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MEMORANDUM FOR: Philip S. Justus, Section Leader
Geology/Geophysics Section
Geotechnical Branch
Division of Waste Management

FROM: Richard R. Lee
Geology/Geophysics Section
Geotechnical Branch
Division of Waste Management

SUBJECT: TRIP REPORT - AMERICAN GEOPHYSICAL UNION CHAPMAN
CONFERENCE, HARPERS FERRY, WEST VIRGINIA, OCTOBER
22-26, 1984.

On October 24-26 I attended the American Geophysical Union Chapman Conference
entitled Vertical Crustal Motion: Measurement and Modeling. The four i-day
sessions I attended consisted of presentations on analyses of vertical crustal
motion and new technologies for measuring that motion. Wednesday's
presentations were devoted to anaylses of geodetic leveling and gravimetric
surveys with emphasis on the modeling potential of the results. Thursday,
Satellite Laser Ranging (SLR), Very-Long-Baseline Interferometry (VLBI), and
the overall Global Positioning System (GPS) were the topics of presentations.

The major conclusion reached by the conferees was that although very precise
measurements of vertical crustal motion are obtainable from laser technology
and our emphasis is to improve that precision, we must not abandon the
traditional techniques by which all of the historical data has been obtained.

Enclosed is a portion of the meeting abstracts which are considered most
relevent to waste management.
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Richard R. Lee
Geology/Geophysics Section
Geotechnical Branch
Division of Waste Management
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Propagation and decay of vertical deformation waves

H.J. MELOSH (Lunar and Planetary Laboratory and
Department of Geosciences, University of Arizona,
Tucson. AZ 85721).

At first, the earth responds to a suddenly imposed
vertical load, such as might be produced by an earth-
quake or a rapidly filled reservoir, as a thick,
elastic shell. Deviatoric stresses generated by the
load then relax in the asthenosphere. Long after the
load was applied, the surface deformation is given by
thin-plate theory. During intermediate times, how-
ever, asthenosphere material moves horizontally and
vertically from beneath the load, producing time-
dependent warping of the surface. Such warping ex-
pands the area of initial surface deflection and may
allow earthquakes to excite the Chandler wobble If it
propagates fast enough.

Finite-element modeling has exhibited this behavior
in a number of complex models. The work presented
here describes an analytic model similar in concept to
Eleasser's stress propagation model. but dealing in-
stead with the vertical deformation of a thin, elastic
plate over a (not necessarily thin) asthenosphere. A
Newtonian version of the model reduces to the diffu-
sion equation with diffusivity ogh /12n in the thin-
asthenosphere limit. Both gravity and flexural modes
of propagation can occur, although gravity usually
dominates. Non-newtonian extensions for a thin as-
thenosphere indicate that the vertical warping propa-
gates rapidly away from its source when mean devia-
toric stress are high, but slowly when they are low.

This method of analysis, although approximate, gives
insight into the nature and causes of time-dependent
vertical motions following sudden loading events. It
is also applicable to the analysis of tectonic deform-

ation in the presence of a lower crustal asthenos-
phere. Preliminary computations suggest that plaus-
ible non-Newtonian constitutive relations can permit
large earthquakes to excite the Chandler wobble.

Modeling Stress and Vertical Motion from Horizontal
Density Variations in the Lithosphere

RANDALL M. RICHARDSON (Dept. of Geosciences,
University of Arizona, AZ 85721)

Horizontal density variations within the litho-
sphere may play a dominant role in driving and
deforming the lithosphere. The evolution of oceanic
lithosphere, giving rise to a ridge push force, is
perhaps the best studied case. A horizontal force,

proportional to the density moment, arises because
the density variation occurs on a horizontal
wavelength that is long compared to plate thickness.
New elastic and viscous 2-d finite element models

test the roles of rheology and horizontal wavelength
on horizontal forces and vertical uplift. Modeled
wavelengths cover the range from relatively local
phenomena such as the Basin and Range/Colorado
Plateau transition through features such as continen-
tal shelves up to the mid ocean ridges. A grid with
240 elements in twelve columns extends to a depth of
100 km. Each column has the same total weight, but
the density distribution, and hence the density mo-
ment, may vary between columns. In most elastic
models, the load associated with density variations

is supported by shear within the columns of anomalous
density. Only minimal horizontal stresses exist in
adjacent columns. For most viscous models, however,
substantial horizontal stresses exist in adjacent
columns, approaching the expected relationship be-
tween density moment and stress for long wavelengths.

