper bounds on viscosities within the lower crust agree
within 1 order of magnitude with the results of this study. It
is also interesting that the inferred 30-km-thick elastic crust
is in agreement with the 35-km value based on seismic sur-
face waves and refraction data [Priestley et al., 1980]. This
may indicate that the seismic and rheologic structure of the
crust is related.

6.2. Postglacial Rebound

The deformation induced by the growth and the melt-
ing of large ice sheets during the last glacial cycles also
has been used to infer the viscosity of the upper and lower
mantle [e.g., Lambeck et al., 1996; Mitrovica, 1996; Mitro-
vica and Forte, 1997; Lambeck et al., 1998]. Most au-
thors agree that the average upper mantle viscosity is around
4 x 10%° Pa s [e.g. Lambeck et al., 1998]. Although this
is 1-2 orders of magnitude larger than our estimate of sub-
crustal viscosity of 1018 Pa s, the estimates are consistent:
The rebound-inferred value represents an average over the
upper mantle (60-660 km depth), whereas the viscosity in-
ferred in this study averages over shallower depths (60-
200 km). To demonstrate this, we introduce a three-layer
Earth model M3b (Table 3) with an elastic crust of thick-
ness h; = 30 km, a viscoelastic subcrustal layer of thick-
ness hg, and viscosity 72, underlain by a viscoelastic half-
space with viscosity nz. In this model, n; is fixed to 1018 Pas,
and the free parameters are hy and 3. We will determine the
minimum thickness of layer two, hs, for which the misfit is
independent from n3. This thickness is the resolution depth
of the Lake Mead data.

The misfit for Earth model M3b (Figure 12) varies sig-
nificantly with n3 for hy < 200 km but is almost inde-
pendent of n3 for he > 200 km. This indicates that the
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Figure 11. Same as Figure 7, but using the a priori model
inferred from three-layer forward modeling (see Figure 10).
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Figure 12. Misfit between observed and modeled deforma-
tion for three-layer Earth model M3b as a function of sub-
crustal thickness hs and subcrustal viscosity n3. The data
used are the same as in Figure 5.

leveling data do not constrain 73 below 200 km depth, as
it can also be seen by the large confidence limits. Hence
the leveling data agree with viscosities of 10'® Pa s above
200 km and 4 x 102° Pa s below 200 km. Thus, in compar-
ison to postglacial rebound studies, relatively low viscosi-
ties in the uppermost mantle (30-200 km) can possibly be
attributed to peculiarities of the Basin and Range Province
such as high heat flow [Lachenbruch, 1978], recent vol-
canism [Oviatt and Nash, 1989], and extensional tectonics
[Zoback, 1989]. Additionally, the faults of the Basin and
Range Province may have deep roots, which may control
the deformation. Hence the low subcrustal viscosities based
on a Maxwell-viscoelastic continuum model may, in fact,
reflect more localized deformation, with strength orders of
magnitudes lower than the surrounding solid rock [e.g., Vis-
sers et al., 1995].

6.3. Postseismic Deformation

The relaxation time of ~25 years for the subsidence fol-
lowing the filling of the Lake Mead Reservoir is consistent
with relaxation times of 30 and 36 + 16 years observed for
postseismic deformation following large Californian earth-
quakes [Thatcher, 1983; Kenner and Segall, 2000]. If re-
gional variations in rheology are moderate, we would expect
such an agreement because Lake Mead has a spatial extent
similar to large earthquakes, and therefore both loads should
be sensible to similar subcrustal depths.

We now compare in more detail the viscosity structure de-
rived from the Lake Mead data with those derived from post-
seismic observations. Pollitz and Sacks [1992] used trilater-
ation data following the 1857 Fort Tejon, California, earth-
quake to derive a subcrustal viscosity of 4-8x10'° Pa s un-
der southern California (>33 km depth). Pollitz and Sacks
[1995] used leveling data surveyed after the 1891 Nobi,
Japan, earthquake to infer a subcrustal viscosity of 2 X
10*® Pa s under central Honshu (33-163 km depth). Al-
though these estimates are ~ 1 order of magnitude larger than
the subcrustal viscosity of 108 Pa s (>30 km depth) of the
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best fitting models for the Lake Mead data, we consider these
different estimates to be largely consistent because the reso-
lution of the postseismic data is limited. Details of the load
(the earthquake slip distribution) are not well known, and
postseismic relaxation may be confused with afterslip. Re-
cently, it was shown that the ground deformation following
the 1992 Landers, California, earthquake was caused by vis-
cous relaxation of earthquake-induced stresses and not by
afterslip [Deng et al., 1998; Pollitz et al., 1999]. Our result
of a subcrustal viscosity of 10'8 Pa s for the Lake Mead area
is largely consistent with the Pollitz et al. [1999] estimate of
8 4+ 4 x 10'8 Pa s for the uppermost mantle (>30 km) in the
Landers area ~200 km to the west of Lake Mead. It is not
consistent with the Deng et al. [1998] viscosity inference
of 108 Pa s for the lower crust (15-25 km), which is based
on the assumption of a subcrustal viscosity of 102 Pa s. If
the rheologic structure of the Lake Mead region applies to
strike-slip regions like California, then our data favor the
Thatcher [1990] thick lithosphere model where the upper
crustal fault is loaded by a screw dislocation in the elastic
lower crust versus the thin lithosphere model where the fault
is loaded by distributed deformation in the lower crust.

