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Abstract

Large lakes can both produce and record significant crustal deformation. We present an analysis
of the isostatic rebound pattern recorded in the shorelines of paleo-lake Lahontan, in western
Nevada, using a layered Maxwell viscoelastic model. The inferred viscosity structure depends on
loading history. We use three variants of a well documented lake surface elevation model as
input and recover corresponding estimates of viscosity and density structure. A simple two layer
model, with an elastic plate over an inviscid half-space, fits the observed elevation pattern quite
well, with a residual variance of 30% of the data variance. Using muli-layered, finite viscosity
models, the residual variance is reduced to 20% of the data variance, very nearly to the noise
level. In the higher resolution models, the viscosity is below 1018 Pa s over the depth range from
80 to 160 km. The minimum viscosity is very similar to the value that has been seen in the
eastern Great Basin, from similar analyses of Lake Bonneville shorelines but the low viscosity
zone is a thinner beneath Bonneville. Making small adjustments to a seismically derived density
structure allows an improved fit to the shoreline observations. Additionally, we find that small
variations in proposed loading models can result in presumably spurious density inversions, and
suggest that this modeling approach provides a test for loading histories.
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1. Introduction

Large lakes provide an opportunity to examine the long term strength of the rock on which they are supported.

A sufficiently large lake can both produce and record signiÞcant crustal deformation. The spatio-temporal pattern

of that deformation is diagnostic of the strength of the crust and upper mantle in the region below the lake. The

objective of this paper is to examine the deformation recorded in the pattern of elevation variations on the highest

shoreline of late-Pleistocene Lake Lahontan, in western Nevada, and use it to derive estimates of viscosity structure

in the tectonically active western Great Basin.

Lacustrine shorelines form as essentially level surfaces and are produced whenever the lake surface elevation is

stable for a long enough time to allow wave energy to modify the shore zone conÞguration. When the lake is deep,

the weight of water in it deßects the crust downward by an amount which depends on the density, rigidity, and

viscosity of the substrate, and the depth, density, and lateral extent of the water load. When the lake level drops,

the crust rebounds and the shorelines are deßected upward in the basin center. By measuring the present-day

departure from horizontality along a single shoreline, we have an indication of differential vertical motion since the

shoreline formed. If, in addition, the age of the shoreline is known, and the lake level history and current basin

topography are known well enough to reconstruct the entire spatio-temporal loading pattern, then the long term

effective strength of the Earth, in that region, can be inferred.

On short time scales, the mechanical behavior of the crust and mantle are well approximated by an elastic solid.

On long time scales, most of the nominally solid Earth behaves much like a viscous ßuid. An important objective of

geodynamics research is characterizing this transition from solid-like to ßuid-like behavior and mapping the effective

viscosity variations throughout the crust and mantle. Much of what is currently known about these viscosity

variations has been inferred from patterns of marine shoreline deformation associated with major glaciations [Peltier,

1998; Kaufmann and Lambeck, 2000, Mitrovica et al., 2001; Peltier et al. 2002].

The information provided by shoreline patterns of large lakes complements global glacio-marine investigations

in several ways. In both cases, it is necessary to know the current elevations and ages of the shorelines and the

history of loading. The marine shorelines are obviously limited to continental margins and oceanic islands, whereas

lakes often occur in continental interiors. Reconstructing the detailed geometry of the loads is easier for lakes than

for the continental ice sheets.

One of the primary challenges in using the marine shoreline record is that the global pattern of sea level variations

is quite complex, and shoreline chronologies are all essentially local, or at best, regional. In contrast, the highest

shoreline of a large paleo-lake can often be traced in a nearly continuous fashion around the perimeter of the basin,

and on mountain ranges which were formerly islands within the lake. In that regard, the geometry and history

of the shorelines are more nearly separable in the lacustrine environment than in the marine record. Though

challenging, both the absolute ages of the lacustrine shorelines, and their synchroneity of formation can often be

established around the entire perimeter of lakes [Adams and Wesnousky, 1998].

Lake Lahontan was a large, late-Pleistocene lake in the western-most part of the Great Basin region of Nevada

and Utah.. It was essentially contemporaneous with Lake Bonneville, which occupied the eastern-most part of

the Great Basin. ScientiÞc study of the shorelines, sediments, and hydrologic histories of lakes Lahontan and

Bonneville were started at nearly the same time [Russell, 1880; Gilbert, 1890], but the rebound pattern on the
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shorelines of Lake Bonneville was appreciated much earlier [Gilbert, 1890; Crittenden, 1963], mainly due to the fact

that the signal there is much larger. The Bonneville shoreline pattern [Currey, 1981] and loading history [Oviatt

and Thompson, 2002] have been subsequently reÞned and have been frequently used to derive estimates of crust

and upper mantle viscosity [Crittenden, 1963; Passey, 1981; Iwasaki and Matsuura, 1982; Nakiboglu and Lambeck,

1982, 1983; Bills and May, 1987; Bills et al., 1994a, 2002]. In contrast, the Lahontan rebound signal has received

relatively little study [Mifflin and Wheat, 1971; 1979; Mifflin, 1984] until recently [Adams et al., 1999], despite

the fact that considerable work has been done on the lake level history there [Morrison, 1964, 1991; Benson and

Thompson, 1987; Benson et al., 1991, 1992, 1995, 1996; Bradbury et al., 1989; King, 1993; Adams and Wesnousky,

1998].

Many previous studies have used water loads, either in the form of artiÞcial Þlling of reservoirs or the natural

ßuctuation of lake levels, to probe the response of the crust to these loads. The Þlling of Lake Mead, on the

Colorado River, with 35 km3 of water caused about 0.2 m of subsidence [Kaufmann and Amelung, 2000]. Filling

of La Grande reservoir in Quebec with 60 km3 of water caused about 0.1 m of subsidence [Lambert et al., 1986].