The predicted vertical uplift rates are linear in
the assumed viscosity of 10**23 Pa a for the plate,
and are strongly dependent on the horizontal
wavelength of the problem. Preliminary results indi-
cate that uplift rates due to horizontal density
variations within the North American plate are on the
order of 1 mm/yr.

Finite Elenent Models of Crustal Thickening Due to
Continental Collisions

S.C. COHEN (Geodynamics Branch, Goddard Space Flight
Center, Greenbelt, MD 20771)

R.C. MORGAN (Business and Technological Systems, Inc.,
Seabrook, MO 20706)

A finite element implementation of the thin viscous
sheet model of England and McKenzie has been used to
investigate crustal thickening due to continental
collisions. The major parameters affecting the tempo-
ral and spatial pattern of thickening and deformation
of the crust are the geometry and velocity of the
colliding plates, the stress and velocity constraints
at various boundaries, and the rheology and densities
of crustal and upper mantle rock. In the present
analysis we use a linear viscous rheology to model the
lithosphere but vary such parameters as viscosity,
crustal and mantle densities, initial crustal thick-
ness, sheet dimensions, collision zone length, and
boundary conditions to determine the sensitivity of
the crustal thickening to these parameters. We find,
for example, that boundary conditions which allow
for lateral extrusion of crustal material Out the
sides of the sheet produce significantly different
thickening patterns than those which suppress extru-
sion. The degree to which the models differ depends
on the length of the collision zone and the size of
the sheet. Our analysis confirms previous findings
that viscosity plays only a secondary role in deter-
mining the intrasheet velocities and crustal thicken-
ing in a laterally homogeneous layer. Horizontal motion
is unaffected by the time since initial plate contact
but crustal thickness depends strongly on the history
of the plate movement.

Modelng the Lithospheric Stresses and the Vertical
Crustal Movements in the Southeastern U.S.

JEAN-CLAUDE MARESCHAL (School of Geophysical Sciences,
Georgia Institute of Technology, Atlanta, GA 30332)

Analytical and numerical methods have been used to
predict the pattern of stress and crustal movements
caused by the topography and by density heterogeneities
in the lithosphere.
The stresses are determined by analytical methods for

a two-dimensional model of the lithosphere consisting
of a horizontally layered elastic slab overlying an
inviscid fluid. The topography and the variations in
crustal thickness are introduced as boundary condi-
tions. The magnitude and the pattern of stress com-
puted for a lithospheric model of the Appalachians are
compatible with the observed seismicity. The vertical
crustal movements were determined for a model in which
the lower part of the lithosphere is viscoelastic. For
effective viscosity of the order of 10 Pa.s, the
predicted movenents are too slow to account for obser-
vations which are probably affected by effects on a
shorter time scale (e'g., post glacial rebound).
A finite element model has also been investigated to

determine the rate of deformation for models of the
lithosphere with more complex rheologies or geometries.
The observed strain patterns are not readily accounted
for by the present topography and lithospheric density
heterogeneities, when the rheological parameters are
kept within the accepted range. A resolution of this
conflict without introducing plate stresses is being
attempted by introducing the history of erosion and
sediment deposition into the models and by comparing
the predictions with long-term trends of vertical
deformation.

