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ABSTRACT OF THE DISSERTATION

Modeling Upper Mantle Rheology with Numerical Experiments
and

Mapping Marine Gravity with Satellite Altimetry
by

Mara M. Yale
Doctor of Philosophy in Earth Sciences
University of California, San Diego, 1997
Professor Jason Phipps Morgan, Chair

This thesis consists of modeling upper mantle rheology with numerical ex-
periments and mapping marine gravity anomalies with satellite altimetry data.
Chapter 1 introduces my reasoning for undertaking projects in two distinct fields.
Chapters 2 and 3 are numerical modeling projects. Chapters 4 and 5 and the
appendix are satellite altimetry projects.

Chapter 2 presents numerical modeling experiments of small-scale convec-
tion in the asthenosphere beneath California. Using the timing provided by the
tectonic history and knowledge of the current thermal state from seismic to-
mography, our numerical experiments provide upper and lower bounds on the
asthenosphere viscosity, and demonstrate the effects of rheologies that depend on
temperature, pressure, and strain rate.

Chapter 3 presents a numerical model to test the asthenosphere flow paradigm
in which hotspots feed the low viscosity asthenosphere, and lithosphere consumes
the asthenosphere. The model is applied to two distinct regions - the Iceland
hotspot centered on the Mid-Atlantic Ridge, and the Kerguelen hotspot located
near the Southeast Indian Ridge. The asthenosphere flow paradigm can explain

major features of hotspot-ridge interactions for both on-axis and off-axis hotspots.

Xv



Chapter 4 presents a resolution analysis of repeat satellite altimeter profiles
to compare the along-track resolution capabilities of Geosat, ERS-1 and TOPEX
data. On average globally, the along-track resolution (0.5 coherence) of eight-
cycle stacks are approximately the same, 28, 29, and 30 km for TOPEX, Geosat,
and ERS-1, respectively. TOPEX 31-cycle stacks (22 km) resolve slightly shorter
wavelengths than Geosat 31-cycle stacks (24 km).

Chapter 5 presents a method to improve global gravity profiles by iterating
on the current grid. We use new repeat cycle data to improve stacks (averages)
for ERS-1/2 (43 cycles) and Topex (142 cycles), and then implement the method
for improving gravity profiles globally. We demonstrate the maximum accuracy
of our new grid by comparing the grid to ship profiles.

The appendix includes an analysis of the environmental corrections supplied
with TOPEX data to evaluate which corrections may be important when using

sea surface slope data for marine gravity and oceanographic variability studies.
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Chapter 1

Introduction

Thoughts planted by ”The Fossil Record,” a course I took at Brown University
from Thompson Webb III and John Imbrie, have formed much of the framework
for how I think about doing science. I wrote a paper on the Milankovich cycle and
Imbrie’s discovery of the oxygen isotope record of long term climate change. The
fundamental question was, ”Which came first, theory or observations?” Other
related questions concerned the biases inherent in any approach to science.

My first two experiences actually working to do science were at opposite ends
of the theory-observation spectrum. At Brown, I worked for Marc Parmentier for
2 years mostly doing programming to build tools to attack problems in mantle
convection. At the time, I had no idea how the models we were constructing
related to the Earth. I think I took it on faith (respect for Marc and the scientific
establishment) that there was a clear connection. After I left Brown, I worked for
6 months on a USGS field crew in Mammoth Lakes. There, we were collecting
data from a 2 color laser geodimeter to monitor strain rates in the Long Valley
Caldera. I was driving a 4WD truck around at night (when the instrument could
operate) making these measurements. We sent the data by modem to Menlo
Park, and our boss, John Langbein, processed it, and sent back plots of strain

rate. I gained a great deal of appreciation for how to make careful, repeatable



field measurements, but didn’t know what was involved in the data processing
and interpretation.

I decided to go to graduate school largely because I wanted to reconcile these
diverse experiences. It seemed to me that in order to make true scientific progress,
theory and observation need to be in closer communication with each other. I've
continued to work on both theoretical mantle convection problems, and on using
geodetic methods to get a clearer picture of the Earth. Each time I shift gears
from a theoretical to an observational project, I am reminded of how my thinking
is influenced by the approach I am taking. My appreciation for the complexity of
the world is much greater than it was when I was at Brown. I still believe that the
most scientific progress occurs when people are working together to understand
the world from different points of view.

My current deep question about science concerns the conflict between super-
specialization and interdisciplinary collaboration. In order to do cutting edge
work in any sub-field, intense specialization is required. Such a narrow focus
makes many people unable to zoom out to see the big picture. Again, I think we
need both, maybe not in every individual, but certainly in the community.

My thesis consists of roughly equal parts mantle convection modeling and

creating gravity anomalies from satellite altimeter data.



Chapter 2

Modeling Small-scale Convective
Instabilities in the Asthenosphere

beneath California

2.1 Abstract

We have performed a series of 2 dimensional numerical experiments to study
small-scale convection in the asthenosphere beneath California. Plate recon-
structions in this region constrain the timing of the opening of a slab 'window’
due to the northward migration of the Mendocino Triple Junction. Regional
seismic tomographic inversions provide a snapshot of the current thermal struc-
ture of the upper mantle beneath California, showing several seismically fast
'fingers’ that drip off from the lithospheric lid. Using the timing provided by
the tectonic history and knowledge of the current thermal state, our numerical
experiments provide upper and lower bounds on the asthenosphere viscosity, and
demonstrate the effects of rheologies that depend on temperature, pressure, and
strain rate. Our simulations generate cold downwellings within the upper mantle

that are close in form to those observed in seismic tomographic images of the



region. Constant viscosity experiments suggest the viscosity of the upper mantle
beneath California is ~ 10'° Pa-s. Diffusion creep experiments demonstrate that
flow law parameters derived in laboratory experiments create downwellings sim-
ilar to those created for the constant viscosity experiments. We treat diffusion
creep and dislocation creep as concurrent parallel processes, allowing the physical

system to determine which creep mechanism dominates.

2.2 Introduction

California provides a unique natural laboratory for studying upper mantle con-
vection. The tectonic history is relatively well known, and seismic tomography
provides us with a snapshot of the current thermal state. The tectonic history
of the western U.S. has been well studied [e.g. Atwater, 1970] and interpreted in
terms of the thermal history beneath California [cf. Dickinson and Snyder, 1979,
Severinghaus and Atwater, 1990]. The San Andreas fault began to form about
30 million years ago (Ma) when a section of the Pacific-Farallon mid-ocean ridge
began to subduct beneath California. Prior to this, the entire coast of Califor-
nia was the site of subduction of the Farallon plate. As the Mendocino triple
junction (point where the Pacific, North American and Gorda/Juan de Fuca
plates meet) has migrated northward, the San Andreas Fault has lengthened to
its present extent from the Salton Sea to Cape Mendocino. The sinking remnants
of the Farallon plate are thought to have been replaced by hotter, upwelling as-
thenosphere. Seismic studies reveal that the upper mantle beneath the Western
U.S. is anomalously slow seismically relative to a global average [Laske and Mas-
ters, 1996; Anderson et al., 1992; Van der Lee, 1996], suggesting the presence of
hot, possibly low viscosity upper mantle material. Regional seismic tomographic
studies [Benz, et al., 1992; Biasi and Humphreys, 1992; Benz and Zandt, 1993;
Humphreys and Clayton, 1990; Humphreys and Dueker, 1994a; Humphreys and



Dueker, 1994b] show significant lateral variation in seismic velocity that have
been interpreted as thermal anomalies related to small-scale convection [Zandt
and Carrigan, 1993].

The upper mantle velocity structure beneath California includes several seis-
mically fast fingers interpreted as cold downwelling blobs (Figure 2.1) [Zandt and
Carrigan, 1993]. Features of the blobs that can be directly measured or inferred
include the aspect ratio of the blobs, and the temperature contrast necessary
to seismically image a blob if all of the compressional seismic velocity variation
were due to temperature. In addition, the timing for the development of the
blobs is constrained by the tectonic history and the tomographic images which
imply that that blobs have reached at least 200 km depth within the last ~10-
15 Ma. The viscous rheology controls the timing and the form that convection
takes. Previous studies of upper mantle rheology include experimental studies of
olivine deformation at high temperatures and pressures [Karato and Wu, 1993|
and theoretical studies of post-glacial rebound in the western U.S. [Bills, et al., “
1994], Iceland [Sigmundsson and Einarsson, 1992], and elsewhere [Cathles, 1975].

We explore the effects of 3 different rheologies on the dynamics of small-scale
convection beneath California. The first rheology consists of a layered viscosity
structure, in which the cold lithosphere is 1000 times more viscous than the under-
lying asthenosphere. This allows us to bound the average asthenosphere viscosity,
and serves as a reference for comparison with the more complicated rheologies.
The second model rheology is diffusion creep, where the viscosity varies as a
function of temperature, pressure, and grain size. The third and most compli-
cated rheology is a combination of Newtonian diffusion creep and non-Newtonian
dislocation creep, treated as concurrent parallel deformation mechanisms. The

mechanism that produces the smallest viscosity dominates the flow locally.



2.3 Numerical Model

The numerical model used in this work is a 2D finite element viscous flow solver
based on a penalty function method [Reddy, 1984], coupled with a finite difference
technique for the advection and diffusion of heat [Smolarkiewicz, 1984]. The
code was originally developed for studying mid-ocean ridge dynamics [Jha and
Parmentier, 1995]. We have modified the code to study the dynamics of the
upper mantle beneath California, incorporating several different rheologies.

The basic physical assumption is that hot asthenosphere has filled the slab
gap created by the regional tectonic events [Dickinson and Snyder, 1979; Sever-
inghaus and Atwater, 1990]. We model a 2D vertical slice running the length of
California; properties are uniform in the third dimension. Our experiments all
start from the same thermal state which includes a cold rigid lithosphere, and a
hot asthenosphere. Initially, temperature varies as a function of depth (Figure
2.2), such that within the lithosphere there is a linear temperature gradient up
to 800°C, and below the 800°C isotherm the entire asthenosphere has an initial
temperature of 1325°C. This simple model allows us to explore how the astheno-
sphere rheology affects the form and dynamics of small-scale convection in this
region, and to test non-linear viscous rheologies.

Boundary conditions for the top and bottom edges of the model box are no-slip
(horizontal velocity = vertical velocity = 0) and temperature boundary conditions
hold the temperature fixed at T' = Tyyrfoce for the top, and T' = Tipgnye at the
bottom. Both horizontal edges are symmetry planes where the free slip boundary
condition is implemented by setting (v = 0,dw/dzx = 0), and dT/dx = 0. See
Figure 2.3.



2.4 Rheology Theory

In the upper mantle, two deformation mechanisms are likely to be important
- Newtonian diffusion creep and non-Newtonian dislocation creep. Lab experi-
ments on olivine are performed at a range of temperatures and pressures, and
the results are used to construct deformation mechanism maps [Poirier, 1985].
Lab experiments can bound transition curves between deformation mechanisms,
but strain rates are limited to those measurable on human time scales, and must
be extrapolated to geologic time scales. In the Earth, diffusion and dislocation
creep may occur simultaneously within a crystal. Gueguen and Darot [1982] ob-
served deformed samples of olivine with transmission electron microscopy and
found evidence for both diffusion and dislocation creep which led the authors to
propose the mechanisms act as concurrent parallel processes. We allow the local
physical conditions in our model to determine which mechanism dominates at
tectonic strain rates. Both mechanisms are temperature and pressure dependent,
so for the initial temperature field used, the viscosity is high in the lithosphere,
lowest at the lithosphere-asthenosphere boundary, and increases with depth as
the pressure dependence dominates, Figure 2.4.

In order to implement variable viscosity within the numerical model, the vis-
cosity must be expressed as a function of the local material properties including
an assumed average grain size, and the physical state including the temperature,
pressure, and stress. As we use the experimentally derived flow law parameters
of Karato and Wu [1993], our notation follows theirs.

A general constitutive relation for polycrystalline flow is given by Karato and

Wu [1993].

Q) e

where € is the strain rate, A is the preexponential factor, o is the stress, u is



the shear modulus (80 GPa), n is the stress exponent, b is the length of the
Burgers vector (0.5 nm), d is the grain size, m is the grain-size exponent, E is
the activation energy, V is the activation volume, P is the lithostatic pressure, R
is the gas constant, and T is the temperature.

Within the finite element viscous flow code, we need to express the viscosity
at each element in terms of local element properties. Transforming to a flow law

in terms of invariants gives:

R R

where o}; is the deviatoric stress tensor, £;; is the strain rate tensor, and the

effective deviatoric stress of an element is the deviatoric stress invariant o =
/1 \1/2

1/2(01-1-01-]-) /2

Viscosity, n = 0;;/€:;, can be written:

R AN E+PV '
n=og A (p) (3) exp [T] (2.3)

This expression for viscosity is adopted as it allows for either diffusion creep
or dislocation creep, depending on the values used for the parameters. Diffusion
creep is Newtonian (n = 1), in this case, the stress factor drops out of the viScosity
expression. Dislocation creep is non-Newtonian (n > 1), and so the stress factor
remains; but, the grain size exponent, m = 0, so the (d/b)™ factor becomes 1.

It is likely that in the upper mantle either deformation mechanisms can domi-
nate depending on physical conditions. If these two mechanisms are independent
and simultaneously occur, then diffusion and dislocation creep can be considered
to act as dashpots in series [Poirier, 1985]. The total strain rate is then just the

sum of the two independent strain rates.

Etotal = édiffusion + Edislocation (24)
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édiffusion = — (25)
Ndi ffusion
. g
Edislocation = — (26)
Tldislocation

The net or effective viscosity is then given by summing the contributions from

each rheology.

1 1 -
Tef fective = + (27)
Tdi f fusion Tldislocation

In this situation, the mechanism that gives the highest strain rate dominates
creep. Figure 2.5 shows ny;ffusion, NMdisiocations @A Tef fective fOr the model initial
state, assuming constant grain size (1 mm) and deviatoric stress (1 MPa). If
stresses are small, then the dislocation creep viscosity will be large, and diffu-
sion creep will dominate. Increasing the grain size increases the diffusion creep
viscosity without changing the dislocation creep viscosity. In regions where both
mechanisms give comparable viscosity, the series sum yields a smaller net viscos-
ity than either mechanism acting alone.

The procedure for solving the viscous flow problem involves first specifying the
initial temperature field to determine the viscosity structure. The viscous flow
equations are then solved to determine the flow velocities including only thermal
buoyancy forces. The flow velocities are used to solve the conservation of energy
equations so that heat is diffused and advected, and the system advances in time.
For the diffusion creep rheology, the new thermal state is used to calculate the
current viscosity structure, and the procedure is repeated.

Implementing dislocation creep requires an iterative procedure at each time
step because the viscosity depends on the flow. The viscosity at each node is
estimated by the part of the viscosity that does not depend on stress, and flow is

calculated. Then, the deviatoric stress invariant is determined from the flow at



each node, and the stress dependent part of the viscosity is calculated. The flow
is calculated again based on the total viscosity, and the two step procedure is
iterated to convergence, when the stresses and viscosity are self-consistent. After
this stress-viscosity sub-iteration for each time step, the entire system is marched

forward in time as in the case with only diffusion creep.

2.5 Results

Zandt and Carrigan [1993] used the local Rayleigh number to estimate the viscos-
ity required to produce an instability in a given time in their flow calculations.
In contrast, we specify the rheology and initial conditions and let the system
evolve, which allows us to study the dynamics as blobs form. The cold litho-
sphere cools the top of the asthenosphere, creating a thermal boundary layer
that grows into the asthenosphere. Initially imposed temperature perturbations
propagate downward during this conduction phase. Once the boundary layer is
thick enough that any of these temperature perturbations become unstable, the
larger ones grow rapidly as sinking blobs. As a blob sinks, it generates shear
forces on the base of the lithosphere that pull nearby smaller blobs toward the
dominant downwelling. The width of the blobs is approximately twice the thick-
ness of the boundary layer, and depends on asthenosphere viscosity. The results
of experiments from three different rheologies are presented below with still im-
ages. To facilitate our understanding of the time-dependent dynamics, we have

animated the simulations.

2.5.1 Constant Viscosity

We first performed a series of experiments using a constant viscosity structure,
where Nithosphere = 10007M4sthenosphere 10 constrain the average viscosity of the

upper mantle. This is analagous to the no-slip case for results presented by

10



Houseman and McKenzie [1982]. To seed the instabilities, the temperature of
the top 2 rows of nodes within the asthenosphere are perturbed randomly with
a 1% variation from 1325°C.

Four constant viscosity experiments with 7,sthenosphere ranging from 10'8 Pa-s
to 10?! Pa-s reveal many characteristics of blob development (Figure 2.6). The
blob width increases with increasing 7,sthenosphere- More blobs develop for the
lower viscosity experiments than for the higher viscosity experiments. The time
for blobs to reach ~200 km increases by a factor of 4-5 with each order of magni-
tude increase in 7gsthenosphere: WHEN Nysthenosphere > 102! Pa-s, as in Figure 2.6d,
conduction persists and no asthenosphere blobs develop, placing a strong upper
bound on the upper mantle viscosity beneath California. If the seismic tomog-
raphy results actually represent such blob-like features that formed by thermal
convection then the required asthenosphere viscosity is about 10*° Pa-s for in-
stabilities to reach to 200 km within ~10 Ma. This conclusion is consistent
with Zandt and Carrigan’s [1993] analysis, and with viscosity estimates based on
post glacial rebound for the Western U.S. [Bills, et al., 1994], and Iceland [Sig-
mundsson and Einarsson, 1992], providing further support that the upper mantle
beneath California has a viscosity significantly lower than that inferred beneath
continental cratons [Cathles, 1975].

The lateral spacing between blobs is not well constrained by tomography be-
cause the finite size of the region limits the number of blobs. In our numerical
experiments, we can ask if there is a characteristic spacing of blobs that varies
as a function of viscosity. We experimented with many different random initial
conditions, to ascertain if the number of blobs that form depends on viscosity
rather than specific initial conditions. For different random temperature pertur-
bations, with a range of amplitudes and distributions within the asthenosphere,
we found consistent dynamics. Several blobs begin to form as the temperature

perturbations propagate downward by conduction, the largest ones grow fast.
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Smaller adjacent blobs are pulled toward their larger neighbors. Some of the
blobs are perturbed laterally by these interactions, and blobs of comparable size
merge. For many different random initial conditions, when 7asthenosphere = 10%°
Pa-s, four distinct downwellings fall to at least 200 km within a model box which
is 128x48 nodes and has dimensions, 1270 km x 470 km.

Periodic initial conditions impose a fixed number of sinusoidal temperature
perturbations to initiate blobs. We tried both perturbing only the top of the
asthenosphere, and the entire asthenosphere, and found consistent results. Figure
2.7 shows the blobs resulting from 4, 8, and 16 initial wavelengths of temperature
perturbation. In Figure 2.7a, 4 blobs form and fall vertically in the asthenosphere.
In Figure 2.7b, 8 blobs form, but the structure of blobs is unstable because the
edge blobs get a slight head start and then pull adjacent blobs toward themselves.
Figure 2.7c shows the most unstable situation, where 16 blobs form initially, but
the edge effects cause the blobs on the end to attract blobs one by one, leaving
many blobs locked in the center. As the amplitude of perturbations was constant,
none of the interior blobs starts with a competitive advantage over any others.
Eventually, the edge blobs entrain all the blobs within their range of influence,
and the interior blobs freeze, growing very slowly, until an avalanche occurs when
there is enough negative buoyancy that one large downwelling forms from the

many small blobs.

2.5.2 Diffusion Creep

A diffusion creep experiment illustrates how temperature and pressure influ-
ence asthenosphere blobs as they form and evolve (Figure 2.8). From the re-
sults of our constant viscosity experiments, we know that the viscosity of the
upper mantle must be small enough that instabilities form, however Karato
and Wu’s [1993] value for Agifsusion specifies a viscosity structure that gener-

ates blobs too slowly for our tectonic and tomographic constraints. Parame-
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ters used are those derived experimentally for wet olivine by Karato and Wu
[1993], but we multiply their Agffusion by 10, decreasing the viscosity by a fac-
tor of 10. Specifically, Agiffusion=5.3x10" s™1, N4t rusion=1, daiffusion=1 mm,
Maif fusion=2-5, Egif fusion=2-4x10° J/mol, and Vi fusion=5%x10"% m3/mol. Ini-
tially, the vertical viscosity profile for these parameters is that of the dotted line
on Figure 2.5. As cold blobs form and sink, their viscosity exceeds that of ad-
jacent mantle, Figure 2.8b. Sinking blobs slow as they encounter more viscous
material with increasing depth, which causes blobs to deflect laterally at shal-
lower depths than they do for the constant viscosity experiments. The viscosity
of the top of the asthenosphere determines the initiation of the instabilities, but

the pressure dependence of viscosity controls how the blobs evolve.

2.5.3 Diffusion Creep + Dislocation Creep

We present results from an experiment that includes both diffusion creep and
dislocation creep, treating the two mechanisms as concurrent parallel processes
as described in the theory above. Parameters for diffusion creep are the same as
those used for the pure diffusion creep experiment. Dislocation creep parameters
also were taken from Karato and Wu’s [1993] estimate for wet olivine rheology,
but we multiply their Agsiocation by 10 as for Agif fusion: Adistocation=2.0x10'° s~
Ndistocation=3; Miistocation=0, Edistocation=4.3x10° J/mol, and Viisiocation=10x107°
m?/mol.

As for the pure diffusion creep experiment above, the cold core of blobs is
more viscous than adjacent material (Figure 2.9b). Initially, stresses are small,
SO Maif fusion dominates flow. When blobs begin to sink quickly, they generate
large stresses at the base of the lithosphere and at depth where they are slowed
by more viscous material (Figure 2.9c). When the stresses are large enough that
Tdistocation 1S aS SMall s Ng; £ fusion, dislocation creep is an effective flow mechanism

in addition to diffusion creep. To map the regions where diffusion and dislocation
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creep operate, we use the following viscosity ratio.

Mratio = lOg [ndislocation:I ( 9. 8)
Tlef fective

When 7gif fusion K Ndistocations Nratio > 1; WheN Taiffusion = Tdislocations Tratio =
log2 = 0.3; when 7giffusion > Ndisiocations Tratio = 0. In Figure 2.9d, diffusion
creep dominates in the red regions, while diffusion creep and dislocation creep are
both equally active in the blue regions. There are few regions for this experiment

where dislocation creep dominates the flow.

2.6 Discussion

The timing constraint from tomography and tectonics requires that blobs formed
within the last 25 ma. As described above, the series of constant viscosity exper-
iments suggests that the average asthenosphere viscosity must be ~ 10 Pa-s to
satisfy the timing constraint. In our variable viscosity experiments, the astheno-
sphere viscosity varies as a function of depth and evolving flow patterns, such
that the top of the asthenosphere has a viscosity as low as 10'® Pa-s and viscosity
increases with depth. For both the pure diffusion creep rheology (Figure 2.8, 11.6
ma) and the combined diffusion creep and dislocation creep rheology (Figure 2.9,
14.8 ma), blobs fall to at least 200 km within the alotted time.

If thermal mechanisms are responsible for the formation of blobs imaged be-
neath California, the blobs must be large enough and cold enough with respect to
ambient asthenosphere to be imaged seismically. End member scaling relation-
ships between seismic velocity and temperature range from -0.5 ms~!°C~! [An-
derson, et al., 1968] to -2.9 ms~1°C~! [Sato, et al., 1989]. These scalings suggest a
1% velocity anomaly in the upper mantle for temperature contrasts of 160°C and
28°C respectively. Constant viscosity experiments with Tgsthenosphere = 10'° Pa-s

generate cold downwellings that are 100-125°C colder than adjacent mantle, im-
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plying a maximum velocity anomaly of 0.7% and 4.5% for the two scalings. Vari-
able viscosity experiments generate cold downwellings that have a much smaller
temperature contrast with adjacent mantle, only 50-75°C, implying a maximum
velocity anomaly of 0.5% to 2.7 % for the two scalings. Our results suggest that
the appropriate scaling is closer to that of Sato, et al. [1989] for asthenosphere
conditions. Variable viscosity results show that the temperature contrast between
the blobs and ambient asthenosphere may be too small to account for the blobs
that are imaged seismically, suggesting the blobs are not formed only by thermal
mechanisms. Our experiments do not include surface plate motions, composi-
tional or topographic variations on the lithosphere-asthenosphere boundary, but
these factors would tend to focus the downwellings and enhance the temperature
contrast [Liu and Zandt, 1996]. The pattern of flow generated by our numer-
ical experiments could produce significant seismic anisotropy with fast seismic

velocities aligned with maximum shear flow.
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CALIFORNIA UPPER MANTLE
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Figure 2.1: Seismic P-wave velocity anomalies in the upper mantle beneath Cal-
ifornia. In map view, dark solid lines outline major geologic provinces. The
circle around Visalia represents the location and size of the Southern Great Val-
ley (SGV) anomaly over the depth range of 150 to 190 km. The dashed white
line extending from Cape Mendocino to Lake Tahoe (on the California-Nevada
border) marks the southernmost extent of the subducting Gorda (GOR) plate.
The cross section shows the depth extent of the GOR and SGV anomalies in the

cross section AA’. Figure is based on results from Benz and Zandt [1993].
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Figure 2.2: Model geotherm. All experiments start from this initial temperature
state with a linear temperature gradient in the lithosphere, an abrupt tempera-
ture jump at the lithosphere-asthenosphere boundary, and constant temperature

throughout the asthenosphere.
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Figure 2.3: Velocity and temperature boundary conditions. Top and bottom
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