The anticipated Þlling of the Three Gorges Reservoir on the Yangtze river in China is expected to cause about 0.1

m of subsidence [Zhang et al., 1996; Wang, 2000; Wang et al., 2002]. The Þlling of the Salton trough in southern

California, via natural diversions of the Colorado river, to form lake Cahuilla [Waters, 1983; Sturm et al., 1996;

Buckles et al., 2002], with a maximum depth of 95 m and volume of 280 km3, produced about 0.4 m of subsidence

[Larson, 1990].

Much larger crustal deformation responses are recorded in the shorelines of some larger paleolakes. Among late

Pleistocene lakes with at least partially known deformation patterns, we mention Lake Minchin, in Bolivia [Argollo

and Mourguiart, 2000; Fornari et al., 2001; Baker et al. 2001], which had a maximum volume of 5000 km3 and

produced 30 m of subsidence [Bills et al., 1994b], and Lake Bonneville in Utah, with a maximum volume of over

9000 km3 and peak subsidence of 70 m (see references above).

A number of other large Pleistocene paleolakes are known, but for most of them the isostatic response signal

recorded in their shoreline elevation patterns has not yet been investigated. Of the possibly large number of such

lakes that deserve further study we mention only two. Lake Chad, in west central Africa, occupies a basin which

formerly contained a much larger lake. Estimates of the maximum extent of the former lake vary [Olivry et al.,

1996; Kutzbach, 1980; Ghienne et al., 2002], but it appears likely to have been in excess of 104 km3. The northwest

corner of Mongolia contains several large shallow lakes, all of which are surrounded by higher shorelines. The

timing and maximum former extent of these lakes is still only poorly constrained [Komatsu et al. 2001; Grunert et

al., 2000; Lehmkuhl and Lang, 2001; Peck et al. 2002] but it appears likely that during the late Pleistocene there

was sufficient water in these lakes to produce signiÞcant crustal deformation.

The fortuitous occurrence of two large paleolakes, Bonneville and Lahontan, in close proximity within the Great

Basin provides a unique opportunity to look for lateral variations in viscosity structure. Previous work on the

Bonneville rebound pattern has shown that the upper mantle viscosity in that region is much lower than has

been inferred from global scale glacial rebound studies. A plausible explanation for that difference is that the

upper mantle beneath the Great Basin is hotter than the global average. That interpretation is well supported

by observations of high heat ßow [Lachenbruch, 1978], recent volcanism [McKee and Noble, 1986], and extensional
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tectonics [Minster and Jordan, 1987; Zoback, 1989; Dixon et al., 1995; Bennett et al., 1998]. Dixon et al., [2004]

have argued that small amounts of water in the mantle can also play an important role in determining viscosity.

In the western United States, low vicosity in the upper mantle thus likely reßects the combined effect of elevated

temperature and high water concentration associated with Farallon plate subduction. For a recent review of the

geophysical structure of this region, see Humphreys and Dueker [1994a,b].

Pursuing this notion further, one might anticipate that the viscosity beneath Lake Lahontan would be even

lower than beneath Lake Bonneville, based on the patterns of heat ßow, magmatic activity, gravity/topography

coherence [Lowry and Smith, 1994, 1995], and isotopic patterns [Farmer and Ball, 1997; DePaulo and Daley, 2000].

Careful study of the deformation pattern recorded in the Lahontan shorelines provides an opportunity to determine

whether the viscosity structure differs signiÞcantly between the eastern and western portions of the Great Basin.

The motivation for the present study has several components. The pattern of rebound on the Lake Lahontan

shorelines has only recently been delineated [Adams et al., 1999] and no proper analysis of that pattern, in terms

of viscosity structure, has yet been presented. We wish to compare the regional solution for viscosity structure

in western Nevada with other inferred viscosity models; both global solutions derived from marine shorelines, and

regional models derived from the relatively nearby paleo-lake Bonneville, in western Utah. We also have a new

solution algorithm in which both density and viscosity are adjusted. Small adjustments to the initially assumed

density structure largely remove long wavelength residual patterns which were problematic in previous analyses of

Lake Bonneville rebound patterns [Bills and May, 1987; Bills et al., 1994a, 2002].

The remainder of the paper is divided into 4 sections. Section 2 discusses the observations, which consist of the

spatial pattern of elevations on the highest shoreline of Lake Lahontan, and the temporal variations in water depth.

Section 3 presents an initial attempt to model the observed rebound pattern in terms of a simple elastic model.

Section 4 presents the results and implications of our visco-elastic modelling. Section 5 presents our discussion and

conclusions.

2. Observations

The primary observational constraints on our models are the pattern of shoreline elevations, the present basin

topography, and the history of the water surface ßuctuations. The latter two are used to reconstruct the load, which

is the basic input to the deformation process. The shoreline elevations represent the output, and our model of the

physical process has adjustable parameters which we constrain by making the model output match the observed

shoreline elevations.

basin topography

The present basin topography is quite adequately known, for purposes of reconstructing the water load. Recent

digital elevation models, such as the National Elevation Model (NED) compilation, and the data from the Shuttle

Radar Topography Mission (SRTM), provide a level of resolution and Þdelity which may allow automated shoreline

elevation pattern extraction, as has been proposed by Hare et al. [2001]. However, for the present, we use

a 30 arcsecond resolution digital elevation model (GTOPO30), interpolated to a 1x1 km grid in the Universal

Transverse Mercator (UTM) coordinate system. That provides a locally Cartesian coordinate frame. We have
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chosen an arbitrary local coordinate origin at 40◦N, 119◦W, which corresponds to UTM coordinates of E = 329270

m and N = 4429463 m in zone 11.