Wednesday AM
Session V
Analysis of Vertical Motions

1 Contemporary Vertical Motions of Plate Interiors
Larry D. Brown (Department of Geological Sciences,

Cornell University, Ithaca, N.Y. 14853)

Intraplate tectonics include some of geology's least
understood phenomena, and contemporary vertical
motions are a case in point. Observed by a variety of
means, with geodetic leveling the most commonly used,
motions within plate interiors have been ascribed to a
variety of processes, including seismogenic strain
accumulation, magma inflation, and redistribution of
ice, water and sediment loads, not to mention



systematic measurement error. In tectonically active
intraplate areas such as the intermontane western U.S.,
observed vertical notions are often credibly ascribed
to the distributed effects (e.g. fault slip in central
Nevada) of the not-so-distant plate boundary, or to
incipient plate boundary formation (e.g. magma uplift
in the Rio Grande rift). The broad, subtle ups and
downs of the nominally "stable" cratonic interior are
more problematic. The prominent exception to ambiguity
is vertical motion in areas such as Fennoscandia which
are rebounding following the geologically recent
removal of ice loads. Yet, geodetic observations
outside recently de-glaciated regions, if taken at face
value, suggest similar rates of vertical motion (up to
cms/year). These rates contrast with such lower average
values inferred from the geologic record. That the
geodetic measurements are sometimes inconsistent both
internally end with respect to independent estimates
(e.g. sea level monitoring) has greatly undermined the
credibility of such notions in the past. However, new
corrections, computerized databases, and new techniques
such as GPS promise more effective means of discerning
motion from systematic error. Although new geodetic
techniques like GPS are a major leap foward, it is
Important that the irreplaceable perspective
represented by historical leveling be preserved
corrected and exploited. For some time into the
ruTure, crustal motion monitoring networks will by
necessity be a hybrid of new and old.

Vertical Tectonics in the Charleston, S.C. Area

PRADEEP TALWANI
C.M. POLEY (both at Geology Dept., Univ. of South
Carolina, Columbia, S.C. 29208)

In search for a structural cause of the Charleston
earthquake, the shallow 4-7 km deep, NW trending,
Ashley River fault (ARF) was defined by hypocentral
locations of recent seismicity. Its location is also
indicated on available potential field geomorphic,and
stratigraphic data. There is disagreement in the in-
ferred sense of movement on this feature. The fault
plane solutions and geomorphic data suggest that the
SW side of ARF has been undergoing uplift whereas
stratigraphic data suggest that the SW side was down-
thrown in the Tertiary period.

We examined unadjusted first order releveling data
for evidence of vertical movement in the Charleston
area. The data were examined for systematic errors
and for the effects of water withdrawal. The result-
ing anomalies appear to be tectonic in origin. On
both the NS line between Lane and Charleston (surveyed
in 1961 and 1974) and the EW line between Yemassee and
Charleston (1960 and 1979) there is evidence of sub-
sidence, which increases to about 5 mm/yr towards the
coast. Due to small topographic relief (< 25 m) no
systematic corrections were applied. In a block
lying between Ashley and Edisto rivers there is a
relative uplift of about 2-3 mm/yr. This sense of
motion, uplift in a block to the SW of ARF is consis-
tent with that inferred from seismicity, but opposite
to that indicated by Tertiary stratigraphy. Disloca-
tion modeling of the observed elevation changes also
supports reverse faulting on the ARF.

Modern Uparching of the Gulf Coastal Plain

(New Mexico State University)
G. JURKOWsKI
L. BROWN (Both at Department of Geological Sciences,

Cornell University, Ithaca, NY 14853)

A broad doming of the Gulf Coastal Plain between
Jackson, Mississippi. and New Orleans. Louisiana. is
indicated by leveling surveys carried out In l984. 1964,
and 1969. The progressive arching over a distance of
3.4 + .5 mm/yr relative to Jackson, Additional leveling
of movement could be elongate. with its major axis
parallel to the coast. The observed uplift is consistent.
at least in sign, with longer term trends indicated by
deformed terraces in Mississippi and Louisiana. Oi1.
gas, and water withdrawal mechanisms as well as systematic
leveling errors appear inadequate to explain the wavelength
and magnitude of the observed elevation changes. The
pattern of uplift resembles that which might be expected
from flexure due to sedimentary loading at the mouth of

the Mississippi delta. Simple models of flexure of a
thin elastic plate overlying a viscous half-space due
to sediment loading during the Holocene do predict rates
similar to those evidenced by leveling, if relatively
low mantle viscosities ("3. x l0 poise) are used.
These observations may represent the first in situ
measurements of ongoing dynamic flexure at a passive
continental margin.