6.4. Deformation After 1950

To illustrate the relaxation process, Figure 13 shows the
modeled subsidence for the locations Boulder Wash tide
gage, Pierce Ferry tide gage, and Cane Springs as a func-
tion of time, starting from the filling of the lake in 1935.
Cane Springs is located ~ 100 km from the center of the load,
Pierce Ferry is at the margin, and Boulder Wash is close to
the center of the load (see Figure 4 for locations). All lo-
cations experienced monotonic subsidence after the filling
of the lake. The isostatic equilibrium was reached ~1980,
when the load-induced stresses in the subcrust were relaxed.
In 1950, the time of the third leveling survey, the predicted
subsidence already reached 75% of the final isostatic equi-
librium. This explains that the leveling in 1963 does not
differ much from the 1950 survey. In fact, the model pre-
dicts that <25% of the total subsidence occurs after 1950.
Hence other effects, such as the seasonal variation in lake
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Figure 13. Modeled subsidence for Earth model M2 with
hy = 30 km and 5 = 10*8 Pa s for locations Boulder Wash,
Pierce Ferry, and Cane Springs.
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level with its instantaneous elastic response of the basement,
become more important from this time on.

7. Conclusions

The surface deformation induced by the water load of the
Lake Mead reservoir can be explained by viscous relaxation
beneath the elastic crust. The observations of three level-
ing surveys are best explained using an Earth model with an
elastic crust of 30+£3 km thickness and a subcrust with a rela-
tively low viscosity of 1018%%-2 Pa s. The result of a 30-km-
thick elastic crust may be related to the short timescale of
subsidence (T < 25 years). We cannot resolve between an
elastic and a viscoelastic lower crust with viscosities larger
than 1020 Pa s. This lower bound of the viscosity for the
lower crust is consistent with bounds on the viscosity from
topographical loading in the same region. It is also con-
sistent with results from postseismic deformation studies in
other regions where the relaxation is assumed to occur in the
uppermost mantle. It is in contrast to postseismic studies
assuming that the relaxation occurs in the lower crust.

A comparison of our inferred viscosity profile with other
viscosity profiles for the Basin and Range Province is shown
in Figure 14. In general, our profile is consistent with pre-
viously published results. The leveling data also indicate a
gradually decreasing viscosity in the subcrust from 10%° to
108 Pa s (30-200 km), but this viscosity decrease is not a
robust result of the inversion. The Lake Mead subsidence
data constrain the viscosity profile to 200 km depth.
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Figure 14. Comparison of different viscosity profiles in the
Basin and Range Province. The numbers in the legend are
crustal thickness estimates.
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Appendix: Elements of Rheology
and Propagator Matrices

Mll = 0) M12 k)
M = %, My =0,
Ak
My = 3 Fon Mz = 0, )
M23 = 07 M24 = 5_*_2#,
Mz = 4#’“2%{‘2%7 Mzs = pgk, (AD)
Ms; = 0, Msy = X—i_kfﬂ’
My = PQ%, My = 0, )
My = _k7 My = ’PQ}\_,_QH
Py = Ass+ch, (A2a)
Py = —(Acc+ Bsh) + sspg/(2pk), (A2b)
Pz = —(Acc+ Csh)/(2uk), (A2¢)
P = Ass/(2uk), (A2d)
Py = Acc— Bsh, (A2e)
Py; = —Ass+ ch+ (cc— sh)pg/(2uk), (A2f)
Py3 = —Ass/(2uk), (A2¢g)
Pyy = (Acc— Csh)/(2uk), (A2h)
Py = —A(cc+ sh)(2uk), (A2i)
Py = Ass(2uk) — cepg, (A2))
P33 = Ass+ch, (A2k)
P34y = —Acc+ Bsh, (A21)
Py = —Ass(2uk) — cepy, (A2m)
Py = A(ce—sh)(2uk)—(cc — sh)(pg)¥ (2uk)(A2n)
Py3 = Acc+ Bsh+ sspg/(2uk), (A20)
Py = —Ass+ch— (cc—sh)pg/(2uk),  (A2p)
where
sh = sinh(kh), (A3a)
ch = cosh(kh), (A3b)
ss = khsinh(kh), (A3c)
cc = khcosh(kh), (A3d)
A+ p
A = —— A3
PP (A3e)
U
B = ——— A3
Nt (A3f)
A+ 3u
= A3
c Nt (A3g)
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