Figure 1 illustrates an approximate reconstruction of the maximum extent of Lake Lahontan. This Þrst ap-

proximation was obtained by simply ßooding the present topography below an elevation of 1332 m. That gives a

good initial estimate of the outline of the lake, but completely ignores the isostatic rebound signal, which is the

primary focus of the current investigation. A better approximation could be obtained by subtracting a smoothed

representation of the rebound pattern, as shown in Figure 2, from the present topography, and ßooding it. How-

ever, in most places around the basin, the intersection of the water surface with the landscape is inßuenced rather

little by the correction. Quite similar depictions of the extent of Lake Lahontan, and other adjacent lakes are given

by Mifflin and Wheat [1979] and Reheis [1999a,b].

Figure 3 illustrates the drainage basin of Lake Lahontan. At low water levels, each of several sub-basins

contained an independent lake. As water level rose, the sills or divides separating them were submerged and the

adjacent basins became integrated into successively larger lakes. In addition to the sub-basins which were fully

assimilated into Lake Lahontan, as the water level rose, there were two distal basins which contributed signiÞcant

overßow but did not become part of the lake proper. On the western margin of the basin, Lake Tahoe was exporting

signiÞcant amounts of water during most of the last pluvial lake cycle. On the eastern margin of the basin, Lake

Diamond exported signiÞcant water during the period when it was overßowing and down-cutting its outlet from

1824 m to 1775 m [Tackman, 1993].

These distal basins were an integral part of the hydrologic entity comprising Lake Lahontan, but were small

enough in mass and far enough away from the center that we will ignore their geodynamic contributions. Other

nearby lakes, such as the one in Dixie Valley, were hydrologically separated from Lake Lahontan, but likely con-

tributed somewhat to the deformation pattern within the Lahontan domain. However, we will also ignore these

effects. Caskey and Ramelli [2004] have measured elevations of the highest shorelines in Dixie valley, and note

that the deformation pattern seen on them is concordant with the pattern projected from nearby portions of Lake

Lahontan.

shoreline elevations

The shoreline elevation pattern described by Adams et al. [1999] will be used as our primary geometrical

constraint on the response to surface loading. Figure 2 illustrates a smoothed representation of the shoreline

elevation pattern, obtained by using an elastic plate model, which will be described in more detail below.

The error in the elevation measurements deserves some comment. Due to a high density of good quality vertical

control points in the region, it is not particularly difficult to measure the elevation of a point with an accuracy of

10 cm. Measurement error, per se, is not an issue. However, local variations in the height of features associated

with the shoreline of interest are typically 1-2 m [Adams and Wesnousky, 1998]. Among the sources of beach

height variation, relative to the still water level at the time of formation, are sediment source and supply [Carter

and Orford, 1988], particle size and shape [Bluck, 1967; Williams and Caldwell, 1988], wave run-up [Kirk, 1975;

Forbes et al., 1991], and rate of lake level change [Dillon, 1971; Kirk, 1980; Orford et al., 2002]. Other sources of

variation are discussed, at some length, by Adams and Wesnousky [1998] and Hare et al. [2001]. We assume that
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2 m is a representative error in reconstruction of the rebound pattern from measurements of the present shoreline

elevations. A challenge for the modelling exercise is to reproduce the observations to that level of accuracy.

lake level history

The major observational challenge in geodynamic paleolake studies is reconstructing the history of lake surface

elevation ßuctuations. Because those ßuctuations are of interest for a variety of other applications, considerable

effort has been devoted to understanding Lake Lahontan history, but many important aspects of the history are

still far from clear. During historic times, the hydrologic balance ßuctuations in the eastern and western extremities

of the Great Basin, where lakes Bonneville and Lahontan formerly resided, have been quite similar. Likewise, the

major lake level ßuctuations in the two largest paleolakes of the Great Basin also appear to have been generally

quite similar.

In terms of basic geography, the Lahontan and Bonneville basins share many characteristics, with low broad

plains in the valley bottoms, and relatively steep slopes on the surrounding mountains. As each lake grew in depth,

several initially independent smaller lakes merged to form a single larger lake. However, the geomorphology of the

Lahontan basin differs from that of Bonneville in an important way, which is partially illustrated in Figure 4.

That Þgure contrasts the variations of surface area and water volume with depth for the two basins. Bonneville

attains a signiÞcant fraction of its maximum total surface area at a relatively shallow depth, whereas Lahontan

gains fractional area more slowly at the beginning of inÞlling.

Within the past few decades the lowest exposed point in the Lahontan basin has been the lowest point in Poito

(Winnemucca) valley at 1148 m. The surface of Pyramid Lake was as low as 1153 m in the summer of 1967 and has

been near 1160 m for the past few years. Pyramid Lake is quite deep, with a low point near 1040 m, but the volume

contained below the current surface level is relatively small (�29 km3) and is ignored in subsequent discussion.

Another result of the differing basin conÞgurations is that Lahontan only functioned as a single large lake over

the upper �20 meters of its �150 meter elevation range, whereas Bonneville was a single large lake over much

more of its history. When all the constituent basins are joined as a single lake, observations on lake level timing

in one basin apply to all other sub-basins. However, at the lower levels, the separate smaller lakes operate quite

independently. As a result, reconstructing the Lahontan lake-level history is intrinsically more difficult than for

Bonneville.

Another minor complication in using these loading histories is that the associated ages are reported in terms

of radiocarbon years, rather than calendar years. If the transformation were merely a linear change of scale, the

only error associated with using the uncorrected times would be that the estimated viscosities would be uniformly

wrong by the conversion factor. Over much of the past 20 kyr the error would only be 10-20%, which is smaller

than the uncertainty of our viscosity estimates. However, the actual time transformation is rather more complex,

and failure to convert to calendar years would change the relative durations of various parts of the loading history

and could produce serious errors in recovered Earth structure. We use the compilations of Stuiver et al. [1998] and

Beck et al. [2001] to convert the reported radiocarbon ages of lacustrine events into calendar ages.

For present purposes, we will examine the geodynamic consequences of three different lake level models. Model

B is based on the work of Benson et al. [1995], and will be our baseline model. Model C is rather similar, and



7

will be described in detail below. Model A is the simplest of the three, and has a linear increase in water depth

from -30 to -15 kyr, a linear decrease from -15 to -10 kyr, and essentially no load at other times. These three

lake level models are compared in Figure 5. For most of our analyses, we will ignore the low elevation multiple

basin complexity just discussed, and operate on the assumption that a single lake surface elevation trajectory is

adequate.

In Figure 6, we present trajectories of lake surface area and lake volume versus time corresponding to the three

lake surface elevation curves which will be used in the subsequent modeling. These were constructed from the

elevation trajectories in Figure 5, along with the elevation versus area and elevation versus volume curves for the

Lahontan basin, as shown in Figure 4. Though these curves are in error, at low elevations, due to the neglect of

separate lakes in each sub-basin, the curves do illustrate the fact that much of the volume-time product, which is

the quantity most relevant to the deformation response, comes from the episodes when the lake was near maximum

elevation, and the curves should adequately represent the actual load history during those intervals.

The lake level history C differs from history B in several signiÞcant ways, including the timing, duration, and

magnitude of several ßuctuations. The peak between about -35 and -30 kyr on curve C is constrained by the

presence of the Wono tephra (27,300 14C yr B.P.; Benson et al. [1997]) in offshore sands at an elevation of about

1220 m at the north end of Winnemucca Lake [Adams, unpublished notes] and at about 1210 m in the Black Rock

Desert (BRD) [Davis, 1985]. After that peak, lake level descends to a low stand referred to as the Wizard�s Beach

recession (Dansie et al. 1988).

At the time of deposition of the Trego Hot Springs (THS) bed (23,200 14C yr B.P.; Benson et al. [1997]), the

lake was rising through an elevation of about 1258 m and reached at least 1275 m shortly thereafter [Davis, 1983].

The THS bed is found in an aggrading delta at about 1258 m [Davis, 1983] and in beach deposits at about 1250 m

in the BRD [Davis, 1987]. This conßicts with the interpretation by Benson et al. [1997] that lake level was at or

below 1177 m when the THS bed was deposited.

The drop in lake level between -23 and -22 kyr is based on stratigraphic exposures in the BRD which suggest

a recession to or below 1210 m during the interval from -25 to -20 kyr, though its exact timing is not yet known

(Adams, unpublished notes). In model C, the late Pleistocene high-stand occurred at about -15,700 kyr (13,070
14C yr B.P.; Adams and Wesnousky, [1998]) and only lasted years to a decade or two. Lake-level ßuctuations in

the last several thousand years are based on the work of Born [1972].

3. Elastic Plate Model

Obtaining a model which yields a good Þt to the observations is only part of the problem. We also want to be able

to interpret the model. In this section, we illustrate that a very simple model can be used to obtain a reasonably

good Þt to observations. The model we use for this purpose consists of a thin elastic plate buoyantly supported

by a dense ßuid substrate. This model serves several purposes. It will illustrate the point that even a very simple

physical model can often represent the outcome of much more complicated processes. It also provides a benchmark

against which we can compare the performance of the more complex models we will subsequently develop. Part of

the motivation for this particular model is that it approximates the long-term behavior of a viscoelastic model in

which the viscosity decreases with depth.
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An advantage of this simple model is that it yields a linear relationship between applied water load and resulting

crustal deformation pattern, and thus requires no knowledge of the history of lake-level ßuctuations. A problem

with the model is that it cannot be easily interpreted. For example, separate shorelines in the same lake basin need

not yield the same set of parameters, since a longer duration load on a viscoelastic substrate will allow more of the

substrate to relax and the effective plate thickness will decrease with time.

The load P, or vertical force per unit area, associated with a lake water depth d(x, y) is just

P (x, y) = ρw g d(x, y) (1)

where ρw is the water density, and g is the acceleration due to gravity. We will assume values of

ρw = 1000 kg m−3 (2)

g = 9.8 m s−2

The force balance for a thin elastic plate on a ßuid substrate can be written as [Timoshenko and Woinowsky-Krieger,

1959; Watts, 2001]

ρs g w +D ∇4w = P (3)

where ρs is the density of the substrate, D is a plate ßexural parameter, and w is the vertical deßection of the plate.

The substrate responds only buoyantly, and the plate responds only via bending. The plate ßexural parameter

depends on the thickness h, elastic rigidity µ,and Poisson�s ratio ν of the plate according to

D =
µ h3

6(1− ν) (4)

We will initially assume values of

µ = 32 GPa (5)

ν = 0.5

and let the plate thickness h vary. However, it is the parameter D which actually controls the response of the

model.

An important feature of this model is that the roles of the buoyant and ßexural components are quite separable.

The basic support mechanism is buoyancy and, from Archimedes� principle, we expect that the displaced mass is

equal to the load mass. The total displaced volume depends only on the volume of the load and the density ratio

of the load and substrate. If the elastic plate has no strength, the deßection of the surface exactly mirrors the load

and it would be in a state of local isostatic balance. Increasing the ßexural strength of the elastic plate spreads

the displacement over a larger area, but decreases the amplitude in such a way that the displaced volume remains

constant.

The simplest way to solve these differential equations is via Fourier transforms. The Fourier transform of a

spatial function f(x, y) will be denoted by an overbar (f → f), and is obtained analytically via the integral

f(kx, ky) =

Z ∞

−∞

Z ∞

−∞
f(x, y) ei(kxx+kyy) dx dy (6)
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where wavenumbers, or spatial frequencies, in the x- and y- coordinate directions are denoted kx and ky, respectively.

A Fourier transform converts differential equations to algebraic equations, and converts the operation of convolution

to simple multiplication. Spatial patterns are thus represented by amplitude and phase at each spatial frequency,

and the effect of the substrate and plate on the imposed load is represented by a Fourier-domain Þlter F , which

converts input (load) to output (surface deformation). The wavenumber or spatial frequency in the x- and y-

coordinate directions will be denoted kx and ky, respectively. We can write the transformed version of the force

balance for our ßoating plate model as ¡
ρs g +D k4

¢
w = ρw g d (7)

where we have used the notation

k2 = k2
x + k

2
y (8)

This algebraic equation relating water depth to deformation can be solved in the form

w = F (a, b, kx, ky) d (9)

where the Þlter F has the form

F (a, b, kx, ky) =
1

a+ b4 k4
(10)

and the Þlter parameters are

a =
ρs
ρw

(11)

b =

µ
D

ρw g

¶1/4

(12)

This is effectively a low pass spatial Þlter. At low spatial frequencies, the buoyant response of the substrate

dominates, and the deformation is just a scaled version (1/a) of the input load. At high spatial frequencies, the

ßexural response of the plate dominates, and the deformation is attenuated. The transition spatial frequency kt,

at which buoyant and ßexural effects are equal, is given by

a = b4 k4
t (13)

The parameter a is dimensionless and parameter b is dimensionally a length. The transition wavelength is related

to the Þlter parameters via

λt =
2π

kt
= 2π

µ
b

a1/4

¶
(14)

and is the characteristic smoothing length of the Þlter.

For this model, the spatial-domain impulse response function is also quite simple. The response to a point load

is given in terms of Kelvin functions [Wyman, 1950; Yu,1957; Kerr, 1978; McNutt and Menard, 1978; Lambeck

and Nakiboglu, 1980; Wolf, 1984]

F (a, b, r) = − k
2
t

2π
kei(0, kt r) (15)

For a disk load, with radius s and amplitude h, the response is
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w(s, kt, r) =
h

a

 1 + c1 ber(0, kt r)− c2 bei(0, kt r) r < s

c3 ker(0, kt r)− c4 kei(0, kt r) r > s
(16)

where the coefficients are

c1 = kt s ker
0(0, kt s) (17)

c2 = kt s kei
0(0, kt s)

c3 = kt s ber
0(0, kt s) (18)

c4 = kt s bei
0(0, kt s)

The Kelvin functions are related to the more familiar Bessel functions via [Abramowitz and Stegun, 1964; Thomp-

son, 1997]

ker(n, x) + i kei(n, x) = e−n π i /2 Kn(x e
π i /4) (19)

ber(n, x) + i bei(n, x) = en π i Jn(x e
−π i /4)

For a line load at the origin, the response of this elastic plate model is

Fline(a, b, x] =

√
π

2
(cos(s |x|) + sin(s |x|)) exp(−s |x|) (20)

where

s =

√
2

2
kt (21)

If we have a set of shoreline elevations, reasonably well distributed about the lake basin, we can readily estimate

the Þlter parameters a and b which best reproduce the relationship between the spatial patterns of water load and

inferred deformation. Note that this is a purely geometrical exercise: we are relating one spatial pattern (the water

load) to another spatial pattern (the shoreline deformation). The assumption, at this point, is that the deformation

is effectively instantaneous, and that temporal complexities can be ignored.

The parameters we directly recover are themselves purely geometrical. The amplitude and smoothness of the

rebound pattern, when compared to that of the load pattern, determine values of the Þlter parameters a and b

which best relate those patterns. It is only secondarily, through the relations 4, 11, and 12, that we recover the

physical parameters which are of primary scientiÞc interest. If we had assumed the density of the ßuid Þlling the

lake was 2000 kg m−3, rather than the 1000 kg m−3 we actually assumed, then we would recover estimates of the

substrate density and plate ßexural parameter D twice as large, but the geometrical Þlter parameters a and b would

be exactly the same.

Reconstruction of the lake load is a relatively simple operation. We assume that the present topography in the

basin is very nearly the same as it was during the time of shoreline formation, except for the linear superposition

of the lake induced deformation pattern. Our initial estimate of lake water depth simply compares the digitized

version of the current topography with an initial estimate of the water surface elevation at the time of shoreline

formation. At each point in the topography array, we compare the topographic height with the lake level and if
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the lake level is higher than the topography, the load at that point is equal to the difference in elevations. If the

topography is higher, there is no load at that point. Using our initial estimate of the load, and an assumed value

for the Þlter parameters, we compute a deformation pattern. We then add that pattern to the present topography

and extract a revised load. This process converges quickly, and we have found that 3 iterations yields a reliable

load estimate.

All of the physical models we consider are linear. That is, the computed surface deßection is a linear function

of the applied load. However, the load is a nonlinear function of the basin topography and lake surface elevation.

As a result, the mapping between topography and deformation is weakly nonlinear.

spectral domain model

Conceptually, the easiest approach to estimating the Þlter parameters is done mostly in the Fourier transform

domain. We Þrst generate spatial domain representations of the rebound pattern W (x, y), and the load L(x, y),

and then Fourier transform these patterns. On a 1x1 km resolution topographic grid, the load representation is a

piecewise constant function, with a value in each cell of the grid proportional to the average water depth in that

cell. The rebound pattern W (x, y) is represented by a smoothed or interpolated version of the observed shoreline

elevations. An initial operational deÞnition of the effective Þlter is just that linear operator which converts the load

into the deformation. We can easily determine an empirical Þlter which accomplishes that job exactly by dividing

the two transforms:

F obs(kx, ky) =
W (kx, ky)

L(kx, ky)
(22)

There are several problems with that approach. Conceptually, the main problem is that both the load and defor-

mation signals contain noise. In addition, we expect the Þlter to be nearly axially symmetric. In other words, the

Þlter should depend only on the scalar wavenumber k, and not have separate dependence on the components kx

and ky.In addition, we expect that the Þlter should be purely real, rather than complex. An easy solution is to

simply average all the values corresponding to a given scalar wavenumber, and take the real part of that average.

We can then Þt a function of the form shown in Equation (10) to the average.

We note that variations in the parameters a and b produce quite different changes in the Þlter pattern, which

allows us to separately estimate these parameters from the shoreline elevation pattern. In particular, the partial

derivatives of the Þlter with respect to parameters a and b have the form ∂/∂a

∂/∂b

F (a, b, k) = −
 1

4b3k4

F (a, b, k)2 (23)

The factor of k4 multiplying the b derivative makes it much larger at high spatial frequencies. That implies the

deßection pattern is much more sensitively dependent on elastic plate thickness at short wavelengths than at long

wavelengths, and has greater sensitivity to elastic plate thickness than to substrate density at spatial frequencies

above the transition value kt.

spatial domain model

A second approach is to estimate the parameters from the spatial patterns directly. That is, the load is estimated

from the present topography and an initial estimate of water surface elevation. The load is then Fourier transformed,
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and multiplied by a Þlter array corresponding to a trial set of parameters, {a1, b1}. The Þltered load is then inverse
transformed and compared to the spatial pattern of observed shorelines. At each iteration, the topography array

is adjusted by adding the computed deßection pattern and the lake level is adjusted to make the mean of the

observed and computed shoreline elevations agree. Using this approach, we have modeled the Lahontan shoreline

deformation pattern and found that it is reasonably well reproduced with an elastic plate model with parameters

h = 19.8 km and ρs = 3070 kg m−3. Figure 2 shows the resulting deformation pattern. We examined values in

the range

16 km ≤ h < 24 km

(24)

2800 kg m−3 ≤ ρs ≤ 3400 kg m−3.

Over that range, the residual variance is a smooth function of the parameter values. The best Þtting model yields

a residual variance of 6.82 m2 or 31.6% of the data variance.

Our ability to separately estimate the parameters a and b, or alternatively h and ρs, is a result of their different

inßuences on the spatial pattern of deformation. Not surprisingly, there is some trade-off between the two parame-

ters. An increase in substrate density requires a decrease in plate thickness to match the observed pattern. Writing

the deformation pattern w as a convolution of the water depth pattern d with the deßection Green�s function F ,

w(x, y) = F (a, b, r) ∗ d(x, y) (25)

the partial derivatives of deformation with respect to parameters a and b are

∂w

∂a
=

∂F (a, b, r)

∂a
∗ d(x, y) (26)

(27)

∂w

∂b
=

∂F (a, b, r)

∂b
∗ d(x, y)

4. Visco-elastic Model

To obtain information about the long-term strength of the crust and upper mantle from the shoreline deformation

pattern, we must resort to a more complex physical model. The model we have chosen to use in the present analysis

is very similar to that previously applied to Lake Bonneville [Bills et al., 1994]. The Earth model consists of a stack

of Maxwell viscoelastic plates, overlying a Maxwell half-space. Each layer is speciÞed by 6 parameters; upper and

lower depth limits, density ρ, rigidity µ, bulk modulus K, and viscosity η. The lake level history is approximated

by a piece-wise linear function of time, and the load at each time step is computed from the lake surface level and

present topography pattern in the same way as was done for the elastic model.

The only substantial change from our previous modeling approach, as used for Lake Bonneville, is that we

now adjust both the density and viscosity in each layer. We use a starting model with density ρ, rigidity µ, and

bulk modulus K speciÞed from seismic observations. There is insufficient information in the shoreline pattern to

derive all the needed parameter values from that source alone. However, because changes in density and changes
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in viscosity within a given layer will inßuence the computed pattern of deformation differently, we can at least

partially resolve both parameters. Our initial estimates of elastic parameters are taken from Priestley et al. [1980].

The elastic parameters are derived from observations of seismic wave travel times. The basic observations are

of propagation speeds Vp and Vs of compressional and shear waves, respectively. These wave speeds are related to

the physical parameters of interest via

V 2
p =

K + 4µ/3

ρ
(28)

V 2
s =

µ

ρ

If we are to change the density in a layer by an amount∆ρ, then in order to keep the wave speeds at their seismically

determined values, we need to change K and µ by proportional amounts

∆K

K
=
∆µ

µ
=
∆ρ

ρ
. (29)

We will Þnd, in any event, that the required changes in density structure are quite small.

There are two obvious advantages to adjusting the initial density structure. The Þrst advantage is that adjusting

the density allows us to Þt the observed pattern of shoreline elevations quite well without recourse to rather artiÞcial

quadratic trend surface adjustments, as was done for Lake Bonneville [Bills et al., 1994a]. The second advantage

is that it provides a criterion for judging the internal consistency of proposed loading models. That is, the density

structure obtained in Þtting the elevation pattern might include a density inversion. Since that is not a stable

conÞguration, it clearly signals an inconsistency in the model. We will exploit this property in examining our three

candidate loading models. We also advocate the application of a similar approach in future global estimates of

viscosity structure from glacial rebound observations.

It is important to note that the parameters we are estimating, in this algorithm, are not the standard temperature

and pressure values of the material properties. Rather, they are the in situ values before the water load is applied.

Thus, for example, the density variations with depth may be due to compositional change or self-compression, or

some combination thereof. All that matters for the estimation is the inßuence of the parameters of interest on

the response of the Earth�s surface to the applied water load. If there is a density increase with depth, across a

layer interface, gravitational restoring forces will impede deformation of that interface. If a layer has high values

of rigidity and viscosity, it will be difficult to bend. Though our model does include Þnite compressiblity, the

water load is small enough, compared to lithostatic pressure, that there is very little difference in response between

compressible and completely incompressible models.

Another caveat, in regards to estimating density structure and using it as a criterion for judging the validity of

the input loading hsitory, is that we have no guarantee that our recovered structure model is unique. All that we

know, for certain, is that the model produces a local mimimum in the residual variance.

In a viscoelastic model, there is a signiÞcant trade-off between loading history and inferred viscosity structure.

To produce a large amount of deformation one requires either a low viscosity region or a long duration of loading.

If a load is rapidly emplaced on the surface, there is an initial elastic response and then an exponential approach

to a buoyant asymptotic response. Due to the exponential behavior in time of the viscoelastic response to surface
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loading, our ability to resolve density and viscosity structure decreases with increasing depth in an approximately

exponential fashion.

The ratio of viscosity to rigidity yields a time constant, the Maxwell time, which characterizes the time required

for strain accumulated via viscous ßow to match that due to initial elastic deformation. It is an intrinsic material

property, and can be useful in determining whether elastic or viscous effects are more important on a given time

scale. However, it can be somewhat misleading when applied to a structure such as our layered Earth models,

in which both rigidity and viscosity are varying with depth. In particular, a structure comprising a stack of

viscoelastic layers will exhibit a spectrum of relaxation times. The mimimum relaxation time is never less than the

lowest single-layer Maxwell time, but can be considerably greater. This issue is discussed at greater length by Bills

and May [1987].

The simplest model of the type we are now considering would consist of a high viscosity plate on a lower viscosity

substrate. In the limit of inÞnite viscosity in the plate and zero viscosity in the substrate, this model reverts to

the buoyantly supported elastic plate model of the previous section. We have examined a wide range of model

conÞgurations, with the number of layers varying from 2 to 20. With too few layers, we are not able to Þt the

observations adequately. With too many layers, the model parameters become poorly constrained. As something

of a compromise, we present the results of a model with intermediate complexity.

We have somewhat arbitrarily selected, for detailed presentation here, a series of models with 8 layers, consisting

of 7 plates overlying a semi-inÞnite substrate. We consider three such models, each one associated with a different

loading history. The bounding depths were chosen to be {0, 10, 20, 40, 80, 160, 320, and 640} km, and the elastic
parameters were interpolated from the model of Priestley et al. [1980]. An initial viscosity proÞle was chosen which

has very high values in the near surface regions, and then decreases rapidly to 3×1019 Pa s below 40 km. A total of

19 parameters were adjusted in the Þtting process. The adjusted parameters are the densities and viscosities in each

layer, the elevation of the lake surface at the time of presumed maximum depth, and 2 regional slope parameters,

which account for any long wavelength deformation of the basin. The lake surface elevation, at the time of shoreline

formation, is approximately speciÞed by our assumed loading model, as shown in Figure 5. However, to minimize

the misÞt between observed elevations and model results, we adjust the water level at that time to a value such

that the mean residual at the survey locations is zero.

Figures 7 and 8 compare the recovered density and viscosity proÞles for the three loading histories. The best

Þt obtained with this model was a residual variance of 4.29 m2, or 19.9% of the data variance. The RMS misÞt is

thus 2.07 m, which is essentially equal to our estimate of the error in the shoreline elevations. This is a better Þt,

in absolute terms, but worse in relative terms, than was found for Lake Bonneville by Bills et al. [1994a].

Our primary loading history model, which is designated model B and represents the work of Benson et al. [1995,

1996], produced the best Þt to the data. Our model A, which was a very simpliÞed version of the loading history,

performed only slightly worse, at 4.46 m2. However, as may be seen in Figure 7, it produced a density structure

which includes an inversion, with the density in the depth range from 80 to 160 km lower than in the region above.

This is not a plausible result, as it would be gravitationally unstable, and we take it to indicate that the loading

history is in error.

Our loading model C, which was based on model B, but with minor modiÞcations as described in Section 2 above,
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also performed quite well in Þtting the observations, with a residual variance of 4.42 m2. However, it too produced

a density inversion, and thus seems to require modiÞcation. All three loading models produced density structures

in which the primary departure from the starting model was a decrease in density over the depth range from 40 to

160 km. Model B required similar small (�4%) reductions in both the 40-80 km and the 80-160 km layers, whereas

the other two loading histories required larger adjustments to the density in the lower depth range, and yielded

inversions. From that perspective they all performed somewhat similarly. However, we reject the models that yield

density inversions.

It is informative to examine the spatial pattern of the misÞt between models and data. The mean of the 170

observed elevations is 1331.46 m. The water surface elevation required to make the model deßections match the

observed elevations is 1324.43 m. If we subtract that value from each of the observed heights, they will yield local

estimates of the cumulative vertical deformation since formation of that shoreline. Using the loading model B,

which produced the best Þt to the observations, we have made several spatial comparisons. Figure 9 illustrates

the spatial patterns of the observed, computed, and residual elevations, with each of them projected onto a N-S

line. In similar fashion, Figure 10 shows the same quantities, but with a projection onto an E-W line. Figure

11 is a direct comparison between observed and computed deßection values. If the model were perfect, and there

were no other sources of vertical motion of shorelines, then the points should all line on a straight line with unit

slope. The model estimates of vertical motion include both the response of the layered viscoelastic model to the

imposed water load, and inferred regional slope values of {-7.01,-12.59}×10−6 in the east and north directions.

The inferred viscosity structures are also informative. All three loading models yield viscosity proÞles which

decrease rapidly with depth, attain minimum values in the 80-160 km depth interval, and then increase slightly at

greater depths. There is very little change, compared to the initial viscosity values, in the shallowest and deepest

layers. However, that mainly reßects low sensitivity in those regions. In the top layer, the viscosity is high enough

to be effectively inÞnite on the �104 year lake loading time scales. In the deepest layers, the depth is becoming

comparable to the longest wavelengths in the load.

When comparing these results with viscosity values estimated for the Bonneville basin (Þgure 12 of Bills et al.

[1994a]), the largest difference is the shape of the curve. The Bonneville proÞle has a very large drop in viscosity,

from 1021 to 1018 Pa s, at 40 km depth, and a return to higher values (3 × 1020 Pa s) at 160 km. The Lahontan

proÞles are more gradual. The lowest viscosity value attained in the proÞle associated with the model B loading

history is 5 × 1017 Pa s, comparable to the Bonneville minimum.

5. Discussion

We have used the basin-wide pattern of elevations on the highest of the late Pleistocene shorelines in the Lahontan

basin of western Nevada to estimate viscosity structure in the crust and upper mantle. Based on other evidence,

which implies higher temperatures in the upper mantle in that region, it was anticipated that the viscosity beneath

the western Great Basin would be even lower than has been found under Lake Bonneville, in the eastern Great

Basin. Our results suggest that the situation is somewhat more complicated. Both eastern and western Great

Basin viscosity estimates are dramatically lower than global average values of 1021 Pa s, as inferred from numerous

glacial rebound studies. The minimum viscosity values under Bonneville and Lahontan are both roughly 5× 1017
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Pa s, but the low viscosity region under Bonneville is more sharply deÞned. It has rather abrupt transitions, with

a decrease at 40 km depth and an increase at 160 km depth. In contrast, the Lahontan proÞle decreases more

gradually with depth, and does not increase as much at great depth.

Viscosity values for rocks of the crust and upper mantle are expected to vary with composition, temperature,

and pressure [Karato and Wu, 1993; Hirth and Kohlstedt, 1996; Williams, 1996; Dixon et al., 2004]. As both

temperature and pressure are expected to be rather smooth functions of depth, an abrupt drop in viscosity, as is

seen in the Bonneville results, would suggest a corresponding compositional change. However, it occurs below the

seismically determined crust-mantle interface [Smith and Bruhn, 1984].

If we assume that the low viscosity regions in the upper mantle are mainly controlled by temperature, this

would suggest that high temperatures exist at shallower depths beneath Lahontan than beneath Bonneville. The

higher heat ßow in the western Great Basin certainly reßects a steeper temperature gradient across the thermal

boundary layer. However, from the heat ßow data alone, it is not possible to say whether the steeper gradient

in the west persists to great depth. The similarity of the minimum inferred viscosities beneath the eastern and

western portions of the Great Basin suggests that the temperatures at 100 km depth, for example, are quite similar

in the two regions, though the temperatures at 40 km depth might be quite different.

The very low values inferred for upper mantle viscosity beneath Utah and Nevada are similar to the values

derived from post-seismic deformation associated with a number of earthquakes in southern California [Pollitz et

al., 2000]. They are also similar to the values in an oceanic asthenosphere as inferred from models of oceanic

ridge morphology [Yale and Morgan, 1998; Albers and Christensen, 2001] and from observations of post-glacial

and post-seismic deformation of Iceland [Sigmundsson and Einarsson, 1992; Pollitz and Sacks, 1996; Sjoberg et

al., 2000, 2004]. In this regard, the tectonically active western part of North America appears more oceanic than

cratonic.

We have employed a new algorithm for estimating viscosity structure, in which we adjust both the viscosity and

the density in each layer. The resulting density structure remains close to that inferred from seismic observations,

but allows a better Þt to the data, and potentially reveals problems in the loading history. A similar approach

should be applied in future inversions for global viscosity structure from post-glacial rebound observations.

Better resolution of the viscosity structure beneath Lake Lahontan would be quite informative, and could be

readily obtained by application of the algorithms used here to an extended data set. Our primary data needs are

geometric and chronologic. The geometric constraints are easily obtainable. All that is needed, in that regard, are

surveyed elevations of some of the many lower shorelines. The temporal constraints will likely take more effort.

There is need for more samples of dateable material in appropriate stratigraphic contexts, in order to place better

constraints on the lake surface elevation history. Finding them will take effort, but should be pursued.
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Figure Captions

� Figure 1: Location of Lake Lahontan. The lake conÞguration was reconstructed using a lake surface elevation
of 1332 m.

� Figure 2: Rebound pattern on highest shoreline of Lake Lahontan. Dots indicate locations of shoreline

elevation points surveyed by Adams et al. (1999). Grey level variations indicate water depth. Contour

interval is 2 m. Contours depict the response of an elastic plate on a ßuid substrate with parameters obtained

by Þtting to the observed shoreline elevation pattern.

� Figure 3: Lake Lahontan drainage basin, with major sub-basins indicated.

� Figure 4a: Lake surface area versus depth for lakes Lahontan and Bonneville

� Figure 4b: Lake water volume versus depth for lakes Lahontan and Bonneville.

� Figure 5: Lake level histories used in computing viscoelastic response. See text for descriptions.

� Figure 6a: Lake surface area versus time for Lake Lahontan surface elevationl histories of Figure 5.

� Figure 6b: Lake water volume versus time for Lake Lahontan surface elevationl histories of Figure 5. Increase
in basin volume due to deformation has been ignored in this Þgure.

� Figure 7: Density structure. The initial density model and those derived from the indicated loading histories

are shown as functions of depth.

� Figure 8: Viscosity structure. The initial viscosity model and those derived from the indicated loading

histories are shown as functions of depth.

� Figure 9: Observed, computed, and residual shoreline elevations projected onto a north-south line.

� Figure 10: Observed, computed, and residual shoreline elevations projected onto an east-west line.

� Figure 11: Comparison of observed and computed elevations at each of 170 measurement sites.
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