Historical Faulting in the Houston, Texas, Area

T. L. HOLZER (USGS, Menlo Park, CA 94025)

More than 86 faults with an aggregate scarp
length of 240 km have offset the land surface in the
Houston, Texas, metropolitan area since the 1920's.
The affected region, part of the Texas Gulf Coast,
Is underlain by a complexly faulted, thick sequence
of late Mesozoic and Cenozoic miogeosynclinal
sediments. Historical offset, which is aseismic,
appears to be on preexisting normal faults, many of
which have been documented to have long geologic
histories of prior offset. The average annual
historical rate of vertical offset is about 10
mm/yr. Fault activity temporally and areally
coincides with land subsidence principally caused by
ground-water withdrawal. Subsidence affects an area
greater than 12,200 km

2
and locally exceeds 2.7 m.

Ground-water withdrawal, petroleum withdrawal from
more than 100 oil and gas fields, end geologic
processes have all been considered as potential
causes of the historical offset.

Comparison of repeated geodetic measurements of
fault offset with fluctuations of the potentiometric
surface in the underlying aquifer system suggests
that the principal cause of historical fault offset
is ground-water withdraws . Fault displacements
correlated closely with man-induced fluctuations of
the potentiometric surface; faulting ceased or
slowed during periods of partial water-level
recovery. In addition, vertical deformation fields
near faults were similar to that predicted by
elastic dislocation models for normal faulting
within the aquifer system. The land surface tilted
above both the footwall and hanging wall blocks
during faulting to distances as far as 500 m from
the scarp. Special sleeved, class A marks were
required for the investigation to avoid shrink-swell
effects of expansive soils that have caused bench-
mark instability in parts of the Texas Gulf Coast.

Vertical ground movement associated with volcanism in

JOHN J. DVORAK and ARNOLD T. OKAMURA (U.S. Geological
Survey,Hawaiian Volcano Observatory, Hawaii

Volcanoes National Park, Hawaii 96718)

Repeated level surveys in Hawaii are used to monitor
ground movement associated with active volcanism. In
the summit regions of the two most active Hawaiian
volcanoes, Kilauea and Mauna Loa, vertical changes of
0.5 m are recorded over periods of several years.
These changes are related to temporary magma storage
in reservoirs 2 to 4 km beneath the surface. Some
sunmit stored magma migrates horizontally into radial
rift zones. Level surveys along the rift zones
indicate that magma, emplaced as vertical dikes, may
reach within 500 m of the surface without erupting.

The accumulation of magma in the summit region and
rift Zones builds up compressive strain along the
flanks of the volcano. The compressive strain is
partially released by strike-slip earthquakes that
occur between Kilauea and Mauna Loa (e.g., 6.6 M,
16 Nov 1983) and by horizontal, seaward faulting
along the coast (e.g.. 7.2 M, 29 Nov 1975). Level
surveys conducted along the flanks of the volcano are
used to estimate the extent of subsurface rupture
related to these earthquakes.

Seismic Travel-time Changes without Vetical Movement:
an Indication of Aligned Cracks in the Earth's Crust?

R Kirsch A. Lambert, G. Buchbinder (Earth Physics
Branch. Department of Energy, Mines and Resources,
Ottawa, Ont. KIA OY3)



Since 197I seismic travel-times and crustal uplift
have been measured in the tectonically active
Charlevoiz region of Quebec, Canada. A significant
drop in seismic travel-times was recorded between 1979
and 1980, probably related to an M - 5.0 earthquake in
the vicinity. Repeated geodetic levelling and gravity
surveys restrict vertical movement to less than 2 cm
during this period. The travel-time drop can be
explained by the transition from an isotropic to an
anisotropic distribution of cracks in crustal rock
under the influence of tectonic stress. However, to
model the observed travel-time changes a crack-density
of .03 for the Isotropic and of .06 for the
anisotropic state is required. For an assumed crack
aspect-ratio of 10-3 the calculated increase in
crack volume leads to an uplift of about 50cm for a
spherically shaped dilatant zone. An attempt is made
to explain the discrepancy between the calculated
results and the observations by a special uplift
pattern due to the opening of aligned cracks. A model
simulating the opening of cracks by nuclei of strain
and calculating the uplift by means of the
corresponding Galerkin-vectors leads, for the case of
vertical cracks, to nodal points of uplift near the
edge of the dilatant zone.

Vertical Uplift, Mantle Convection, and Dynamic Iso-
static Equilibrium: The Case of Fennoscandia

A.J. ANDERSON (Inst. of Geophysics, University of
Uppsala, Hallby. s-75590 Uppsala. Sweden)

Dynamical isostatic equilibrium (DIE) of the earth's
crust implies the occurrence of large scale uplift and
subsidence driven by time dependent horizontal tempera-
ture gradients in the upper mantle which are caused by
changing patterns in convection.
A DIE model is constructed showing that the present

negative topographic height anomaly of the thick Fenno-
scandian crust is largely a consequence of down-warping
isotherms beneath the lithosphere. Vertically-stratified
isotherm models, for example, require that the near 60
km thick crust would have to rise on the order of 1 km
in order to retain isostatic equilibrium with the sur-
rounding oceanic crust. This is an order of magnitude
larger than the estimated remaining glacial rebound for
Fennoscandia.
In earlier studies models relating crustal structure

to the geoid in Fennoscandia have been produced. These
models. which are based upon physically reasonable
density variations for the lower lithosphere, imply a
depth of compensation for the Fennoscandian crust of
between 200-600 km. They imply the existence of hori-
zontally stratified thermal gradients in the mantle
down warping between suboceanic and subshield areas
with larger gradients forming beneath the shield area.
This implies a colder, denser material in the upper
mantle beneath the Fennoscandian shield.

Our results are in agreement with numerical models
of mantle convection and indicate that the present
negative topographic height anomaly for the shield
region is evidence of downgoing convective material
in the upper mantle.

Uplift and Glacial Isostasy in NW Europ

uplift (dying out with time and distance from
the penipheny) and one linear uplift that has

remained constant at least, for the last 8000
years and which is responsible for the present

uplift. The exponential uplift factor is of a
typical glacial isostatic origin. The corre-
ponding subcrustal viscosity is calculated at

1.5_7 x 10 Poise. The linear uplift factor
has an uncertain origin. The corresponding

viscosity is calculated at 2-5 x 10 Poise.
THere seems to be a close relation between

the crustal thickness and geoid heights over
the North Atlantic and Tennoscandia This con-

curs with the idea of little or no "remaing
uplift" from the glacial isostatic process.

The period of most intensive glacial isosta-
tic uplift has been found also to be charac-
terized by intensive seismic and neotectonic

activities (geology 6: 41-45, 7978).

Vertical Crustal Movements: Multiple Origin

Nils-Axel Morner (Geol. Inst., Stockholm Univ.,
S-10691 Stockholm, Sweden)

(Sponsor: W.E. Strange)

Vertical Crustal Motions can only be measured
with respect to a datum level or a reference

level. The more we learn about crustal move-
ments and sea level changes, the more obvious
it becomes that our reference levels are also

undergoing deformations with time. This is true
not only for the sea level zero-points and the
levelling zero-points but also for the gravi-
tational zero level. The deformation of the
oceanic (sea) level and the crustal level is

controlled by several different variables:












