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The illustration at left, from NASA, represents geologic features of
Earth. Surface manifestations of plate tectonics include trenches and
ridges in the ocean floor, and mountains generated as a consequence
of the subduction of oceanic lithosphere. Another process, not
illustrated, is subduction where two oceanic plates converge; island
arcs are formed at such boundaries as a result of the accompanying
volcanism. The small arrows indicate the motion of the lithosphere.
The large arrows indicate possible convection in the mantle. (This
illustration is adapted from G. C. Brown and A. E. Mussett, The
Inaccessible Earth, George Allen and Unwin, 1981.)

On the outside cover the illustrations are as follows. Top row, left: A view of Earth obtained
during an Apollo mission from a distance of about 25,000 miles. (Courtesy Spacecraft
Planetary Imaging Facility at Cornell.) Top center: A seismic section obtained near
Socorro, New Mexico, in the Cornell-based continental reflection profiling (COCORP)
program. This profile is from depths corresponding to two-way travel times for the signals
of about 6 to 13 seconds. Signal amplitudes increase from white through blue, green, and
yellow to red. The dipping red event at about 7 seconds indicates a magma body; a complex
event at Moho depths is apparent at 11-12 seconds. Top right: Snee Hall, new home for
geological sciences at Cornell. Bottom row, left: Members of a Cornell research team on
Kanaga Island in the Aleutians. Bottom center: A color image of Andes topography with
elevations digitized from maps of the U.S. Defense Mapping Agency. The geographic area
shown extends from about 24° to 34° south and includes parts of Argentina and Chile; the
coastline extends along the far left. On land, altitude increases from dark blue through red
to white.
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THE ASCENDENCY
OF THE GEOLOGICAL SCIENCES

by Frank H. T. Rhodes
With a campus framed by spectacular
gorges and other glacial legacies,
Cornell was from the beginning an
obvious place for a strong program in
the geological sciences.

Its first professor of geology was the
brilliant Charles F. Hartt, who had
served as geologist on Agassiz's ex-
pedition to Brazil in 1865-66 and who,
in 1870, organized the first Cornell
expedition there. Hartt proved more
interested in Brazilian geology than in
that of the Finger Lakes, however, and
after his departure in 1874 to head
Brazil's Geological Survey, the de-
partment was reformed.

Elementary lectures and laboratory
instruction were replaced in 1874 by
" . . . critical observation of specimens
. . . without the consultation of
books." Only after the student had
done his own careful study was he
permitted to compare his results with
those of a master. Although the new
approach was not entirely successful,
by the early 1890s the department was
again prospering, with a major empha-
sis on paleontology under Henry S.
Williams.

With Williams's departure for Yale
in 1892, leadership of the department
fell to Ralph S. Tarr, who brought
physical geography and glacial geology
to Cornell for the first time. Among
Tarr's major undertakings was an ex-
pedition to study the Greenland ice
sheet. Incidentally, his party named a
glacier there in honor of Cornell.

Field trips to areas of geological
interest, introduced by Hartt as early
as 1873, were also an important part of
Cornell's geology curriculum in the
early 1900s. By 1910, with the inven-
tion of the automobile truck, excur-
sions as far afield as Watkins Glen
could be completed in one day.

Throughout the first half of the
twentieth century, the department fo-
cused its research and teaching primar-
ily on four areas within the geological
sciences: economic geology, mineral-
ogy, paleontology and stratigraphy,
and glacial geology and geomorphol-
ogy. Several courses also stressed en-
gineering applications of geology.

Geology became more closely allied
with the physical sciences in the 1960s,
and expanded to include geophysics in

addition to the strong offerings in min-
eral resources, geochemistry, and en-
gineering applications. Although only
a few federal and state agencies were
supporting land-based geology in the
1960s, Cornell received several such
grants, along with equipment grants
and student fellowships.

The geological sciences, as both a
subject of scientific inquiry and a com-
ponent of liberal learning, have
achieved new significance at Cornell
and elsewhere during the past fifteen
years. No longer confined to the map-
ping of local areas, no longer merely
descriptive of stratigraphic sections
and surface features, the earth sci-
ences have given the scientific world a
powerful new paradigm in the elegant
and daring theory of plate tectonics.

Jack Oliver, who became chairman
of the Department of Geological Sci-
ences at Cornell in 1971, recognized
the importance of plate tectonics as a
powerful concept in unifying previ-
ously isolated phenomena—from the
physical features of the crust to chang-
ing magnetic fields; from continental
margins to the structure of the earth's 2



interior. Himself a pioneer, with Bryan
Isacks, in relating world-wide distribu-
tion of seismicity to plate tectonics,
Oliver brought to Cornell a number of
scientists, including Isacks, who were
noted for their elaborations and appli-
cations of the theory. Within a decade,
the department grew from four faculty
members, eight graduate students,
two upperclass majors, and virtually
no external research grants or research
staff, to fifteen faculty members,
fifty-eight graduate students, forty-
two upperclass majors, two senior
research associates, seven research
associates, three postdoctoral as-
sociates, and an annual research
budget of some $3.9 million distributed
among thirty-two separate grants.

This growth and development has
continued under the leadership of the
current chairman, Donald Turcotte,
and reaches a climax in the official
opening of Snee Hall. A magnificent
new building at the Collegetown en-
trance to the campus, Snee Hall has
been designed especially for the re-
search and teaching needs of the De-
partment of Geological Sciences.

CORNELL UNIVERSITY DEPARTMENT OF GEOLOGICAL SCIENCES

Faculty Members and Research Associates and Their Fields of Interest

Richard W. Allmendinger, Assistant
Professor: foreland contractional
deformation

Muawia Barazangi, Senior Research
Associate: earthquake seismology,
seismotectonics

William A. Bassett, Professor: optical
microscopy; x-ray diffraction; light ab-
sorption; light scattering and electrical
resistance at high pressures and tem-
peratures, studied through laser heating
in diamond cells

John M. Bird, Professor: geotectonics,
plate tectonics, orogeny, economic
geology, ophiolites, origin of terrestrial
metals, geology of the Appalachians,
paleostress indicators

Arthur L Bloom, Professor: geomor-
phology, Quaternary tectonics and sea-
level changes, Holocene sea-level
changes, coastal geomorphology, gla-
cial geomorphology and stratigraphy,
denudation rates, planetary surfaces

Larry D. Brown, Associate Professor:
exploration seismology, deep structure
of continental crust, recent crustal
movements, digital signal processing,
computer graphics

John L. Cisne, Associate Professor:
invertebrate paleontology, population
and community paleoecology,
biostratigraphy

Allan K. Gibbs, Assistant Professor:
economic geology, Precambrian
geology

Bryan L. Isacks, Professor: seismology
and tectonics

Teresa E. Jordan, Assistant Professor:

tectonic and mechanical behavior of
continental crust

Daniel E. Karig, Professor: marine geol-
ogy and geophysics, structural geology
of orogenic belts, marginal basins,
geomechanics

Sidney Kaufman, Acting Professor:
exploration geophysics, structure of the
deep crust and upper mantle,
geothermal resource development

Robert W. Kay, Associate Professor:
petrology, geochemistry, application of
trace-element and isotope geochemis-
try to the petrogenesis of igneous rocks

Suzanne Mahlburg Kay, Senior Re-
search Associate: formation and
evolution of the lower continental
crust; geochemistry and petrology of
convergent margin magmas

Douglas Nelson, Research Associate:
deep structures of continental crust

Jack E. Oliver, Professor: geophysics,
seismology, geotectonics, recent verti-
cal movements, deep-crustal reflection
studies

Frank H. T. Rhodes, Professor: inverte-
brate paleontology, stratigraphy, history
and philosophy of geology, conodont
biostratigraphy

William B. Travers, Associate Professor:
structural geology, tectonics, petroleum
geology

Donald L. Turcotte, Professor:
geophysics, geomechanics, mantle
convection, convection in porous media

Maura Weathers, Senior Research
Associate: structural geology, electron
microscopy, microstructures



Toasting the future Snee Hall at the
ground-breaking festivities in October,
1982, were (left to right) Katherine Snee,
President Rhodes, Mrs. Rhodes, and Wil-
liam A. Bassett and John M. Bird of the
Department of Geological Sciences.

Yet it is not only for the researcher
that the geological sciences have
gained importance over the past dec-
ade and a half. They have assumed
new significance in the education of
nonscientists as well. The new ascen-
dency of the geological sciences in
general education began, perhaps,
with those unforgettable photographs
of Planet Earth as seen for the first
time through the eye of an orbiting
spacecraft. That small globe—brown
and white, green and blue, solid yet so
very fragile—was at once awe-
inspiring and humbling. And the new
reverence for the home planet engen-
dered by those photographs may be the
greatest single benefit to derive from
our massive space exploration effort.

What was awakened by those first
photographs was reinforced by the
Arab oil embargo. Long lines at gas
stations brought home, as never be-
fore, the finiteness of Earth's re-
sources, and the geological sciences
gained new prominence in the intelli-
gent exploitation and wise stewardship
of those resources upon which human
civilization as we know it depends.

But the value of the geological sci-
ences transcends even their profound
influence on our material well-being,
for through them we are brought face
to face with some of life's most insis-
tent questions, including, for example,
questions about the nature of time, our
human origins, the origins of our planet
and solar system, and the significance
of continuity and change.

Some five thousand years ago, Job
was advised to "speak to the earth and
it shall teach thee." So, too, for stu-
dents today, whether their aim is to
become professional geological scien-
tists or simply well-informed citizens,
study in the geological sciences can be
among the most exciting and reward-
ing parts of a university education.

That is why the dedication of Snee
Hall is an occasion of such signifi-
cance, not only for those in Geological
Sciences, but for all Cornellians.

Frank H. T. Rhodes is president of Cornell
University and professor of geological
sciences.

He was educated at the University of
Birmingham, England; he received the
B.Sc. degree with first-class honors in 1948
and the Ph.D. in 1950. After serving as a
postdoctoral fellow and Fulbright scholar
at the University of Illinois, he taught at the
University of Durham, the University of
Illinois, the University of Wales at
Swansea, and the University of Michigan.
At Michigan he served as chairman of the
Department of Geology and Mineralogy
and director of the Museum of Paleontol-
ogy, and became dean of the College of
Literature, Science, and the Arts, and then
vice-president for academic affairs. He
assumed his position at Cornell in 1974.

Recognition he has received for his work
in geology includes the Bigsby Medal of the
Geological Society of London (1967) and
selection as director of the first Interna-
tional Field Studies Conference of the Na-
tional Science Foundation and the Ameri-
can Geological Institute (1964). He has
been active in professional organizations
and has published numerous papers and
written or edited eleven books and
monographs.



SNEE HALL
Big, Beautiful, Friendly, Functional

Snee Hall
In just two years, Snee Hall has pro-
gressed from the twinkle in an ar-
chitect's eye to the jewel of the en-
gineering quadrangle. Ever since the
gray October day in 1982 when ground
was broken (Engineering: Cornell
Quarterly 18(l/2):54-55), passers-by
have watched as the building took
shape beneath towering cranes. Now
the imposing structure that swells into
the curve of the road just inside the
Collegetown entrance to the campus
suggests the importance of geology in
the late twentieth century.

By giving the Department of
Geological Sciences space of its own,
outfitted with up-to-date equipment,
Snee Hall will greatly increase re-
search capabilities and enhance the
quality of instruction.

Of particular importance are the
computational facilities, which have
been designed into the building. The
main computer, which was crammed
into a cubbyhole in Kimball Hall, will
now have adequate space. Terminals
can be in every faculty office and labo-
ratory, as well as in two terminal

5 rooms for the use of students.
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The computing capability is impor-
tant for many projects, but particularly
for the processing of seismic reflection
profiles. Naturally occurring seismic
activity will also be recorded with
greater precision, for a new seismic
vault has been built, and new equip-
ment is being installed.

A "clean room," where dust is fil-
tered out of the air so that trace ele-
ments and isotopes can be analyzed
without danger of contamination, will
be especially useful for petrology and
geochemistry. Such a facility would
have been almost impossible to create
in an older building.

A new laboratory is devoted to
geomechanics, and there is more space
for studies in paleontology, sedimen-
tology, geomorphology, mineralogy,
economic geology, and structural
geology. An ongoing study of the rocks
that underlie the Andes Range will
now have a room in which to develop.
Another important line of research,
which involves tectonic processes on
the ocean floor and other aspects of
marine geology, will also have a room

7 of its own.

New hoods will facilitate chemical
treatments. Special equipment for
studying the deformation of rocks is
being installed. Facilities for optical
microscopy, x-ray diffraction, and
laser heating will all be available in the
same building; no longer will it be
necessary to take samples to different
parts of the campus for each analytical
technique. The department hopes that
in the near future finances will also
permit the acquisition of an electron
microscope for extremely-high-resolu-
tion analysis.

A garage area can be used to outfit
trucks with seismic equipment, and
there are shops for electronics, sample
preparation, and woodworking.

Many features of the new building
should contribute to expanded course
offerings and innovative teaching.
Several seminar and conference rooms
replace the two rooms that, in recent
years, have been used for classes,
exams, seminars, interviews, and fac-
ulty meetings. Storage space close to
classrooms and good preparation
rooms will make it possible to prepare
a wider range of material for classroom

Facing page: Floor plans of Snee Hall
show how the L-shaped atrium rises
through the building.

Left: Speakers at the ground-breaking
ceremony held on October 21, 1982, in-
cluded Thomas E. Everhart, who was then
the dean of the College of Engineering.

Below: During construction, a crane
moves material from the deposit behind
Thurston Hall to the site on Central Avenue
next to Hollister Hall.



use. A video system will greatly facili-
tate the teaching of microscopy. And a
large reading room, supplied with cur-
rent journals, will provide a comfort-
able place for students to study.

The Institute for the Study of the
Continents (INSTOC), which is re-
sponsible for administering the on-
going research program of the
Consortium for Continental Reflec-
tion Profiling (COCORP), will occupy
space in the new building. INSTOC
will have an office and a conference
room on the third floor, as well as work
rooms on other floors.

The overall design of the building is
aimed at bringing people together in a
comfortable and stimulating environ-
ment. The L-shaped atrium, which
rises through the building, provides a
focal point common to all four floors.
The bottom floor of the atrium has a
seismic readout and a weather station;
an adjacent room contains a mineral
museum. Display cases were given by
the Class of 1929 and Al Podell, '58,
who also donated some of the best
specimens in the collection. On the
second, third, and fourth floors, of-

Above: Snee Hall during construction.

Righ t: Mo \ ing in.

fices occupy the southwest corner of
the space, while laboratories occupy
the remainder of the space, across the
atrium. This arrangement separates
"working space" and "thinking
space" both physically and conceptu-
ally, while keeping them close enough
so that people can easily move back
and forth from one to the other.

The outside of the building will be
graced by new rock parks. The ones
that now flank the entrance to
Thurston Hall will not be moved, but
additional large specimens will be
placed at the northwest corner of the
building, outside the main entrance,
and also to the east. These rock parks
are being given by Meyer Bender, '29,
and his wife, Gertrude.

During the course of construction,
there has been constant communica-
tion between the faculty and the ar-
chitects and builders. As space within
the building became real, and it was
possible to see characteristics of indi-
vidual rooms, changes were made in

the way they were to be used. As
recently as mid-July, a decision was
made to use the space right over the
computer room for an image-
processing facility. This room had
been designated for the storage of
tapes, but the attractiveness of the
room and the relative ease with which
connections with the computer can be
established make it an ideal place for
processing images such as those sent
back from satellites.

Several donors have made impor-
tant contributions to Snee Hall. A



The Atrium
major part of the construction cost was
financed through the estate of the late
William E. Snee, '25 (see Engineering:
Cornell Quarterly 17(2):38-39); and his
wife, Katherine, made further gifts,
two of which honor of her nephews,
Timothy and Paul Heasley. Significant
contributions were made by the Joseph
N. Pew, Jr. Charitable Trust, the Le-
land Fikes Foundation, the Atlantic
Richfield Foundation, and the Chev-
ron Fund. George Holbrook, '23, and
his wife, Elizabeth Bradley Holbrook,
also provided major support.

Moving into the new building was
joyful but backbreaking. Sons and
daughters of faculty and staff were
shanghaied and put to work packing
boxes. Most of the actual moving took
place during three weeks in the hottest
part of August. Items especially dif-
ficult to move include the x-ray ma-
chines from the top floor of Olin Hall,
which are as heavy and cumbersome
as pianos, and even more delicate.
Equipment that normally runs
twenty-four hours a day, such as the
computer and the seismograph, had to
be disconnected for as short a time as
possible.

By the time Cornell opened for the
fall semester, the Department of
Geological Sciences was in its new
home. Much sorting out and filing
away still remained to be done, but the
fossil dinosaur tracks from the second
floor of Kimball Hall were installed in
the new atrium, and the faculty was
preparing to make an even deeper im-
pression on the history of the earth
sciences.— D.P.



ENGINEERING
AND THE GEOLOGICAL SCIENCES

by Donald L. Turcotte
I am often asked how an aerospace
engineer became chairman of a leading
geology department at a major univer-
sity. On a personal level, the answer
involves two accidental meetings, the
first with Ron Oxburgh in 1966 and the
second with Jack Oliver in 1970. More
broadly, the answer relates to a major
change in the direction of the geologi-
cal sciences that occurred during the
late 1960s and early 1970s. Here is the
story.

During the 1965-66 academic year, I
was on sabbatical leave from Cornell's
Graduate School of Aerospace En-
gineering, working on plasma fluid
dynamics at the Department of En-
gineering Science of the University of
Oxford. Ron Oxburgh had just joined
the geology faculty at Oxford after
receiving his Ph. D. under Harry Hess
at Princeton. Hess was one of the few
geologists in the United States who
accepted the hypothesis of "continen-
tal drift," with its implications that
several hundred million years ago, the
Americas were attached to Europe and
Africa and the Atlantic Ocean did not
exist. Most members of the American

geological community regarded conti-
nental drift as a fantasy. At Oxford
Ron sought a colleague in engineering
who could work with him to develop a
quantitative theory for continental
drift. As a visitor with few commit-
ments, I was asked to fill this role.
Although I had no background or prior
interest in geology, I found the concept
of continental drift fascinating.

A THEORY TO EXPLAIN
CONTINENTAL DRIFT
During that year, Ron and I developed
a boundary-layer theory for mantle
convection that quantitatively ex-
plained continental drift. We treated
the earth's upper mantle as a fluid layer
that is heated from below. A hot ther-
mal boundary layer develops on the
lower boundary and a cold thermal
boundary layer on the upper bound-
ary, as illustrated in Figure lb. The
boundary layers are unstable and form
vertical plumes. The gravitational
buoyancy forces drive the flow. We
associated the ascending flow with the
mid-ocean ridges and the descending
flow with ocean trenches, as shown in

Figure la. We also calculated veloci-
ties of drift and values for the surface
heat flow that were in agreement with
observations.

This work was one aspect of the
plate-tectonic revolution, which was
based on the hypothesis that the sur-
face of the earth is broken up into a
number of rigid plates in relative mo-
tion with respect to each other and that
earthquakes, volcanism, and mountain
building are largely confined to the
boundaries between plates. The plates
are the cold thermal boundary layers of
mantle convection cells.

The decay of the radioactive
isotopes of uranium, thorium, and
potassium heat the earth's mantle. Be-
cause of solid-state creep processes,
the mantle behaves as a fluid on
geological time scales. Thermal con-
vection converts heat into motion.
This motion drives continental drift.
The energy associated with earth-
quakes, volcanic eruptions, and
mountain-building represent about 0.1
percent of the available heat energy.
The earth is a thermodynamic engine.

The period between 1968 and 1970 10



Figure la

was a time of great excitement in the
earth sciences. Continental drift
changed from scientific heresy to a
scientific dogma. I was fortunate to be
at the right place at the right time to be
able to apply my engineering back-
ground to exciting new problems con-
cerning how the earth works. The col-
laboration with Ron Oxburgh led to
some twenty-five papers on a variety
of subjects: the origin of volcanism,
the thermal structure of the crust and
mantle, the thermal structure of the

11 moon.

Subsequently, Ron became a mem-
ber of the Royal Society, professor and
head of the earth sciences department
at Cambridge University, and presi-
dent of Queens College, Cambridge.
He is also a featured speaker at the
dedication of Snee Hall.

Shortly after beginning the collab-
oration with Ron Oxburgh, I began
cooperative work with Ken Torrance,
a professor in Cornell's Sibley School
of Mechanical Engineering (now Me-
chanical and Aerospace Engineering),
and with Jerry Schubert, a former stu-

Figure I. A schematic diagram illustrating
a boundary-layer theory for mantle con-
vection. Developed by Turcotte and Ox-
burgh, the theory provides an explanation
for continental drift. The sketch in a shows
the association between ascending flow
and ridges in the oceanic floor, and be-
tween descending flow and the formation
of trenches. The sketch in b shows the
treatment of the upper mantle as a fluid
layer heated from below.

dent of mine who is a professor of earth
and planetary sciences at UCLA. Ken
and I worked with a number of
graduate students to carry out numeri-
cal calculations of the structure of
mantle convection flows, and we made
a series of studies of fundamental pro-
cesses in geothermal reservoirs. Jerry
and I worked on a variety of problems
and recently coauthored the first
textbook in this area (D. L. Turcotte
and G. Schubert, Geodynamics-
Applications of Continuum Physics to
Geological Problems, John Wiley and
Sons, New York, 1982).

Despite my interest in mantle con-
vection and related problems, it is
likely that I would still be on the fac-
ulty of the Sibley School of Mechan-
ical and Aerospace Engineering if the
geology department had not become
part of the College of Engineering
(while retaining its academic ties to the
College of Arts and Sciences). During
the late 1960s, financial pressures and
other problems led the College of Arts
and Sciences to decide to terminate an
independent geology department, and
the College of Engineering (under the



"The 'engineering
approach' has proved

to be a vigorous
and fruitful way

of attacking problems
in geology.

deanship of Andrew Schultz, Jr., and
subsequently Edmund T. Cranch) de-
cided to seek the transfer of the de-
partment. I was among those who
strongly supported the idea. (An alter-
native plan was to combine geology
and astronomy in one department in
the College of Arts and Sciences.)

BUILDING A STRENGTHENED
DEPARTMENT AT CORNELL
At the spring meeting of the American
Geophysical Union in 1970,1 met Jack
Oliver during a social hour and learned
that he might be willing to make a move
to Cornell. Jack was then chairman of
the geology department at Columbia.
On the recommendation of the College
of Engineering, an offer was made;
Jack accepted and arrived at Cornell in
July, 1971.

Over the next decade, Jack built a
department of geological sciences that
included a number of the original con-
tributors to the plate tectonic hypothe-
sis. Bryan Isacks had worked with
Jack at Columbia to discover the de-
scending plates beneath island arcs
and to explain how the worldwide dis-
tribution of earthquakes could be inte-
grated into the hypothesis. Muawia
Barazangi had worked, also at Colum-
bia, on the relation of global seismicity
to plate tectonics. Jack Bird had shown
how plate tectonics could explain the
structure and evolution of mountain
belts. Dan Karig had explained the
formation of marginal basins such as
the Sea of Japan. And Bob Kay had
contributed significantly to an expla-
nation of the origin of oceanic crust.

My own entry into the group came in
1972, when the Graduate School of
Aerospace Engineering was combined

with the Sibley School of Mechanical
Engineering. During the reorganiza-
tion, I transferred to the Department
of Geological Sciences and became a
4'geologist," although my formal edu-
cation in the subject consisted of a
one-quarter introductory course at
Caltech. My ability in identifying
rocks remains a standing joke in the
department.

THE AFFINITY OF MODERN
GEOLOGY AND ENGINEERING
The "engineering approach" has
proved to be a vigorous and fruitful
way of attacking problems in geology,
and geology has been a gold mine for
problems of interest to engineering re-
searchers. My colleagues and I, for
example, have worked not only on
mantle convection and hydrothermal
reservoirs, but on problems involving
magma migration. (We asked how
magma reaches the volcano where it
erupts, and we concluded that the pro-
cess is dominated by magma fracture.)
We have also worked on a variety of
solid-mechanics problems with geolog-
ical implications.

One of our research subjects is the
cycle of strain accumulation and re-
lease on the San Andreas fault; we
carried out a series of finite-element
calculations in collaboration with Fred
Kulhawy of the School of Civil and
Environmental Engineering. Re-
cently, in related work, we have been
applying the concept of fractal trees
and the renormalization group method
to studies of earthquake mechanisms.
This work is being carried out in col-
laboration with Sara Solla, a research
associate in the Department of
Physics. 12
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Global geochemical cycles is
another area of current investigation
by our group. This work is being car-
ried out in collaboration with Claude
Allegre, director of the Institut de
Physik du Glob, Universite de Paris.
The general concept is illustrated in
Figure 2. The continental crust is con-
sidered an enriched reservoir that is
complementary to the depleted reser-
voir of the upper mantle. The pro-
cesses that form continental crust con-
centrate incompatible elements with
large ionic radii; examples are the
heat-producing elements uranium and
thorium and the rare-earth elements.
Isotope systems can be used to study
these processes quantitatively. One
objective is to find the volume of the
continents over the last three billion
years by studying isotope ratios in old
rocks (see the article in this issue by
Bob and Sue Kay).

These activities of mine illustrate
how geology can interact with mechan-
ical engineering. Many other examples
of the connection between geological
sciences and engineering disciplines
are found in the University. The
search for oil makes the petroleum
industry one of the largest users of
computers, and similarly, the Consor-
tium for Continental Reflection Profil-
ing (COCORP), which is centered at
Cornell, depends heavily on computer
capability and has had a number of
interactions with people in the School
of Electrical Engineering concerning
both the hardware and software as-
pects of data processing. (See Larry
Brown's article on COCORP in this
issue.) Since rock is a complex mate-
rial, faculty members in our depart-
ment and in the Department of Mate-

Figure 2. A possible distribution of chemi-
cal reservoirs in the earth, illustrating how
material could be transferred between
them. According to this model, the 650-
kilometer seismic discontinuity acts as a
harrier to convection.
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rials Science and Engineering have
common interests; for example, Dave
Kohlstedt of the materials science fac-
ulty is widely recognized for his work
on the rheology of mantle rocks. Also,
the excellent instrumentation available
through the University's Materials
Science Center has been used by many
members of our faculty and research
staff. In the School of Applied and
Engineering Physics, Art Kuckes has
carried out a range of electromagnetic
studies of the earth, and several of his
projects have complemented the seis-
mic studies of COCORP.

Looking back on the 1970s and early
1980s, we see that the large expansion
of geology as a quantitative science
presented a wealth of problems and
opportunities in applied mathematics,
physics, chemistry, and engineering.
Many of these problems remain un-
solved today. Many have large societal
implications. For example, earth-
quake and volcanic hazards are pres-
ent in many parts of the world.
(Southern California has one of the
highest probabilities of experiencing
very large earthquakes. Mount St.

*

Helens was a minor volcanic eruption
compared with many that have oc-
curred in the past in the western
United States.) Modern geology has
economic significance also. Funda-
mental geological studies have con-
tributed and will continue to contribute
to the discovery of petroleum and min-
eral reserves. Models of continental
drift, for instance, have provided an
understanding of the global distribu-
tion of petroleum—of how cold regions
such as the North Slope of Alaska
have petroleum deposits because they
once were near the equator and had a
climate that favored organic growth.

Our experience at Cornell demon-
strates the wide-ranging interest and
importance of modern geological sci-
ence. It is clearly an exciting field in
which to apply engineering and scien-
tific knowledge.

Donald L. Turcotte, a professor of geologi-
cal sciences, has been chairman of the
department since 1981. As he discusses in
his article, he began his career in aerospace
engineering and moved into the geological
sciences through his work on mantle con-
vection. His degrees are the B.S. from the
California Institute of Technology (1954),
the M.Aero.Eng. from Cornell (1955), and
the Ph.D. from Caltech (1958).

Before joining the Cornell faculty in
1959, Turcotte worked as a research en-
gineer at the Jet Propulsion Laboratory in
Pasadena, California, and taught at the
United States Naval Postgraduate School
in Monterrey. Throughout his career, he
has served as a consultant to industrial
firms and to the army.

He is a fellow of the American Geophysi-
cal Union and of the Geological Society of
America, and is active in several other
professional societies. He serves on a
number of committees, panels, and com-
missions for the National Academy of Sci-
ences, NASA, the International Union of
Geodesy and Geophysics, and the Ameri-
can Geophysical Union. In 1981 he was
awarded the Day Medal of the Geological
Society of America, and in 1982 he was the
William Smith Lecturer at the Geological
Society of London. 14



CORNELL GEOLOGY, 1868-1984:
A REVIEW

by William R. Brice
The groundwork for Cornell's geology
department extends back beyond the
opening of the University in the fall of
1868. While the new institution was
still being planned, Louis Agassiz, a
Harvard professor who was highly re-
garded as a scientist and lecturer, was
offered one of the first nonresident
professorships at Cornell. He not only
accepted, but made suggestions to
Andrew Dixon White, Cornell's first
president, and to Ezra Cornell, the
University's founder, about the ap-
pointment of professors. Agassiz was
especially interested in the chair of
geology, the discipline he felt was kkthe
most important among the physical
sciences." After considering other
geologists, the board of trustees made
the appointment Agassiz had recom-
mended; in October Ezra Cornell sent

Note: Reminiscences and photographs
suitable for inclusion in a full-length his-
tory of geology at Cornell are requested by
the author, William R. Brice, Department
of Geology and Planetary Sciences, Uni-
versity of Pittsburgh, Johnstown, PA
15904. He is especially in need of material

15 from the 1950s and 1960s.

Charles Frederick Hartt a telegram
that read, "You were elected this
morning," and a geology department
at Cornell became a reality.

The new geology professor had been
a student of Agassiz's for three years,
and was one of two geologists on the
famous Thayer Expedition to Brazil in
1865-66—a venture that Louis Agassiz
had organized. That was the first of
many trips Hartt made to Brazil; after
he came to Cornell he took several
students with him on the expeditions.

At Cornell that first autumn, the
Hartt

campus consisted of two classroom
buildings and a few dormitories, con-
nected by very muddy paths. The en-
tering class of 412 students was the
largest ever admitted to a new univer-
sity up to that time; there were twice as
many students as could be housed, and
the classroom space was adequate for
only one-third of them. The geology
department was confined to a single
room adjoining one of the coal cellars
in the southeast corner of South
Building—what is now called Morrill
Hall. Although some rooms on the
second and third floors were used to
house geology collections in wall
cases, the almost constant presence of
classes there forced the students and
Hartt to do their work in the basement.
McGraw Hall was not completed until
much later; geology moved into its
South Wing in about 1873.

EXPEDITIONS TO BRAZIL
IN THE EARLY 1870s
In June of 1870, Hartt and his party set
sail from New York on the first of two
Cornell geological expeditions to
Brazil. The necessary funds were



The Cornell campus as it looked when Hartt arrived at the new university in 1868.

raised from many sources, but the
largest amount, $1,000, came from
Colonel Edwin B. Morgan, a Univer-
sity trustee from Aurora, New York,
and the two trips became known as the
Morgan Expeditions. Besides Hartt,
the group included Professor Albert
N. Prentiss of the botany department
and nine students from Hartt's classes.

Several of these students became
notable figures in geology: Orville A.
Derby (B.S. 1873, M.S. 1874) became
the chief geologist of Brazil. Theodore
B. Comstock (B.S. 1870, D.Sc. 1886)

Derby

was appointed the first assistant pro-
fessor of applied geology at Cornell
and was put in charge of the depart-
ment in 1875; eventually he became the
president of the University of Arizona.
(Comstock's B.S. degree was the first
degree in geology awarded by Cornell,
and his doctorate was the first and only
D.Sc. in geology.) William Stebbins
Barnard (B.S. 1871) was later an as-
sistant professor of entomology at
Cornell (1879-81), and eventually be-
came a professor of natural history at
Drake University. Herbert Hunting
Smith (1868-70, no degree) became a
member of the Alabama Geological
Survey and spent many years in Brazil
as a collector for museums. Hartt often
spoke in glowing terms of these four,
but especially of Derby, who con-
tinued the Brazilian work after Hartt's
death in 1878. Hartt is quoted as saying
that he had made at least one discovery
in going to Brazil, and that was Derby.

The purpose of Hartt's last trip to
Brazil, made in 1874, was to attempt to
create a formal Brazilian Geologic
Survey. He was successful, and the
Commissao Geologic do Imperio do

Brazil began operations in May of
1875. Hartt was the director and his
assistant was a student from Cornell,
John Casper Branner (B.S. 1882), who
later, in 1913, became president of
Stanford University. Hartt soon at-
tracted Derby back to Brazil; except
for a few short visits to the United
States, Derby remained there until he
took his own life in 1915. During his

Comstock
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years in Brazil, Derby continued and
expanded the work begun by Hartt and
between them they literally put Brazi-
lian geology on the map. Even today,
several of the geology faculty members
and their students are continuing the
Cornell concern with South American
geology.

THE EARLY YEARS WITH
COMSTOCK AND WILLIAMS
When Derby, who had been the in-
structor during Hartt's absence, left
Cornell in 1875, the department was
put in the care of Comstock, and a new
instructor of zoology and paleontol-
ogy, Frederic W. Simonds (who later
had a distinguished career at the Uni-
versity of Texas in economic geology)
joined the faculty. The following year,
Comstock taught the first summer
classes ever offered at Cornell; the
official Cornell Summer School did not
get underway until 1892. In addition,

Comstock organized geology courses
for students in both architecture and
engineering, courses that were among
the first of their kind in the country.

In 1879 Comstock tried to force a
promotion by threatening to resign,
which the trustees allowed him to do.
The department was taken over by two
men well known in the Ithaca commu-
nity: Samuel Gardner Williams, a
former principal of Ithaca Academy,
and Henry Shaler Williams, who had
worked with his family business in
Ithaca for several years after complet-
ing his degrees at Yale. (The two men
were not related). Samuel Gardner
Williams was a dynamic teacher, well
acquainted with secondary schools,
and eventually, in 1886, he became the
University's first professor of the sci-
ence and art of teaching. Henry Shaler
Williams became head of the geology
department and professor of geology
and paleontology—a change that was
to shape the character and focus of the
department for many years to come,
for Williams was an excellent paleon-
tologist. Hartt and Derby had begun
the paleontological focus, but Williams
developed it, especially through his
leadership in studying the local Devo-
nian rocks and his research on car-
boniferous strata for the limited
United States Geological Survey.
Largely as a result of Williams' work
on the carboniferous rocks, geologists
today use the terms Mississippian and
Pennsylvania!! instead of lower and
upper carboniferous.

Williams was instrumental also in
founding the Society of Sigma Xi and
the Geological Society of America.
The first formal meeting of the Geolog-
ical Society was held in Sage Hall on

the Cornell campus on December 27,
1888, and Williams was elected trea-
surer. Of the thirteen members who
attended that meeting, six had, or soon
would have, a connection with the
Cornell geology department. (The
Geological Society has returned to its
birthplace for a meeting only once, in
1924.)

By 1892 Williams' reputation was
such that James D. Dana, his former
professor, personally selected him as
his successor at Yale, a move that left
the Cornell department like a ship
without a captain. But in the spring of
1892, a new captain was chosen: Ralph
Stockman Tarr.

EXPANSION UNDER TARR
TO A FOUR-MAN CADRE
Tarr, a Harvard graduate, was a glacial
geologist and physical geographer, and
his appointment immediately ex-
panded the department into those



areas. In order to maintain instruction
in mineralogy (by then this subject was
being taught in the geology rather than
the chemistry department) and rock
study, as well as paleontology, Tarr
was able to expand the faculty with the
appointment of two new assistant pro-
fessors in 1894. These were Gilbert D.
Harris (Bachelor of Philosophy 1886),
who had studied with Henry Shaler
Williams, and Adam Capen Gill, who
had studied at Amherst and Johns
Hopkins and had a fresh Ph.D. in
mineralogy from Munich. Four years
later Heinrich Ries, an economic
geologist, came to complete the cadre
that was to dominate the department
for the next forty years.

In his attempt to divest himself of
responsibility for subjects outside his
own particular area of interest, and
probably also to avoid as much ad-
ministrative duty as possible, Tarr or-
ganized what were essentially three
separate divisions: Dynamic Geology
and Physical Geography (Tarr),
Paleontology and Stratigraphic Geol-
ogy (Harris), and Mineralogy and Pet-
rography (Gill). After Ries arrived, a
fourth area, Economic Geology, was
added, but under Tarr's direction. In
essence, no one was ' in charge" of the
overall department. Each person was
allowed to develop his own little fief-
dom. This subdivision seems to lie at
the heart of the interpersonal animos-
ity and strife that existed in the de-
partment for many years afterward.

Before his untimely death in 1912,
Tarr led expeditions of Cornellians to
Greenland in 1896 and to Yakutat Bay,
Alaska, in 1905, 1906, and 1909. He
was greatly loved and esteemed by his
students; the Tarr Boulder still stands

Above: Members of the 1896 Cornell expe-
dition to Greenland were, left to right:
Lawrence Martin, T. L. Watson, Professor
Adam C. Gill, E. M. Kindle, Professor
Ralph S. Tarr, and J. O. Bonsteel. (Photo
courtesy of the Cornell department.)

Below: The lonthiwa, photographed at her
launching in about 1896, was the first of
several motor launches used at Cornell for
geology field trips. (Photo courtesy of the
Paleontological Research Institution and
Professor John W. Wells.)
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at the southwest corner of McGraw
Hall as a reminder of their admiration.

One of those admirers, Oskar Diet-
rich von Engeln, became Tarr's suc-
cessor. Von Engeln's connection with
the department spanned sixty-one
years: he entered as a student in 1904
and died an emeritus professor in 1965.
During this long span of time, he par-
ticipated in the Alaskan expeditions
with Tarr, but the heart and soul of his
geology was the Finger Lakes. His last
work, written at the age of eighty-one,
was The Finger Lakes Region: Its Ori-
gin and Nature. He was a popular
teacher, especially among the many
students who attended his summer
classes. From 1944 until 1947, he
served as chairman.

PALEONTOLOGY FOR FORTY
YEARS UNDER HARRIS
Until the 1930s, Cornell paleontology
remained in the hands of Harris, who
is well remembered not only for his
pioneering work with Tertiary fauna,
but for his boats. To enable his
students to reach some otherwise in-
accessible fossil locations, Harris ac-
quired a succession of launches pow-
ered by gasoline engines. The first of
these was the paddle-wheel-powered
Ianthina, which in 1896 and 1897
transported a party from Ithaca to the
Miocene beds of Calvert Cliffs along
Chesapeake Bay and from there on
down to the Carolinas. The second
was the Orthoceras, named for its
slender shape. A third, Ecphora, with
sleeping accommodations for six, took
groups on round-trip excursions to the
Chesapeake region in 1914 and 1915;
the students on one of these expedi-

19 tions shipped more than sixty boxes

and barrels of samples back to Cornell.
Especially memorable is the Cornell

Summer School of Field Geology,
which Harris conducted from 1899 to
1909 in the Helderberg Mountains of
eastern New York. The Orthoceras
and the Ianthina transported the par-
ticipants from Ithaca via the Erie
Canal to the Helderberg region, with
many stops along the way and excur-
sions to Lake Champlain.

In keeping with Cornell's en-
lightened policy of admitting women,
Harris welcomed them; over half the
students in his field courses in 1901
were listed either as Miss or Mrs.
Unfortunately for the department, it
appears that his colleagues did not feel
the same way, and as late as the 1930s,
other members of the faculty were
actively discouraging women from
choosing geology (other than paleon-
tology) as a career. (The first female
member of the geology faculty above
the rank of teaching or research assist-
ant, instructor, or lecturer was Teresa
E. Jordan, named an assistant profes-
sor in 1984.)

Harris's professional activities in-

Gilbert D. Harris continued to edit and
print paleontological journals for many
years after his retirement. He was eighty-
four years old when this photograph was
taken.

eluded the founding of the Bulletins of
American Paleontology (octavo) in
1895 and Paleontographica Ameri-
cana (monographs in quarto) in 1917.
For many years he printed these publi-
cations himself on a press in McGraw
Hall.

Harris also served as director of the
Louisiana Geologic Survey from 1899
to 1909. He managed this by arranging
to teach at Cornell during the fall and
summer terms and to work in
Louisiana during the winter (allowing
him to escape the Ithaca winters).

Harris retired in 1934 after forty-one
years at Cornell and from then on
devoted his time to the Paleontological
Research Institution, which he had
founded in 1932. The institution was
housed in a little building, just behind
his house, that was known affection-
ately as the "Cabina." Today, from its
location on the west side of Cayuga
Lake, the institution Harris founded
still publishes the journals he started,
and continues to encourage and sup-
port research in paleontology, the sub-
ject to which he devoted his working
life.



Women associated with the department
around 1927 were (left to right): Katherine
Van Winkle Palmer (Ph.D. '25); Marion
Burfoot (wife of Professor James D. Bur-
foot and later department secretary); Ruth
St. John (A.B. '23, M.A. '25); Carol
Heminway (M.A. '28); Helen Tucker
(Ph.D. '37); Elizabeth Baker (A.B. '28,
M.A. '30, wife of Professor John W. Wells);
Pearl Sheldon (A.B. '08, M.A. '09, Ph.D.
'11, assistant 1906-08, 1911-12, and 1914,
lecturer 1912-14, curator 1922-30); Geor-
gianna Duncan (M.A. '28). (Photograph
courtesy of Benjamin Shaub, M.E. '25,
M.S. '28, Ph.D. '29.)

GILL IN MINERALOGY,
RIES IN ECONOMIC GEOLOGY
Adam Capen Gill, the other faculty
member who arrived with Harris in
1894, is remembered more as a teacher
than as a researcher. Former students
have described him as "one of the
most effective and inspiring of
teachers..." and as "a scholar in the
truest sense, prizing learning for itself
primarily and not for the sake of dis-
playing it."

The fourth member of the group
formed in the 1890s, Heinrich Ries,
served as chairman from 1914 until
1937. Doc, as he was known to his
many students, was an economic
geologist with a specialty in clay geol-
ogy. His first real experience with clay
came from a summer job under the
direction of eighty-year-old James
Hall of the New York survey; he did
such excellent work that he soon be-
came "stuck in clay," as he liked to
say. But there were other sides to
Ries's accomplishment at Cornell.
One was his work in engineering geol-
ogy, initiated by his "inheritance" of a
geology course for engineers; he be-

, \i

came almost as well known for his
teaching of engineering geology as for
his work in clay mineralogy. His text,
Engineering Geology, co-authored
with Thomas L. Watson (a Cornell
Ph.D. of 1897 who had been on the
Tarr Greenland expedition of 1896)
went through five editions. Because of
Ries's efforts, Cornell had the first
laboratory in the country for testing
molding sands. He also developed one
of the finest collections of ore
samples—a collection that has become
more valuable over time, since many
of the deposits were depleted long ago.
Today Cornell students working under
Professor Allan Gibbs can study sam-
ples from mines that may have closed
more than seventy-five years ago.

THE RETURN OF WILLIAMS
AS DEPARTMENT HEAD
The administrative situation in the de-
partment deteriorated after Henry
Shaler Williams returned to Cornell in
1904 as professor of geology, director
of the museum, and head of the de-
partment. Part of the reason for the
move was that Williams and his family

wanted to return to their Ithaca home,
but there may also have been a desire
on the part of the University adminis-
tration to bring some order to the seem-
ing chaos in McGraw Hall. If there
was such a motive, the new organiza-
tion was only partially successful, for
while the areas of Gill, Harris, and
Ries came under the direction of Wil-
liams, Tarr split off to form the De-
partment of Dynamic Geology and
Physical Geography (soon, in 1906,
reduced to Physical Geography). In
this Tarr had some precedence, for
during the early years of the Univer-
sity there was a School of Physical
Geography as well as a School of
Geology. The split was acknowledged
by the trustees, for in the fall of 1906
there were separate line items in the
budget appropriations for "Geology"
and for "Physical Geography." By
1910, however, there was a budget
appropriation only for "Geology (In-
cluding Physical Geography, Miner-
alogy, etc.)." Tarr continued as the
head of Physical Geography until his
death in 1912, but as far as the adminis-
tration was concerned, there was only 20



one department and Williams was in
charge.

Given the current emphasis on
seismology, it is interesting to note that
Williams purchased the first seismic
equipment for the department in 1907.
For several years after that, Pearl
Sheldon, an assistant in the depart-
ment, was in charge of the instrument.
Unfortunately, the records, which
were traced on a smoked drum, have
been lost. What a contrast that equip-
ment would make with the modern
devices!

NEW FACULTY BLOOD
IN THE DEPARTMENT
As the "Old Guard" aged, new men
came to Cornell to begin building their
own legends. One of these was Charles
Merrick Nevin (M.S. 1922, Ph.D.
1925), affectionately known as Chief
What-Are-You-Standing-On Nevin.
The first structural geologist on the
staff, Nevin was chairman from 1939
to 1944, and from 1930 until his retire-
ment he was in charge of the Henry
Shaler Williams field camp at Spruce
Creek, Pennsylvania. (Professor Wil-
liam Travers currently fills a similar
role each summer at the new Sierra
Madre field camp in Wyoming.)

Life was rough at Spruce Creek:
The "Chief1 stayed with the fellows
and slept on an.air mattress; occasion-
ally the air would mysteriously drain
out overnight. The creek was the bath
and usually the laundry. Breakfast was
often prepared by Nevin, who was not

Right: Emeritus Professor Storrs W. Cole,
an authority on large forminifera, remains

21 a resident of Ithaca.

noted as a cook, and everyone was on
his own for lunch. The evening meal,
however, was the camp's salvation, at
least in the post-World War II years,
for the whole group went to the home
of Mrs. Grapheus for a good dinner
and maybe some home-made ice
cream. Some former students who
camped at Spruce Creek may re-
member the search for "trap rock"
that turned out to be sandstone, or the
way the boys cut through the railroad
tunnels between trains. They all had
their favorite stories of Nevin and the

This building served as headquarters of the
Henry Shaler Williams field camp at
Spruce Creek, Pennsylvania. (Photograph
courtesy of George D. Williams, Ph.D.
'51.)

field camp, but few ever beat him at
bridge or quoits.

Another member who joined the de-
partment shortly after Nevin arrived
was James Dabney Burfoot (Ph.D.
1929), better known as Dan, who took
over the duties in mineralogy from
Gill. Burfoof s wife, too, was involved
in departmental activities, for she
served as the secretary for many years.
Then, just before World War II,
Alfred Anderson assumed the duties in
economic geology. So it was that Nev-
in, von Engeln, Burfoot, and Ander-
son, plus various teaching assistants
and other graduate students, carried
the department through the war years.

After the war, two new teachers
came and made lasting impressions on
the department: Storrs W. Cole (B.S.
1925, M.S. 1928, Ph.D. 1930) and
John W. Wells (M.A. 1930, Ph.D.
1933). Both men have had long and
distinguished careers in paleontology,
Cole as an expert on large foraminifera
and Wells as an authority on corals. (In
1963 Wells discovered that corals can
be used as an indicator of the number
of days per year in the earth's geologic



Right: John W. Wells, a distinguished
paleontologist in the department, retired in
1973 and remains in Ithaca.

Below: A mountain, a river, and a lake are
named for Everett P. Wheeler, who was
associated with the department for many
years as student, researcher, and field
geologist.

past; he used fossils to show that the
rotational speed of the planet is becom-
ing slower and the days longer.) At
Cornell both Cole and Wells continued
the long tradition of paleontological
and stratigraphic studies that began
with Hartt, and Wells continued the
study of the local Devonian strata that
Williams loved so well. Both were on
the scientific team that studied the
Bikini atoll prior to and after the
atomic bomb tests there, and both
served as chairman of the department,
Cole from 1947 to 1962 and Wells from
1962 to 1965. Wells was the first
member of the geology faculty to be
elected to the National Academy of
Sciences (he was joined in 1984 by
Jack E. Oliver). In 1983 Cole received
the Cushman Foundation award in
recognition of his work on the larger
foraminifera.

LONG CAREERS IN
GEOLOGY AT CORNELL
The history of Cornell geology has
been shaped in part by the contribu-
tions of a number of people, such as
Nevin, von Engeln, and Burfoot, who 22



were students in the department and
stayed as staff and faculty members for
their entire careers.

Another long-standing member who
began his Cornell career as a student
was Everett Pepperell Wheeler, 2nd
(B.S. 1923, M.S. 1926, Ph.D. 1930).
Pep, as he was known to his friends,
was officially a research associate, al-
though he also did much teaching
through his example and his counsel-
ing. His major area of study was the
anorthosite terrane of Labrador; even-
tually he mapped some 27,000 square
kilometers, often having to make his
own topographic maps before he could
do the geologic work. Pep, who died in
1974, holds a special place in the hearts
of all who knew him, and he is the only
member of the department, so far as is
known, to have a mountain, a river,

23 and a lake named in his honor.

BEGINNING OF CHANGE
IN THE 1960s AND 1970s
A marked change in the department
began to occur in the 1960s as more
emphasis was placed on areas other
than paleontology. Shortly after he
began his tenure in 1965, George A.
Kiersch emphasized the new character
of the department by recommending a
name change from the Department of
Geology and Geography, as it had
become under von Engeln, to the De-
partment of Geological Sciences.
Kiersch brought to the department an
international reputation in engineering
geology, and he continued the tradition
of teaching special geology classes for
engineers, a practice Comstock had
begun in 1875.

Other newcomers included Arthur
L. Bloom and Philip M. Orville, who
came in 1960 with degrees from Yale

A time capsule placed in the cornerstone of
Deer born Hall in 1932 was recovered this
past summer by historian William Brice (at
center) and colleagues. Handing up the
contents (mostly fossils selected by con-
temporary department members and as-
sociates) is Peter Hoover, director of the
local Paleontological Research Institu-
tion. The building originally belonged to
Professor Gilbert D. Harris, founder of the
research institution, and in recent years
has been used by the geological sciences
department for storage.

(in this move they were following the
path of Henry Shaler Williams).
Bloom, a current member of the de-
partment, continues the work in glacial
geology and geomorphology begun by
Tarr. Orville introduced geochemis-
try, and before his return to Yale
(another Williams similarity), he began
studies in high-pressure and high-
temperature phase equilibria. (This is
an area in which William A. Bassett is
working today, using much greater
pressures and temperatures.)

In 1963 Shailer S. Philbrick joined
the faculty as a visiting professor after
a thirty-year career with the Army
Corps of Engineers. In 1966 he be-
came a regular full-time member of the
faculty. In addition to teaching ad-
vanced courses in hydrology and
sedimentation, Philbrick was in charge
of the introductory class, Geological
Sciences 101; the enrollment grew
from 180 in 1965 to 250 in 1968, estab-
lishing a modern record that has yet to
be surpassed. Among Philbrick's spe-
cial projects at Cornell was a study to
find ways of preserving the American
Falls of Niagara.



In 1969 the University administra-
tion announced possible changes, in-
cluding perhaps a dismantling of the
entire department, and for the next two
years things were in turmoil. Class
enrollments declined, and in contrast
to the previous steady rise in numbers
of students, there was almost a total
cessation of applications for graduate
school and a precipitous drop in un-
dergraduate majors. Most impor-
tantly, faculty morale was under-
mined. In 1971, after many months of
review by the University administra-
tion, the department was physically
moved to the engineering campus and
Jack E. Oliver, appointed the Irving
Porter Church professor of engineer-
ing, became chairman. With this move
the department began a new relation-
ship with the College of Engineering,
while maintaining academic ties to the
College of Arts and Sciences.

Over the next few years, several
new people, all well known for their
work in plate tectonics, joined Oliver
as the department expanded into the
field of geotectonics. These new fac-
ulty members were Bryan Isacks in

seismology, John M. Bird in tectonics,
Daniel E. Karig in marine geology,
Robert M. Kay in geochemistry, and
Donald L. Turcotte in fluid dynamics.

Soon after the alignment with the
College of Engineering, Oliver created
the Consortium for Continental Re-
flection Profiling (COCORP) to carry
out a systematic study of deep conti-
nental structure. This group has liter-
ally opened a new frontier of science
and it continues the work with Sidney
Kaufman (who came to Cornell after a
long and successful career with the
Shell Oil Company) as the executive
director and Larry D. Brown and
Oliver as co-principal investigators.
Recently, Oliver expanded the scope
of the COCORP idea with the estab-
lishment of the Institute for the Study
of the Continents (INSTOC). One of
the new institute's first activities was
to help sponsor the International Sym-
posium on Deep Structure of the Con-
tinental Crust, which was held at Cor-
nell in June of 1984.

Despite all the tectonic activity,
paleontology has not been overlooked,
for that long-standing subject is in the

capable hands of John L. Cisne, who
joined the staff upon the retirement of
Wells in 1973. A bonus was the boost
given to paleontology when Frank H.
T. Rhodes, well known for his work
with fossil conodonts, became presi-
dent of the University.

The development of the department
under Oliver and the current chair-
man, Turcotte, is strikingly evident in
the collection of articles in this issue of
Engineering. The history of geology at
Cornell continues at a rapid pace, ac-
celerated today by the move to a new
building with excellent modern
facilities, and we look forward to a
future as promising as the past has
been fruitful.

William R. Brice, associate professor of
geology at the University of Pittsburgh at
Johnstown, is a Cornell Ph.D. who has
taught summer courses in geology at Cor-
nell since 1976. This article is based on a
full-length history of geology at Cornell,
still in preparation.

Brice received his undergraduate educa-
tion at the University of Florida, earning
the B.S. degree in physics in 1958. After
service in the army, he taught in Florida
high schools for several years and then
went to Tasmania, where he taught high
school and studied at the University of
Tasmania for the Diploma of Education,
granted in 1965. After two more years of
high-school teaching in Florida, he entered
Cornell and earned the M.S.T. degree (in
teaching) in 1968 and the Ph.D. in
geochemistry in 1971. Currently he is ac-
tive in the National Association of Geology
Teachers.

Brice says that his interest in the history
of geology stems from his experience as a
student in the classes of John Wells, now a
Cornell professor of geological sciences,
emeritus. 24



GEOLOGY 2020

by lack Oliver
It is presumptuous, of course, for any-
one to forecast the future of a science
for thirty-six years, or even one year.
Still, scientific researchers planning
the most appropriate and effective di-
rection for their efforts are forced to
envision the future on the basis of
perspectives of the past and the pres-
ent. Some possible long-term devel-
opments in geology are suggested
here, with full recognition that a reader
of this article in the year 2020, should
there by chance be one, will surely
suggest that 20/2000 would have been a
far better title!

To forecast the future of a science, it
is essential to recognize the speed with
which modern science develops.
Thirty-six years ago, the earth was
thought to be 2.5 billion years old, not
4.5 billion as we surmise today. No
humans, let alone geologists, had been
to the tops of the highest mountains, or
the depths of the sea, or the moon.
Geologists have now been to all of
these places. The continents were
thought to be fixed, land bridges were
said to come and go to permit or-

25 ganisms to cross the seas, and the

Pacific basin was a possible birthplace
for the moon. Now the continents are
thought to drift and thereby provide
transportation, and the Pacific is said
to be less than 200 million years old,
too young for motherhood.

This rapid pace of development of
the science seems certain to continue
through 2020. Why? How can we be
sure the discoveries have not run out?
The reason is simply that the earth is
by no means fully explored to the level
of man's capability. History tells us
repeatedly that whenever we explore
an unknown region we are initially
astonished, but eventually come away
with a more profound understanding of
the planet, and new benefits for man-
kind.

EXPLORATION AND MAPPING:
KNOWLEDGE IN HAND
It is only in the last few hundred years
that humans have come to explore and
comprehend the earth in a global
sense. Imagine that! The earth has
been drifting through space for 4.5
billion years, and humans have oc-
cupied it for a few million of those

years, but only in the last tiny, tiny
fraction of those immense time inter-
vals has any organism known what the
entire surface of the earth looks like!

Geographical exploration of the sur-
face was first. The heyday of that
phase of exploration is already over, as
people have access to all points of the
surface and satellites fly overhead to
provide photos and maps at the push of
a button. The consequences for soci-
ety are enormous, of course, as all of
us living in the New World can attest.

Curiosity takes us beyond the mere
configuration of the surface, however.
We want to know what the surface is
made of. That's the realm of geological
mapping. Although much detailed
work remains, in a gross and global
sense this task is also complete. We
know the kinds and ages of rocks found
at the surface almost everywhere. The
benefits are profound; this knowledge
is basic to modern society, since min-
eral and energy resources are prere-
quisites for industry.

But the frontier has not yet run out;
beneath the surface the vast interior of
the earth remains largely unknown.



". . .we can anticipate a wealth
of astonishing new discoveries

as buried features of the crust are
found, mapped, named, understood,

and made familiar.

THE LITTLE-KNOWN REGION
OF EARTH'S INTERIOR
A variety of reconnaissance tech-
niques has provided a picture of the
gross overall structure of the interior,
but only two subdivisions have been
explored in detail sufficient to provide
a satisfying geological history of those
parts of the earth.

One of these structural types, the
sedimentary basin, is the habitat of
petroleum. For about a century, these
basins have been explored with ever-
increasing skill and intensity by the
petroleum industry. The conse-
quences of this phase of exploration
have been astonishing. Our society has
been mobilized in great aluminum
birds and four-wheeled vehicles and
provided at nearly every highway in-
tersection with gasoline at a price less
than that of any liquid except water.
Who could have imagined these pro-
found consequences a hundred years
ago?

After World War II, a second sub-
division of the interior, the ocean ba-
sins, was explored in detail, and in less
than three decades, this activity pro-

vided perhaps the greatest advance
ever made in understanding the earth:
the concept of plate tectonics, which
explains how the continents have
moved and provides a framework for
organizing most of the observations of
geology.

SOUNDING AND DRILLING
TO STUDY THE DEEP CRUST
This historical perspective is a help in
forecasting the future of some
branches of geology. It seems rea-
sonably certain that the major frontier
of modern earth exploration is the
buried continental crust: those rocks,
largely hard and crystalline, that
stretch from the surface, or the base of
the sediments, to the top of the earth's
mantle at a depth of about 40 kilome-
ters. At present, the continental crust
occupies the role of the ocean basins
following World War II; it is explored
only spottily and by methods of low
resolution, yet there exist techniques
used for other purposes that can be
adapted to crustal exploration. Seis-
mic reflection profiling and deep drill-
ing, both highly developed by the pe-

troleum industry, are the two principal
ones.

Cornell, through its highly success-
ful COCORP project, is a world leader
in the application of seismic reflection
profiling to study of the continental
crust. (See the article by Larry Brown
in this issue.) This work is still in an
early phase, and one can readily fore-
cast decades of exploration and dis-
covery to come.

Deep drilling for scientific purposes
is just getting underway in the United
States, but the Soviet Union is cur-
rently drilling the deepest hole in the
world in old crystalline rocks of the
Kola peninsula northeast of Finland.
Already over 12 kilometers deep, the
hole is targeted for 15 kilometers. The
deepest hole in the United States—in
sediments of the Anadarko Basin, a
petroliferous feature of Oklahoma—is
about 9.5 kilometers deep. Preliminary
findings are tantalizing. There are re-
ports of open fractures with flowing
fluids at all depths, a nonlinear geo-
thermal gradient, and a lack of agree-
ment with structures predicted by
geophysical studies. 26
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LOOKING AHEAD
TO GEOLOGY 2020
More than four billion people now live
on Earth, and soon this number will
increase to six billion. Since all are
dependent on the resources of the
planet, it seems certain that societal
pressures will mandate the best possi-
ble knowledge of those regions that
have economic significance. Seismic
reflection profiling, deep drilling, and a
host of other geological, geochemical,
and geophysical techniques will be
brought to bear on the continental
crust in the near future.

In return, we can anticipate a wealth
of astonishing new discoveries as
buried features of the crust are found,
mapped, named, understood, and
made familiar to all earth scientists,
just as features of the sea floor have
become known in the last few decades.
We can expect a new continental tec-
tonics to augment plate tectonics and
serve as a framework for organizing
the multitude of observations on the
continents. We can see the beginnings
now. The idea of thin-skinned thrust-
ing as the primary effect of collision is a

forerunner of this new era. The related
story of terranes that cross the oceanic
areas and accrete to form the conti-
nents is just beginning to unfold. We
shall understand the role of fluids in the
deep crust, how they got there, how
they transport minerals, how they af-
fect rheology and crustal dynamics,
how they may be mined, whether they
support life. We can look forward to a
near-complete inventory of accessible
mineral and energy resources that will
outdate the search-for-it-when-needed
style of today. The earth mechanisms
that cause volcanoes and earthquakes
will be better understood and perhaps
controlled. At some time, though not
by 2020, earth processes will be so well
understood and observations so organ-
ized and computerized that, sadly, the
intellectual challenge of the science
will be reduced. But in the decades
ahead, the continental basement will
be an important and exciting frontier.

Other branches of geology also seem
ready for major advance. For exam-
ple, the field of evolution, which lay
somewhat fallow after the impact of
the powerful ideas of Darwin, seems

Left: Cornell is a leader in studying deep
crustal structures by seismic reflection pro-
filing, one of the two chief techniques for
exploring the earth's basement. The pho-
tograph shows researchers in the field,
preparing to conduct measurements with
the use of truck-mounted vibrators to
create signals.

Below: Deep drilling is the other chief
research technique for studying the earth's
deep basement. Beneath this structure in
the Kola Peninsula, Soviet geologists are
drilling deep into the earth's crust. The
borehole, already more than 12 kilometers
down, is the deepest in the world. Drilled as
part of a program to investigate crustal
structure, this hole is expected to provide
continuous information on the long-term
thermal regime and physico-chemical pro-
cesses, as well as a natural laboratory
for testing and updating equipment and
techniques.



fertile again; the current debates over
punctuated equilibrium and the effects
of impacts of extraterrestrial bodies
serve as forewarning.

Computers are sure to impact geol-
ogy heavily, both in research, where
the effects are already felt, and also in
earth-science instruction, where so far
little progress has been made in using
the unique capability of this powerful
tool. One can imagine the develop-
ment of a computer model that would
accommodate in an optimal way the
huge quantity of observational data on
the earth, and anticipate the construc-
tion of forward models of the planet as
it evolves through geologic time.

And, of course, there is fascinating
opportunity in study of the planets,
sun, moons, and other bodies of the
solar system whose stories must be
pieced together in a history common
with that of Earth. Thirty-six years ago
none of us dared hope that we would
hold in our hands a piece of the moon,
as many geologists now have. Perhaps
by 2020 geologists will find samples of
other planets, moons, asteroids, and
even the deepest, most inaccessible

parts of the continental crust, com-
monplace. The era begun by Colum-
bus, Magellan, Cook, and others who
sought observation and comprehen-
sion of the earth in a global sense is not
yet over, nor will it be by 2020.

An earlier version of this paper was
presented as the 1984 commencement
address at the Virginia Polytechnic
Institute Department of Geological
Sciences.

Jack Oliver, the Irving Porter Church Pro-
fessor of Engineering, came to Cornell in
1971 as chairman of the Department of
Geological Sciences and supervised its
reorganization and development as an in-
tercollege unit. Currently he is a leader of

the Consortium for Continental Reflection
Profiling (COCORP), which is centered at
Cornell, and director of the Institute for the
Study of the Continents (1NSTOC).

Oliver was educated at Columbia Uni-
versity, earning the doctorate in 1953, and
remained to work at the Lamont-Doherty
Geological Observatory there. He was a
member of the Columbia faculty for sixteen
years and served as chairman of the geol-
ogy department from 1969 to 197/.

He has served as a consultant to gov-
ernment agencies and on many panels of
the National Academy of Sciences and of
various international scientific organiza-
tions. He is currently chairman of the
United States Committee on Geody-
namics. He is a former president of the
Seismological Society of America and a
member of many other professional
societies.

Among the honors he has received are
the Walter Bucher Medal from the Ameri-
can Geophysical Union (1981), the Virgil
Kauffman Gold Medal from the Society of
Exploration Geophysics (1983), and the
Medal of the Seismological Society of
America (1983). He is a fellow of the Amer-
ican Geophysical Union and of the Geolog-
ical Society of America, and earlier this
year he was elected to the National
Academy of Sciences. 28



EXPLORING THE EARTH
BENEATH THE CONTINENTS

by Larry Brown
How the Appalachian Mountains were
thrust up when Africa collided with
North America some 30 million years
ago; how the western United States is
now being pulled apart; active magma
chambers lurking beneath New Mex-
ico and Death Valley; and 4'plumb-
ing" that may have formed the Mother
Lode gold deposits of California.

These are a few of the major geolog-
ical discoveries that have been made
by the Cornell-based Consortium for
Continental Reflection Profiling
(COCORP). The COCORP project
has turned technology developed by
the oil-exploration industry toward the
solving of fundamental questions
about the composition, structure, and
evolution of the continents.

THE SEISMIC REFLECTION
PROFILING TECHNIQUE
Beginning with its first field experi-
ment in the spring of 1975, COCORP
has used seismic reflection profiling to
map structures deep within the conti-
nental crust. This technique, similar to
radar and sonar, uses acoustic (sound)

29 waves to probe variations in rock

composition at depth. Developed pri-
marily to look for oil and gas deposits
in sedimentary basins, this geophysi-
cal method has been used effectively
by COCORP to map rock structures at
much greater depth and in areas that
have more scientific than economic
interest.

The research program is conducted
under the direction of faculty, staff,
and students in Cornell's Department
of Geological Sciences. Principal in-
vestigators at the present time are Jack
Oliver, Sidney Kaufman, and myself.
The consortium also includes scien-
tists from Rice, Dartmouth, Wiscon-
sin, and Princeton.

The field measurements are carried
out by a professional seismic survey-
ing company (Geosource, Inc.). Large
truck-mounted vibrators are used to
generate elastic waves in the ground.
These waves travel downward and are
partially reflected from discontinuities
in subsurface rock units, creating re-
flected signals that are recorded by a
10-kilometer array of detectors, or
geophones, deployed along the sur-
face. Over 2,300 geophones in ninety-

six independently recorded groups reg-
ister more than 700 million bits of
information each day on magnetic
tape.

These tapes are sent to Cornell to be
processed by COCORP students and
research staff on a computer system,
the Megaseis (a trademark name be-
longing to Seiscom Delta), which is
specifically designed for processing
seismic data. After considerable signal
enhancement and analysis on the com-
puter, there emerges an image of the
earth's deep crust that is suitable for
geological interpretation.

Since the COCORP field crew op-
erates year-round, COCORP re-
searchers stay very busy, not only
processing and interpreting the tre-
mendous volume of new data as they
roll in—a time-consuming procedure
in itself—but planning and preparing
for future field work. Locating roads
suitable for a seismic survey, obtaining
permission from appropriate agencies
and individuals, or arranging for alter-
nate locations if weather should prove
uncooperative (it too often does) may
require as much attention as analyzing



COCORP uses vibrator trucks to obtain
seismic reflection data. These trucks were
in operation in the Basin and Range of
Utah.

the seismic data. Fortran computer
codes and county land-use permits
sometimes seem equally inscrutable!

Although the logistics of maintain-
ing a continuous program of field
surveying while at the same time
scientifically evaluating the results are
demanding, COCORP's efforts have
been more than justified. COCORP
surveys in areas such as the southern
Appalachians and the Basin and Range
of the western United States have
helped revolutionize geologic thinking
about the origin and evolution of
mountain belts, rift valleys, and the
continents they form.

NEW DISCOVERIES ABOUT
APPALACHIAN HISTORY
Some of COCORP's most important
findings to date are from its surveys in
the Appalachian Mountain belt. This
ancient system, formed between 200
and 500 million years ago, represents
the breakup and subsequent reassem-
bly of a large continental mass that
included parts of what is now North
America, Europe, and Africa. Initial
breakup of the megacontinent formed

an ocean, Iapetus, similar to the pres-
ent Atlantic. Within this ocean
formed island arc systems like those
that now ring the Pacific. Beginning
some 450 million years ago, this ocean
began to close; the island arcs and
other crustal fragments were swept
onto the edge of what was to become
North America. Ultimately, North
American and African continental
fragments collided, forming a new
supercontinent, Pangea. Pangea later
split again to form the modern Atlantic
Ocean.

While this history of the Appala-
chians was being worked out by
geologists studying rocks at the earth's
surface, COCORP began to survey
the roots of the mountain belt. Those
surveys soon overturned conventional
notions about how the Appalachians
were put together. It was found that
the surface rocks are a poor guide to
the geology at depth: in fact, they are
part of a relatively thin sheet that had
been thrust 300 kilometers or more
northwestward from a source region
far to the southeast. Pushed under-
neath the deformed and metamor-

phosed rocks in this thrust sheet was a
dramatically different sequence of
rocks—relatively underformed sedi-
mentary strata that had been deposited
near the surface while the rocks now
above them were being heated and
deformed at great depth elsewhere.

By tracing out the subhorizontal
geometry of the fault which juxtaposed
these very different rock types,
COCORP demonstrated that the Ap-
palachians formed not by lateral accre-
tion of new continental material along
steeply dipping "sutures," but by
overthrusting of major rock units for
long distances. This overthrusting
created a rock "sandwich" in which
wet, sedimentary rocks were trapped
between older, metamorphic rocks.
One exciting implication of this pro-
cess is that water squeezed out of the
trapped sediments may have fluxed
through the overlying crystalline rocks
to deposit ore bodies. Another is that
the buried strata may still contain eco-
nomic reserves of hydrocarbons.

COCORP has now surveyed addi-
tional lines in the Appalachians to look
at variations in this basic model of 30



Figure 1

mountain-building. The latest work, in
southern Georgia and northern Flori-
da, appears to have found the specific
fault—previously unknown—across
which North America and Africa were
once joined.

THE PULLING APART
OF NORTH AMERICA
Whereas the Appalachians represent
an area in which ancient continents
once collided, the Basin and Range
province of western Utah and Nevada
is where the present North American
continent seems to be in the process of
pulling apart. The characteristic series
of mountain ranges and intervening
valleys that give this province its name
result from the breaking up of the
surface under lateral extension. The
faults along which this breakup is oc-
curring are usually steeply dipping at
the surface. It has long been specu-
lated that these faults extend com-
pletely through the crust into the un-
derlying mantle; however, a recent
COCORP survey has found a radi-
cally different arrangement.

31 COCORP's survey in west-central

Utah traced a key fault of the Basin
and Range deep into the crust (Figure
1). Instead of dipping at a high angle,
this fault—termed the Sevier Desert
detachment—was found to dip very
gently to the west, splaying out in the
lower crust into a complex zone of
faults. Significantly, the steep normal
faults evident at the surface do not
extend through the underlying low-
angle fault; therefore, the Sevier Des-
ert detachment must be the key struc-
ture in the process of crustal extension
in this area. Its geometry may be an
important clue for inferring the rheol-
ogy of the deep crust. An exciting
possibility suggested in part by
COCORP's Appalachian and Basin
and Range results is that low-angle
compressional faults, such as those
formed during continental collision,
may be reactivated to accommodate
later continental breakup.

The remarkable success of
COCORP's Utah survey spurred a
major effort over the past year to com-
plete a survey across the entire Basin
and Range province. This survey,
stretching from central California to

Figure 1. A portion ofCOCORP's seismic
section from the Sevier Desert in west-
central Utah. The strong reflection dipping
westward is a major c.xtensional fault con-
trolling the breakup of the continent in this
area. Seismic signals were initiated and
recorded after reflection at sites spaced
100 meters apart along the surface. The
vertical axis represents two-way travel
time in seconds; one second corresponds to
about 3 kilometers of depth.

central Utah, is the longest deep seis-
mic reflection traverse yet completed
on land (Figure 2). Results from that
traverse, which are still being
analyzed, have already greatly mod-
ified our ideas about how continents
pull apart.

CONDUITS FOR MAGMA
AND ORE-BEARING FLUIDS
Tracing the geometry of important
faults is not the only way COCORP
has thrown new light on continental
geology. Unusually strong reflections
detected in one of the earliest surveys
in New Mexico were interpreted to be
from a mid-crustal magma chamber.
Now, a new survey in Death Valley,
southern California, appears to have
found another one (Figure 3). An es-
pecially interesting aspect of these new
results is a dipping reflection that can
be traced from the inferred magma
chamber up to the surface. At the
surface is a young volcanic cinder
cone. The conclusion that COCORP
is seeing, for the first time, a conduit
that magma travels from depth to the
surface is hard to escape.



Figure 2

Figure 2. Location of COCORP surveys
completed to date (solid lines in color),
along with possible sites of future work
(open circles) and a grid of transcontinen-
tal transects (dotted) that serve as a basis
for long-term planning. Now under devel-
opment are specific plans for work on the
transect across Alaska, which will use
roads along the trans-Ala ska pipeline.

Figure 3. A COCORP seismic section from
Death Valley, showing a strong reflection
that may he a magma chamber. An arrow
points to this reflection, or 'bright spot/'
at about 6.5 seconds, which corresponds to
a depth of about 18 kilometers. The dipping
reflection between the other two arrows
appears to be due to a fault that may have
conducted magma to the surface: a geolog-
ically recent volcanic cindei cone lies at the
surface position of this fault.
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"COCORP surveys . . . have helped revolutionize
geologic thinking about the origin and
evolution of mountain belts, rift valleys,
and the continents they form."

33

Crustal plumbing of another kind
may be revealed by COCORP surveys
in northern California, where a survey
across the Sierra Nevada maps a series
of moderately dipping fault zones from
the surface to middle and lower crustal
depths. Some of these faults may have
served as conduits for the circulating
fluids that deposited the lodes of
"Gold Rush" fame.

COCORP'SLEADIN
STUDIES OF CONTINENTS
From these few examples, it is clear
that COCORP research is having a
major impact on our evolving under-
standing of the continents. As
COCORP enters its second decade of
operation, it continues to push into
new frontiers of exploration. New
technology, new processing, and new
surveys in areas such as Alaska and on
other continents are being considered.
Expansion of COCORP's field effort
with a second full-time field crew may
soon be possible.

COCORP's success has spawned
similar programs in continental reflec-
tion profiling in at least a dozen other

countries. COCORP must, and will,
work hard to maintain its leadership
position in the exciting new era of
continental exploration now opening
up.

Larry Broun, associate professor of
geological sciences, earned his doctorate
at Cornell in 1976 and remained in the
department as a postdoctoral associate
and then as a member of the faculty. His
thesis research was on recent crustal
movements, and his current work centers
on deep seismic reflection studies.

Brown received his undergraduate de-
gree in physics (with highest honors) from
the Georgia Institute of Technology in
1973. Soon after completing his graduate
studies and joining the Cornell faculty, he
received the ARCO Outstanding Junior
Faculty Award. During the summer of 1983
he was a guest professor in the lnstitut fur
Geophysik at Christian Albrecht Univer-
sitat in Kiel, West Germany.

He is a member of several honorary
societies and of the American Geophysical
Union, the Society of Exploration
Geophysicists, and the European Union of
Geosciences.



THE CORNELL ANDES PROJECT
Studies of Mountain-Building Processes in Action

by Bryan L hacks
The Andes and Himalayan mountain
systems are the world's most dramatic
expressions of the effects of the con-
vergence of two lithospheric plates.
Yet they are quite different. In the case
of the Himalayas, two continents have
collided, while beneath the Andes, the
suboceanic Nazca plate bends down-
ward and descends into the interior
beneath the overriding South Ameri-
can continental plate.

The Andean subduction zone is of
great interest because it is the simplest
example of the formation of mountains
where continental and suboceanic
plates converge. In other more com-
plex mountain belts, an Andean-type
convergence is thought to be an impor-
tant early phase whose effects are very
difficult to disentangle from those of
later processes such as continental col-
lision. In the Rocky Mountains, for
example, an Andean-type phase was
associated with the formation of major
oil-bearing structures, including the
well-known "Overthrust Belt," but
their present relief is the result of
events that occurred in a quite differ-
ent plate-tectonic framework.

Although the gross geometry and
motions of the two converging plates in
the Andean subduction zone are
known, we still understand very little
about the mechanical, thermal, and
chemical interactions between the two
plates, or between the plates and the
convecting material of the earth's inte-
rior. Indirect evidence of these pro-
cesses is provided by the patterns of
volcanism, deformation, and uplift
that have built and continue to build
the mountain belt, and by the images of
deep structure that we construct from
analyses of earthquake locations,
seismic waves, and other geophysical
data.

The Cornell Andes Project tries to
integrate these strands of evidence,
developed by quite a diversity of disci-
plines, in order to elucidate the funda-
mental processes that are at work.
This is necessarily a multidisciplinary
effort utilizing a broad range of data
from traditional field studies, satellite
images, and remotely monitored
geophysical sensors. Cornell re-
searchers involved in the Andes Pro-
ject include Muawia Barazangi and me,

who study earthquakes, topography,
and gravity; Richard W. Allmen-
dinger, who studies seismic reflection
profiles and young faults; Teresa E.
Jordan, who studies basin formation
and the timing of deformation and
magmatism; Arthur L. Bloom, who
studies landform evolution; and
Suzanne Mahlburg Kay, who studies
the chemistry and timing of the vol-
canism. Eight graduate students are
currently doing thesis research on the
Andes Project.

RELATING SURFACE AND
DEEP STRUCTURAL FEATURES
An important characteristic of the
Andes that closely ties observable sur-
face features to deep structures gives
us a very useful handle on the problem.
Along the main latitudinal trend of the
Andes, major variations in the charac-
teristics of the mountain belt can be
closely correlated with the shape of the
overridden Nazca plate. The major
segments of the mountain belt corre-
spond to plate segments with angles of
inclination that alternate between 30
degrees and nearly horizontal. The 34
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Figure I. Regions of the Andes under study
in the Cornell project. The mountain build-
ing is the result of subduct ion of the Pacific
plate under the North American plate.
Data acquired in the project have shown
that surface features are correlated with
characteristics of the underlying litho-
spheric plate: In the northern segment, the
30° inclination of the underlying plate is
associated with active volcanism. Farther
to the south, where the underlying plate is
nearly horizontal, there is little or no vol-
canism, but the basin-and-range forma-
tions of the Sierras Pamp e anas show that
there has been crustal deformation.

most striking correlation is between
the nearly horizontal segments of the
Nazca plate, and a complete absence
of the active or geologically young
volcanoes that are so prominent a fea-
ture of other parts of the Andes. This
correlation suggests that the existence
and shape of the wedge of subcrustal
material located between the converg-
ing plates is critical to the generation of
volcanoes and to other processes going
on in the overriding plate.

In the Cornell Andes Project we
focus on two of the segments located in
the central Andes (see Figure 1). The
northern segment has hundreds of vol-
canoes, including many of the world's
highest, whose edifices sit atop a broad
uplifted area nearly four kilometers in
average elevation, fifteen hundred
kilometers in length, and three
hundred kilometers wide. In the other
segment, to the south, the area of very
high elevation becomes significantly
narrower, and for a distance of nearly
seven hundred kilometers along the
main mountain chain, there are no
volcanoes. There is, however, evi-
dence of youthful crustal deformation



". . . we seek to
understand the
processes that

produced and are
still forming the

Andes mountains."

in the eastern foothills of the high
Andes, the "Precordillera," and in the
basins and ranges of the Argentine
Sierras Pampeanas. The subducted
lithospheric plate changes in inclina-
tion from 30 degrees beneath the vol-
canic cordilleras to nearly horizontal
beneath the nonvolcanic cordilleras.
We are investigating changes in crustal
and lithospheric properties from one
segment to the other, and also deter-
mining the shape of the subducted
lithosphere beneath the segments.
Through the combination of informa-
tion, we seek to understand the pro-
cesses that produced and are still form-
ing the Andes mountains.

REGIONAL AND LOCAL
GEOLOGIC STUDIES
Our project includes a regional-scale
synthesis of geological, topographical,
and geophysical data—a kind of study
never before undertaken for the
Andes—as well as more detailed in-
vestigations that focus on key prob-
lems in particular areas.

The regional-scale compilation has
revealed the correlations between the
geometry of the subjected Nazca plate
and the surficial features, and provides
the framework for the entire project.
In addition, this research has led us to
a new model of the underlying pro-
cesses. Most current models of the
Andes have the crust thickened pri-
marily by the addition of molten rock
extracted from the mantle. In contrast,
we find evidence that the main pro-
cesses in operation are a combination
of heating, leading to thermal expan-
sion and weakening of the continental
plate, and subsequent horizontal
shortening and vertical thickening of

the crust in response to the compres-
sional stresses produced by the con-
vergence of the lithospheric plates.

Our detailed studies are clustered in
two geographical areas. In one area,
near the city of San Juan, Argentina,
Jordan, I sacks, Allmendinger, and
Kay are investigating the nature and
history of ongoing crustal deformation
and older, now extinct volcanism
above the nearly horizontal segment of
the Nazca plate. This region is quite
similar in structure to the petroleum-
rich areas of Wyoming and Colorado,
but it is much younger. Jordan's
studies of sediments shed from the
rising mountains into deep adjacent
basins show that crustal deformation
spanned the last ten million years, and
the seismicity Barazangi and I are
studying shows that deformation is still
an active process. Our earthquake
studies and Allmendinger's reflection
seismology help us tie the surficial
structures to deformation deep in the
crust and to the underlying litho-
spheric structures. Kay's work on the
older volcanic rocks relates to the
processes by which the Nazca plate
became segmented; her studies and
Jordan's indicate that the nearly hori-
zontal inclination of the Nazca plate
may have developed only ten million
years ago.

In the second area, near the city of
Tucuman, Argentina, Bloom and
Allmendinger are conducting field
projects that focus on the transition
zone between the two principal plate
segments. Determinations of the pat-
tern and history of deformation and
uplift in this zone yield critical clues
about the different processes in the
two main segments that flank it. Uplift 36
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Photographs from the Cornell Andes Proj-
ect show some of the features under study.
I. Researchers from Cornell and the
Argentine Geological Service collect vol-
canic ash samples from a sedimentary rock
formation. A fission-track technique is
used to establish the absolute ages of the
specimens. 2. These young deformed
sedimentary rocks in the Santa Maria val-
ley are from the transition zone between
the northern volcanic and the nonvolcanic
segments of the Andes (see Figure I).
These rocks are less than 10 million years
old. 3. Thrust faults (traced by the barbed
lines) are an indication of deformation of
the Andes. 4. This cinder cone and flows in
the northern segment are an indication of
recent volcanic activity.



and faulting are indicated by Bloom's
analysis of landforms, especially the
terraces and gravel slopes mantling the
intermontane valleys. Allmendinger's
examination of successive senses of
displacement across faults reveals the
pattern of deformation in space and
time. Newly acquired imagery from
the Space Shuttle and satellites com-
plements the field data.

COORDINATED WORK
ON A LARGE-SCALE STUDY
The Andes Project is an ambitious
undertaking, for it is concerned with a
large, relatively poorly mapped region
extending into three countries—
Argentina, Chile, and Bolivia. Al-
though we have extracted much useful
information from very extensive
searches of the literature, much of it
available only in South America, and
from syntheses of these data across
national boundaries, the most critical
sources of new data are produced by
satellite sensors and by other forms of
remote sensing, such as detection of
earthquakes by the international global
seismograph network.

Remote-sensing techniques have an
enormous impact on the strategy for
studying regions such as the Andes
that are too large and inaccessible to be
effectively covered by the traditional
methods of field geology. Instead, field
work can now be much more sharply
focused on specific localities and prob-
lems critical to our understanding of
the fundamental regional-scale pro-
cesses. The Andes Project, as well as
other, similar work in the Department
of Geological Sciences, will benefit
greatly from the recent acquisition of a
powerful computerized system for

processing images, a facility that is
necessary to exploit the large and
rapidly increasing satellite and
geophysical data banks. (See John M.
Bird's article in this issue for a discus-
sion of the system.)

The Andes Project demonstrates
the effectiveness of combining many
approaches and techniques in an inte-
grated study of a geologically signifi-
cant region. The project calls on the
expertise of specialists in various fields
of geological science, and utilizes
methods ranging from the detailed
examination of sediments to satellite
imagery. It encompasses both the
geologic history of a region and the
present conditions, integrating them
into a description that extends through
time and space. It explores at depth as
well as on the surface, correlating the
crustal structures and processes with
those of the underlying lithospheric
plates.

What is emerging is not only a large
amount of information, but a better
understanding of fundamental geologic
processes. Through learning about the
Andes, we learn about Earth.

Bryan L. hacks, professor of geological
sciences at Cornell since 1971, is a spe-
cialist in seismology and tectonics. He was
educated at Columbia University, earning
the A.B. degree in 1958 and the Ph.D. in
1965. Before coming to Cornell, he con-
ducted research at the Lamont-Doherty
Geological Observatory at Columbia and
served as an adjunct associate professor.

hacks has studied the seismology of the
various parts of the world, including the
Tonga, Fiji, and New Hebrides island arcs.

He has also participated in geophysics
research in the Arctic region and in petro-
leum exploration using seismic reflection
profiling. In addition to participating in the
Andes Project, he is currently cooperating
with French seismologists in the study of
earthquakes in the New Hebrides island
arc and is developing the computerized
image-processing system mentioned in this
article.

He is a fellow of the American Geophysi-
cal Union and the Geological Society of
America, and was elected to the board of
directors of the Seismological Society of
America for two terms.



THE DEFORMATION OF SEDIMENTS
IN MOUNTAIN BELTS

by Daniel E. Karig
Highly lithified, strong, and dense
sedimentary rocks, such as those used
in many of Cornell's buildings,
evolved from a very soft and highly
porous state at the sediment-water
interface. Such evolution may occur
without much deformation, under the
load of subsequently deposited sedi-
ment, but in mountain belts and other
zones of major earth movement,
sedimentary rocks are often deformed,
sometimes extremely so.

In the past, it was tacitly assumed
that most of this deformation occurred
after the sediments were lithified, but it
has become increasingly obvious that
this is not generally true. Much of the
deformation now observed in moun-
tain belts occurred near the deep-sea
trenches that mark converging plate
boundaries. In that setting, soft sedi-
ments are scraped off the descending
oceanic plate and accreted to the inner
trench slope, which later is uplifted
and incorporated into a mountain belt.
During this process, deformation and
lithification progress simultaneously.

The deformation that develops
39 under these conditions is not so much

large-scale folding and' faulting as a
pervasive distortion on a small scale.
One intriguing form is melange, an
incredibly sheared and disrupted mass
consisting of many different rock types
and found as sheets or bands in almost
all mountain belts. The origin of
melange has been the cause of some-
times heated argument for almost a
century and still defies adequate ex-
planation. It is quite clear that melange
and a host of other highly deformed
rocks develop somewhere near
trenches, but where, in what mechan-
ical state, and by what process? Vari-
ous possibilities have been suggested.
Perhaps shearing in deep, diffuse fault
zones is the cause; perhaps the defor-
mation occurs as a result of mixing in
immense submarine landslides.

Advances in the understanding of
sediment deformation are coming from
such approaches as geologic study of
marine trenches, detailed structural
analysis of lithified sediments in moun-
tain belts, and laboratory simulation of
natural sediment deformation. A diffi-
culty is that these approaches involve
quite widely separated geoscientific

disciplines and have seldom been inte-
grated in a way that provides reinforc-
ing evidence. Now, however, these
different approaches are being com-
bined in a study of the Southwest
Japan Arc that involves several of us at
Cornell.

MARINE STUDIES
OF AN ISLAND ARC SYSTEM
In the offshore trench of the Southwest
Japan Arc, seismic profiling and
deep-sea drilling show that sediments
from the ocean floor are being accreted
to the Japanese margin in thrust sheets
(see Figure 1). These thrusts, it is now
recognized, play a major role in shap-
ing the inner trench slope, and account
for much of the deformational fabric;
however, almost half the convergence
is absorbed by structures, too small to
resolve seismically, that are diffused
within the thrust sheets. The massive
slides once proposed have not been
observed—not in the Japan Arc, not in
any arc. What does occur is a concen-
tration of smaller slumps at the toe of
the frontal thrust, and since the mate-
rial there is subsequently carried be-
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neath the thrust mass, some shearing is
superimposed on the slump fabric.
This may produce some melanges,
though certainly not all.

Deep-sea drilling in the trench and
lower slope has provided a wealth of
detailed information about the physi-
cal properties and structural fabric of
the accreted sediments, and these data
permit us to estimate the mechanical
state of the material. The diffuse de-
formation is probably partly ductile,
but it has also produced shear fractures
that become more prevalent with in-

Figure 1. A seismic reflection profile (a)
and interpretive section (b) across the
Southwest Japan Trench of Shikoku. This
profile shows the beginning of deformation
at the foot of the inner trench slope, and the
approximate location of deep-sea drill
holes.

creasing depth. The orientation of
these fractures, together with the
geometry of the major thrust faults,
indicates not only the orientation of the
stress tensor, but also the magnitude of
some stress components. These struc- 40



Figure 2

Effective normal stress on shear surface (MPa)

Figure 2. A Mohr diagram and mechanical
model for the deformation at the foot of the
trench slope shown in Figure I. In the
diagram, the shear strength (r) is deter-
mined from the relation r = Co + Uman',
where cohesion (Co) is measured in drill
cores, the 'internal friction" (Um) is calcu-
lated from observed shear fractures, and
the effective normal stress on the shear
surface icrn') is deduced from the large-
scale structural pattern.
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tures can also be used to determine
such mechanical parameters as the
coefficients of internal and sliding fric-
tion (see Figure 2). In addition, the
drilling data, together with geophysical
data and measurements of the shape of
the deformation zone, have allowed us
to determine the distribution of defor-
mation across the slope, as well as the
rates at which Japan and the Philippine
Sea plate are converging.

COMBINING LAND-BASED
WITH MARINE STUDIES
As important as it is, deep-sea drilling
has not provided enough data to solve
most of our problems. In part, this is a
result of the very difficult technical
problems encountered in attempting to
penetrate the unstable sediments of the
deforming zone. We have come to
realize that the incomplete recovery of
small cores of sediment that have been

disturbed by the drilling operation
leaves too much of the structural fabric
to the imagination. An additional im-
portant limitation is that even with the
most advanced drilling techniques, the
deeper and presumably more highly de-
formed sediments cannot be reached.

These deeper levels of the accreted
sediments can be studied, however, in
mountain belts that have been exposed
by uplift—a process caused by con-
tinued convergence and erosion or by
the collision of continents. On the is-
land of Shikoku, directly north of the
drill sites, sediments accreted at the
trench 20 to 100 million years ago are
widely exposed and reveal many of the
structural features formed at greater
depth. In cooperation with Japanese
geologists from Kochi University, we
have begun detailed structural studies
of the youngest of these rocks, which
display a range of deformation from

melange to highly coherent, but tightly
folded, bedding.

In these sediments we see a progres-
sion of structural styles that can be
attributed to progressive lithification,
as well as to a changing strain field.
The interaction of structural geome-
tries reveals the sequence of deforma-
tional events, and to some extent im-
plies the physical and mechanical state
of the material when each structure
was formed. Of course, we now see
only the cumulative result of the de-
formational spectrum and the final me-
chanical and physical state; all the
earlier states must be inferred, and
most of the earlier structures have
been badly degraded by younger de-
formation. For these reasons, we have
very little information about the path
those rocks followed in time and space
from the ocean floor to their present
outcrops.



Figure 3

Figure 3. Very ductile folds in highly de-
formed sediment accreted from the trench
and exposed in Shikoku. This sediment was
probably deformed in a slump similar to
that shown in Figure I.

We can restrict the possible paths by
using what we do know about the
nature and distribution of deformation
and of mechanical properties in the
more active region near the trench.
For example, we know that early, ex-
tremely ductile, and discontinuous
folds (Figure 3) probably developed in
the slumps at the toe of the frontal
thrust (Figure 1). We can also obtain
some idea of the mechanical state that
existed during development of a phase
of deformation by observing the style
of structures that resulted. Thus, early

ductile folds reflect very high porosity,
whereas the later brittle structures in-
dicate deformation at lower porosities
and higher effective stresses.

THE CONTRIBUTION
OF LABORATORY STU DIES
This approach is limited, however, by
the very rudimentary correlation that
exists between physical and mechan-
ical properties and the resultant struc-
tural style. One might think that these
relationships would have been devel-
oped long ago through experimental

research, but for several reasons the
behavior of moderately porous sedi-
ments has been largely ignored. One
reason, which I have already men-
tioned, is that until recently, geologists
did not attach much importance to
deformation in fcCsoft sediments."
Also, these sediments have properties
that are intermediate between those of
soils and rocks, and therefore are dif-
ficult to work with using existing
equipment. The sediments are less
porous and stronger than the soils in-
vestigated by geotechnical engineers, 42



whose test apparatus is seldom capa-
ble of handling the high stresses
needed; on the other hand, geophysi-
cal rock mechanics is concerned with
the behavior of very low-porosity
rocks, generally at much higher
stresses.

We are attempting to develop corre-
lations between mechanical properties
and structural states of soft sediment
through a research program of experi-
mental deformation. In the new Snee
Hall is a large laboratory for experi-
ments on sediment deformation that
will use equipment we have been de-
veloping for several years. The cen-
terpiece of the laboratory is the
computer-controlled, servo-hydraulic
load frame for applying loads to a test
cell in which we can measure axial and
radial stresses, as well as changes in
pore-water volume and pressure.
Some of the test samples will be cores
collected from deep-sea drilling sites,
but since there are not enough of these
cores to show an adequate range of
properties, we will supplement them
with prepared samples of predeter-

43 mined composition and porosity.

These samples will be created under
natural loading conditions in a second
load frame and consolidation cell.

Because deformation in sediment is
not homogeneous, we plan to examine
the results of our experiments in the
microdomain, using optical and elec-
tron microscopic techniques. Those
techniques have had very little applica-
tion to rock mechanics, but the various
elements are well established in related
disciplines. In this we are extremely
fortunate to have the help of other
Cornell researchers in relevant areas
of structural geology and geome-
chanics; they include Andy Ruina of
the Department of Theoretical and
Applied Mechanics, Dave Kohlstedt
of Materials Science and Engineering,
Tom CTRourke of Structural En-
gineering, and Maura Weathers and
Rick Allmendinger of Geological
Sciences.

With the help of all these Cornell
specialists, and the physical rseources
afforded by the new building, we be-
lieve we will provide an important part
of the solution to a long-standing prob-
lem in geology.

While he has been at Cornell, Daniel E.
Karig, professor of geological sciences,
has participated in numerous oceano-
graphic expeditions, including two cruises
of the Deep-Sea Drilling Project, and has
undertaken field research in Indonesia, the
Philippines, Iran, and—as indicated in this
article—the Southwest Japan island arc
system.

Karig studied geological engineering as
an undergraduate at the Colorado School
of Mines, a ml took his graduate education
at the Scripps Institute of Oceanography of
the University of California at San Diego.
After receiving his doctorate in 1970, he
spent a year as a marine geologist at the
Scripps Institute and two years on the
faculty of the University of California at
Santa Barbara before joining the Cornell
faculty in 1973.

In 1979 he was awarded the Edmond C.
van Diest Medal by the Colorado School of
Mines, and in 1982 he was elected an
honorary foreign member of the Geologi-
cal Society, London. He is a fellow of the
Geological Society of America and a
member of the American Geophysical Un-
ion, the Geological Society of Malaysia,
and Sigma Xi.



THE EARTH'S INTERIOR

by William A. Bassett, John M. Bird, and Maura S. Weathers
Because there is no direct access to the
interior of the earth, exploration of that
region must be carried out indirectly.
Petrologists study rocks such as kim-
berlites (a source of diamonds) that
come from depths of several hundred
kilometers. Seismologists deduce
structural features by analyzing seis-
mic waves that travel through the
earth. Mineralogists subject minerals
to high pressures and temperatures to
determine the properties of these sub-
stances at conditions that exist within
the earth.

The integration of results from these
sources is providing a better under-
standing of the nature of Earth's inte-
rior. Because of these techniques, and
new ones that are being developed, the
next decade or so can be expected to
be a time of significant advance in the
study of the interior of the planet.

Geologists at Cornell are contribut-
ing to this exploration in several pro-
grams of research. In this article we
describe three investigations we are
conducting. One is an experimental
study in which we are determining the
conditions under which diamond

melts, and the implications for earth
processes. Another is a project in
which very intense x-rays from the
University's synchrotron are used to
study phase transitions in certain sig-
nificant minerals. The third is a study
of rocks and minerals that we believe
actually originated in the earth's deep
interior.

THE MAJOR REGIONS:
LITHOSPHERE, MANTLE, CORE
These specific and finely detailed
studies are directed to a very large-
scale subject: the whole earth, extend-
ing from the crust on which we live to
the unreachable center. The principal
regions of the interior, as diagrammed
in the illustration on the inside front
cover, are the lithosphere, the mantle,
and the core.

The lithosphere is composed of
oceanic and continental crust and
some mantle rock. It is segmented into
a number of relatively rigid plates that
are continuously generated and con-
sumed into the mantle in response to
underlying processes. The recent ad-
vances in understanding the motions of

the lithosphere have established that
during intervals of about 400 million
years, approximately 70 percent—the
sea floors—of the earth's lithosphere is
exchanged by plate evolution. Conti-
nents ' 'drift" because of plate evolu-
tion, and plate evolution is the princi-
pal mechanism by which the planet's
internal heat is dissipated.

The bulk of the mantle, more than 60
percent of the mass of Earth, extends
downward from beneath the litho-
sphere to the core, at a depth of ap-
proximately 2,900 kilometers. Seismic
studies show that the mantle is stiffer
than steel. However, because the sili-
cates and oxides that constitute the
mantle are almost at their melting tem-
peratures, viscosity is low enough so
that convective flow could occur. Be-
cause the magnitude of heat flowing
from the earth is greater than would be
expected by simple conduction, it is
believed that the mantle is convecting
and that this convection drives the
lithosphere plates.

The region just below the litho-
sphere, the asthenosphere, is the
source of much of Earth's volcanism. 44



'. . .the next decade or so can be
expected to be a time of significant advance
in the study of the interior of the planet.'

The asthenosphere has relatively very
low viscosity because the pressure-
temperature conditions of that part of
the mantle are very close to the condi-
tions that result in melting. The as-
thenosphere is the region of the mantle
that accommodates both the lateral
and the vertical motions of the overly-
ing lithosphere.

The core is known to be liquid from
approximately 2,900 to approximately
5,200 kilometers, and solid from there
to the center. The magnetic field of the
earth originates in the liquid, electri-
cally conducting region. Very little is
known about the nature of the solid
core. Considerations of the density,
pressure-temperature conditions, and
magnetic field of the earth, and the
cosmological abundances of the ele-
ments, all suggest that the core of
Earth is predominantly iron, with

Figure I. Laser heating in the diamond-
anvil cell. Laser radiation is focused onto
the sample, which is squeezed between two
diamond anvils. The anvils are mounted on
the ends of pistons that are driven together

45 /?v a screw-drive.

perhaps several percent of other ele-
ments such as nickel, silicon, oxygen,
carbon, and sulfur.

IS THERE LIQUID CARBON
IN THE INTERIOR?
Because carbon is a common element
in the solar system and presumably
occurs within the mantle and core, its
properties there may have an impor-
tant influence on the nature of the
interior. This influence could be signif-
icant if carbon is a liquid under the
high-pressure and high-temperature

Figure I

diamond anvil

conditions of the mantle—and there is
reason to believe that this may be so. It
has been suggested (by Francis Bundy
in 1963) that diamond, like ice, has a
melting temperature that decreases
with increasing pressure. The main
objective of our research is to deter-
mine whether the melting temperature
of diamond does, indeed, decrease
with pressure, and if so, whether car-
bon might be a liquid below some
depth within the earth.

To achieve the very high pressures
needed for such experiments, we
"squeeze" our samples between two
flat faces of single-crystal diamonds in
a diamond-anvil cell (Figure 1). To
achieve very high temperatures, we
focus infrared radiation from a rapidly
pulsed, Q-switched YAG laser
through one of the diamond anvils onto
the sample.

In one of our experiments, with a
sample consisting of graphite powder
mixed with potassium bromide, we
found evidence of melting (see Figure
2). During the experiment, the focused
laser beam damaged one of the anvil
faces, producing a kkstreak" with two



Figure 2a
Figure 2. Possible evidence of the melting
of diamond.

A damage streak that appeared on the
surface of one of the diamond anvils during
an experiment is shown in a, a photograph
taken with an optical microscope. The por-
tion of the streak area that was at lower
pressure during heating is opaque, indicat-
ing that it consists of graphite. The portion
that was at higher pressure is transparent,
indicating that it consists of diamond
and/or quenched diamond-melt. (The bar
scale = 40 micrometers.)

The image in b, obtained with a scanning
electron microscope, shows the trans-
parent portion of the damage streak. A
back-scattered imaging mode was used to
emphasize topography. The low-pressure
portion of the streak has a raised surface,
but in the high-pressure portion there is a
groove with ridges on each side; this is
interpreted as diamond that had been
melted. (The bar scale — 30 micrometers.)

A detail of the furrow" produced by
melting of the surface of the diamond anvil
is shown in c. The small arcuate ridges that
run across the furrow" are known to be
caused by the pulses of the Q-switched laser
used to heat the sample. The small, bright,
circular 'dots" are droplets of potassium
bromide, which was the pressure medium
used in the experiment. Some of these
"dots" are imbedded within the diamond.
(The bar scale = 12 micrometers.)

distinct parts: an opaque portion in a
relatively low-pressure region, and a
transparent portion in a high-pressure
region (Figure 2a). Our interpretation
is that the two portions of the streak
consist of graphite and diamond.
Scanning electron microscopy (Figure
2b) showed that the region that was at 46



high pressure has a groove with ridges
on each side, suggestive of melting.
Some of the scanning electron images
of the furrow (Figure 2c) show small
4'dots," which we identified as potas-
sium bromide. Some of these dots re-
mained even after washing, and a sub-
sequent stereopair of scanning elec-
tron images showed that they are be-
neath the surface of the transparent
carbon in the furrow. An analysis of
the imbedded material confirmed that
these dots, too, are potassium
bromide. The indication is that drop-
lets of potassium bromide had been
enveloped by liquid carbon.

The next step in this investigation
will be to measure temperature during
the time of diamond melting. We are
developing a system that will give a
spectrum of the incandescent light
from the heated sample during a
twenty-nanosecond interval. From
this spectrum it will be possible to
determine the temperature on the basis
of a quasi-black-body emission. The
shortness of the time interval needed
to acquire the spectrum will permit us
to measure temperatures produced
during individual pulses of the
Q-switched laser, thus avoiding fluc-
tuations from one pulse to the next.

If we find that the melting tempera-
ture of diamond does decrease with
increasing pressure, there will be good
reason to conclude that liquid carbon
exists within the earth's mantle. If
present in sufficient quantities, liquid
carbon could be important as a lubri-
cant for mantle convection. Also, liq-
uid carbon could provide a driving
mechanism for mantle plumes, which
are responsible for such features as the

47 Hawaiian volcanoes.

SYNCHROTRON X-RAYS FOR
PHASE TRANSITION STUDIES
The high pressure produced in a dia-
mond cell can also be used to study
phase transitions in mantle materials.
In the Cornell project, the first sample
to be studied by this technique was
fayalite (Fe2SiO4), which undergoes a
pressure-induced transition from the
olivine structure to the spinel structure
at a temperature of several hundred
degrees. Under an optical microscope,
the transition can be observed as a
change in color, but visual observa-
tions do not yield crystallographic in-
formation; x-ray diffraction is neces-
sary for that.

A serious experimental problem
with using x-rays from a conventional
source is that the measurements take a
long time: obtaining even one diffrac-
tion pattern requires days, and observ-
ing a phase transition in progress
would take the better part of a year.
Until the very intense x-rays from syn-
chrotron sources became available, an
experiment like that simply could not
be considered. We are fortunate to
have here at Cornell one of the best
facilities in the world for using syn-
chrotron radiation. The Cornell High
Energy Synchrotron Source (CHESS)
at the Wilson Laboratory produces an
x-ray beam so much stronger than
those from conventional sources that a
diffraction pattern can be obtained in
just one minute. With this capability, it
is entirely feasible to examine a phase
transition in progress within the
diamond-anvil cell.

Our interest in the olivine-spinel
transition derives from a suggestion
made by Jean Paul Poirier in 1981. He
pointed out that the two structures dif-

fer in the way the oxygen atoms are
stacked and in the distribution of cat-
ions in the interstices, and he suggested
that the transition mechanism depends
on a res tacking of the oxygen atoms and
a redistribution of the metal atoms. We
reasoned that there might be a time
interval between these two proposed
processes, and that during such an
interval a sample should produce an
x-ray diffraction pattern different from
that of either the low-pressure or the
high-pressure phase.

In our experimental set-up (Figure
3), x-rays scattered by the sample are
detected and the energies of the emerg-
ing photons are analyzed and displayed
on an oscilloscope. The resulting pat-
tern is used to determine crystallo-
graphic information about the sample.
The intensity of the x-ray beam is so
great that the runs must be made inside
a closed, lead-lined cave, and changes
in pressure and temperature in the dia-
mond cell must be made by remote
control. One minute is required to in-
crease pressure or temperature, and
one minute is required to obtain a dif-
fraction pattern and store it on a floppy
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Figure 3. Schematic diagram showing the
arrangement of the diamond-anvil cell in the
x-ray beam from the Cornell High Energy
Synchrotron Source (CHESS). A white
beam of x-rays (that is, one containing a
large range of wavelengths) is collimated so
as to pass through one of the diamond anvils
to reach the sample. Information about the
atomic arrangement within the sample at
high temperature and pressure is obtained
from scattered x-rays picked up by the ger-
manium detector.

disk. In a typical running period of three
to four hours, we can easily obtain a
series of patterns at small increments of
time as the sample passes through a
phase transition.

We made several series of runs in
which we set the temperature and
changed the pressure, and at 500°C we
observed the phenomenon we were
looking for: one pattern clearly
showed the diffraction peaks expected
for the intermediate state in which the
oxygen atoms had become restacked
but the metal atoms were not yet reor-

The experiment must be run inside a
lead-lined "cave"; pressure and tempera-
ture inside the cell are remotely controlled.
Pressure is applied to the sample by a driver
turned by means of a selsyn motor and gear
system, and temperature is adjusted by
means of heating elements attached to a
variable transformer outside the cave.
Changes in pressure and temperature can
be made without turning off the x-ray beam.

dered. Next we made a run at a some-
what lower temperature and quenched
the sample as soon as the transition
began to occur. A diffraction pattern of
this sample, obtained with use of a
more sensitive photographic tech-
nique, confirmed the existence of the
intermediate stage.

Our experiments show that Poirier's
suggested mechanism is correct, at
least for the conditions that exist
within the diamond cell, where intense
shearing takes place. In a more uni-
form, isotropic environment, there is

probably a different mechanism, one
of nucleation and growth. Such a
mechanism would have a higher ki-
netic barrier—that is, a greater over-
pressure or a higher temperature
would be required to make the transi-
tion take place. Further measurements
should help us understand this better.

Knowledge of the phase transition
between olivine and spinel will in-
crease significantly our understanding
of mantle processes. It is generally
agreed that this transition is responsi-
ble for the seismic discontinuity (a
change in seismic wave velocity) ob-
served at a depth of about 400 kilome-
ters. It has been suggested that very
deep-seated earthquakes may result
from an abrupt triggering of this transi-
tion as lithosphere descends across the
discontinuity in a subduction zone. In
such a process, olivine in the subduct-
ing lithosphere might pass metastably
into conditions under which the spinel
structure is actually the stable phase;
any shear stress, however, could trig-
ger the transition because it would
lower the kinetic barrier. Once the
transition started, it would propagate
through the metastable olivine because
the transition itself would generate
shear stresses which in turn would
cause nearby olivine to transform.

STUDIES OF MINERALS
DERIVED FROM THE MANTLE
In the third Cornell study of the earth's
interior, we are examining mantle
rocks and minerals that have been
brought to the surface by natural pro-
cesses. Volcanic processes are known
to transport mantle material to the
surface; an example is kimberlite, the
source of diamond, which can be 48



Figure 4
Figure 4. A scanning electron micrograph of
a naturally occurring Os-Ir-Ru alloy speci-
men found in Oregon and believed to have
originated deep in the earth's interior. In-
tergrown laths of osmium-rich metal occur
in a fine matrix of indium-rich metal. (The
bar scale = 50 micrometers.)

Figure 5. A plot showing the melting tem-
perature of Os-Ir-Ru alloys, compared with
the temperature distribution within the
earth. The inference is that the minerals
might have been formed close to the inner
core.
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erupted from depths as great as several
hundreds of kilometers. Although it is
generally believed that the deep inte-
rior is completely inaccessible to sam-
pling, we have been working for a
number of years on rocks and minerals
that we believe may have been trans-
ported by convection and volcanism
from great depths.

These rocks and minerals include
complex assemblages of iron-titanium
oxides, platinum-group alloys, car-
bides, and iron-nickel alloys. They are
usually associated with mantle rocks

of the lithosphere (known as ophio-
lites) that have been brought to the
surface by plate tectonic processes or
by volcanic eruptions. These speci-
mens are exceedingly rare. They have
been formed at, or affected by, tem-
peratures and pressures very much
higher than those of the lithosphere,
and they are usually very inert to
chemical change on the earth's sur-
face. We are interested in determining
the physical and chemical conditions
under which these various rocks and
minerals were formed.

One rock that is of particular interest
to us is an assemblage of osmium-
iridium-ruthenium alloys. Specimens,
very rare, are found in gold and
platinum placer deposits that form by
erosion of surface exposures of mantle
rocks of the lithosphere. Figure 4, a
scanning electron microscope image of
one of these assemblages, shows metal
laths that are rich in osmium and a finer
surrounding matrix of iridium-rich
metal. The actual geologic process by
which this assemblage was formed re-
mains unknown, but metallurgical
studies show that upon cooling of a
melt of Os-Ir, the laths would form
first and then the matrix would crystal-
lize. The temperature at which this
would happen is in the approximate
range of 3,000 to 2,500° C, so that if the
specimen shown in Figure 4 cooled
from a melt, it must have come from
the deep interior where such high tem-
peratures exist, or else it must have
been produced by some unknown pro-
cess in the upper mantle or litho-
sphere. A plot (Figure 5) of the ex-
trapolated melting temperature of this
alloy and of the model temperature, or



Right: The authors pose in Cornell's rock
park developed by the Department of
Geological Sciences. From the left are
John M. Bird, Maura S. Weathers, and
William A. Bassett.

geotherm, of Earth indicates that there
are no known temperatures outside the
core that are sufficient to melt these
alloys.

FINDING WAYS
TO EXPLORE AT DEPTH
The three projects described here
demonstrate that there are ways of
studying the seemingly inaccessible
regions of Earth's interior. Finding out
how minerals behave under pressure
and temperature conditions far be-
neath the crust is one approach. Fol-
lowing this route, investigators can
reach a better understanding of the
processes taking place below. Another
way is to examine actual rock speci-
mens transported by natural processes
to the surface from the mantle or,
perhaps, even from the core.

In some ways, exploring the depths
of our planet is a more formidable
challenge than exploring the depths of
space. Yet ingenuity in finding and
interpreting clues can help us study
depths we cannot enter. The earth's
interior may not be so inaccessible
after all.

Professors William A. Bassett and John M.
Bird, and Senior Research Associate
Maura S. Weathers are in the Department
of Geological Sciences.

Bassett joined the Cornell faculty in 1978
after sixteen years at the University of
Rochester. He holds the B.A. degree from

Amherst College and the M.S. and Ph.D.,
granted in 1959, from Columbia Univer-
sity. For his thesis research he studied
sheet silicates, and subsequently he spent
several years as a research associate in
geochemistry at Brookhaven National
Laboratory, dating rocks by the
potassium-argon method. His current re-
search is on the effects of high pressure and
high temperature on the properties and
phase relationships of minerals. He is a
fellow of the American Geophysical Union,
the Geological Society of America, and the
Mineralogical Society of America.

Bird came to Cornell in 1972 from the
State University of New York at Albany,
where he was chairman of the geological
sciences department. He received his un-
dergraduate education at Union College
and did his graduate work at Rensselaer
Polytechnic Institute, earning the Ph.D. in
1959. A specialist in geotectonics,
orogeny, and the origin of terrestrial met-
als, he has been a senior research as-
sociate at the Lamont-Doherty Geological

Observatory at Columbia University, a dis-
tinguished visiting scientist at the Ameri-
can Geological Institute, and a National
Academy of Sciences Visiting Scientist.
Also, he has served as an associate editor
of the Journal of Geophysical Research
and has been active nationally in profes-
sional organizations. He is a fellow of the
Geological Society of America, the
Geological Society of Canada, and the
Explorers' Club.

Weathers holds three degrees in geology
from Cornell and has worked in the de-
partment since receiving the doctorate in
1978. Her specialties are structural geol-
ogy and microstructures; among her con-
tributions has been the development of
scanning transmission electron micro-
scope techniques for geological applica-
tions. In addition to laboratory research,
she has done field work, including mapping
and sample collecting, in the western
United States, Newfoundland, Greenland,
Scotland, Ireland, West Germany, and the
Italian and Swiss Alps. 50



THE GROWTH OF CONTINENTAL CRUST

by Robert W. Kay and Suzanne Mahlburg Kay
A helicopter ride across a foggy strait
in the Aleutians for two days of rock
collecting on an uninhabited island was
part of the agenda for current research
on chemical geodynamics and crustal
growth. So are studies of radiogenic
isotopes in mantle material, and ad-
vanced methods of systems analysis.
Both field and sophisticated laboratory
work are intrinsic to the program of
research being carried out by our
group at Cornell.

The field trip to Kanaga island was
taken in 1980 by Suzanne Kay and an
undergraduate associate, Kurt Dodd.
The trip yielded a collection of rock
samples that proved to be very impor-
tant to the overall investigation, and it
illustrates another ingredient of
geological research: luck and persist-
ence in finding useful or essential evi-
dence. Over the thirteen years the
project has been going, the field work
has taken researchers to the Philip-
pines and the Argentine Andes, as well
as the Aleutians.

What we are studying is the vast
geotectonic cycle linking continents,

51 oceans, volcanoes, and the underlying

mantle: a mechanism that is surely the
most fundamental characteristic of our
planet. The net results are the recy-
cling of old crust by subduction into
the mantle, and the formation of new
crust out of the mantle material.

One-third of the earth's surface is
underlain by continental crust, 35
kilometers thick, which floats on the
denser mantle material. Unlike
oceanic crust, which is transitory—
formed at ridges and destroyed at
trenches—parts of the continents are
long-lived: the oldest continental rocks
have existed in a crystallized state for
more than four billion years.

Our studies seek answers to some
elementary questions: How does the
continental crust form? Once it forms,
is some of it destroyed, as oceanic
crust is, by being returned to the man-
tle? If so, what is the mechanism and
what are the rates of formation and
destruction through geologic time?
Our approach is to establish mass
fluxes in the geotectonic system of the
present earth. To quantify continental
growth, we are examining the two
complementary reservoirs—the crust

and the mantle—using the techniques
of phase equilibrium and trace-
element and isotopic geochemistry,
and the methodology of systems
analysis. Since new crust appears at
the surface as magmatic island arcs,
much of our field work is carried out at
those locations.

CRUSTAL GROWTH DEDUCED
FROM MANTLE CHEMISTRY
If depleted mantle and crust are
strictly complementary in a system
such as the one depicted in Figure 1,
they must share a common geochemi-
cal history, and therefore the evolution
of radiogenic isotopes from the mantle
can be used to calculate the history of
crustal growth. This may seem a per-
verse way to approach crustal evolu-
tion, but actually the mantle offers the
advantage of being much more
homogeneous than the crust because
of convective mixing. It is not as inac-
cessible as it might seem, either, be-
cause mantle material frequently
undergoes partial melting, yielding
basalt, and basalts with ages spanning
most of the earth's history are fre-



Figure 1

Figure I. Box model showing mass transfer
between the earth's rock reservoirs. The
Orogenesis circle represents the interface
between crust and mantle at localities like
the Aleutian Islands, the Philippines, and
the Andes.

Figure 2. The history of radiogenic
isotopes in the mantle, used to calculate
crustal growth. Extraction of crust from
the mantle, as in volcanism, is accom-
panied by chemical fractionation of ele-
ments, and as a result, the ratios of
isotopes are different in the crust and in the
mantle. The ratio 143NdP44Nd, for exam-
ple, is higher in the mantle. This ratio may
be expressed as eNd, parts per I04 deviation
from a whole-earth value, taken as 0.

The schematic diagram in a illustrates
the divergence of eNd in the upper mantle
and in the crust as a function of geologic-
age. The mean crust has a negative value.

The curves in b represent two estimates
of how eNd for the upper mantle has
changed over the course of the earth's
history. This is a hotly debated topic at the
present time.
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CALCULATING CRUSTAL
MASS OVER TIME
In the work with radiogenic isotopes,
the useful parent species are those with
long half-lives: isotopes of rubidium
(Rb), samarium (Sm), uranium (U),
thorium (Th), lutetium (Lu), rhenium
(Re), and potassium (K). For example,
the decay of 147Sm into 143 Nd
(neodymium) has a half-life of 106 bil-
lion years. Published curves showing
the change in143 Nd in the mantle over
the past few billion years are shown in
Figure 2. Chemical fractionation has
caused the parent-daughter ratio
(Sm/Nd) and also the isotope ratio
143Nd/144Nd (expressed as eNd) to be
higher in the mantle than in the crust.
This means that for a one-way trans-
port of material from crust to mantle,
we can calculate the crustal mass (ac-
tually, the ratio of crustal mass to
mantle mass) as a function of time from
a curve such as Figure 2 plus estimates
of past Nd and Sm concentrations in
the mantle.

1 2 3 4
Age (billions of years) 52



It is satisfying to note that the gen-
eral shape of the crustal-growth curve
derived in this way indicates that the
crust is forming at a much lower rate at
present than in the past. Our estimate
of the present rate is about half the rate
pertaining to the average for the whole
of earth history. Other researchers (us-
ing methods that are not keyed to
isotope evolution) have deduced
lower, or even negative, values for the
present rate of crustal growth.

Of course, we have a long way to go
in making this systems methodology
reliable in applications to processes
like crustal-growth rate. A fundamen-
tal problem is that the mantle-based
model we have outlined so far was
developed without regard for magmat-
ic arc processes. In particular, one-
way crustal-growth models do not
consider the recycling of upper crust

I
180°

300 km

back into the mantle during subduction
at the arcs, a process for which we now
have evidence. Another known
process—lower crustal delamina-
tion—is also capable of returning crust
to the mantle. What is needed is an
independent evaluation of mass flux at
convergent plate margins. Because the
present is the only time in Earth his-
tory we can directly assess how much
crust is returned to the mantle, this
evaluation must depend on present-
day measurements.

STUDIES IN THE ALEUTIAN
ISLAND ARC OF ALASKA
This brings us to our specific program
of crustal investigations in the region
we have studied most closely: the
Aleutian arc. In the Aleutian subduc-
tion zone (see Figure 3) we find an
excellent example of interaction

oceanic

Figure 3. The Aleutian arc. The Pacific
lithospheric plate to the south plunges be-
neath the North American plate at the
Aleutian trench. Volcanoes sit about 100
kilometers above the descending plate
(note the 150-kilometer depth-to-earth-
quake contour). Some of the volcanoes
form line segments; those indicated on the
map are, from west to east, the Rat, An-
dreanof Four Mountains, and Cold Bay
segments. The arcuate region of new con-
tinental crust extending west from about
170° has all formed by arc volcanism and
plutonism in the past 50 million years.
Older continental crust forms the arc
basement to the east.
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Figure 4

Figure 4. Interpretive cross section of rock
types in the Aleutian arc crust. The rock
formations in the lower crust and upper
mantle were figured out from xenoliths
collected on Kanaga Island (see Figure 3)
and Adak Island, which is 15 kilometers to
the east of Kanaga. The lower crust was
found to consist of preexisting oceanic
crust plus igneous minerals that settled out
of magmas derived from the mantle. (The
diagram is adapted from Grow, 1972.)

among volcanoes, continents, oceans,
and the mantle.

The two absolutely crucial prerequi-
sites to our evaluation of mass flux in
the Aleutians are our ability to tag the
distinctive mass reservoirs, and our
success in finding a variety of rock
samples that represent regions of
Aleutian crust and upper mantle.

The tagging is done geochemically.
For instance, some samples of vol-
canic material have the distinctive eNd

of crustal material, and therefore are
evidence that part of the continent-
derived sedimentary cover of the
Pacific oceanic crust is subducted un-
derneath Aleutian volcanoes. In re-
gard to assembling a collection of sam-

Adak Island
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pies, our good fortune in finding a
virtual treasure on the island of
Kanaga has been mentioned already.
We recovered several hundred crystal-
line rock fragments that had been
ripped by ascending lava from the con-
duit wall at depths of up to 30 kilome-
ters. The lithologic section of Aleutian
crust shown in Figure 4 is based largely
on these samples, called xenoliths.

These and other representative rock
samples, tagged by geochemical tech-
niques and dated by K-Ar methods,
have enabled us to calculate crustal
growth rates in the arc. Also, we have
identified a recycled crustal compo-
nent in Aleutian arc magmas. We have
shown that the subduction process es-
tablishes the mass-transfer interface
connecting oceans, continents, and the
mantle.

A simplified description of the cycle
of subduction and crustal formation

begins with the descent of one edge of
an oceanic plate. Carried along are
continental sediment and elements
that have been dissolved by chemical
erosion of continents and fixed into
basaltic oceanic crust by hydrothermal
circulation of sea water at mid-oceanic
ridges. This subducted material carries
water with it, and several million years
later, after it has reached the depth of
magmatic generation, the water fluxes
the mantle and initiates its rise. As it
rises, the softened, partially molten
material releases arc magmas.

From this description we see that a
part of the arc magmas, which com-
prise newly formed continental crust,
is actually older continent crust. Cor-
respondingly, a fraction of the sub-
ducted crustal material is added back
to the mantle, where it stays for bil-
lions of years and becomes mixed with
the total mass by convection. This 54
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Photos taken by Cornell researchers show
scenes from field work in the Aleutians.
Above: On an early trip to Kanaga Island,
Hannes Brueckner (a Cornell graduate,
now a professor at Queens College,
CUNY) poses (at left) with Robert and
Suzanne Kay. Right: A field camp on
Kagalaska Island. Below: Robert Kay on a
high point within the plutonic exposure on
Adak Island.

recycled crust is an important factor in
our calculations of mass fluxes, for it
adds a term in the equation for isotopic
growth of 143Nd in the mantle.

A COMMON FOCUS
IN A BROAD PROGRAM
The Aleutian studies are com-
plemented by projects that are widely
dispersed geographically, but have a
common focus: the investigation of the
recycling of continental crust. We go
to the Philippines and the Andes be-
cause they too are volcanic arcs. An
interesting feature in the Philippines,
for example, is the Zambales Ophio-
lite, a piece of oceanic crust now ex-
posed on land. In the Andes, our in-
vestigation centers on the relationship



' 'Both fie Id and sophisticated
laboratory work are intrinsic

to the program of research. . :

between magma type and regional tec-
tonics in a region of unusually thick
continental crust; it is part of a col-
laborative project by researchers from
Cornell and other institutions.

Quantifying crustal recycling is a
long-term effort that requires a variety
of approaches and techniques. Com-
puters, mass spectrometers, electron
microprobes, and x-ray and neutron-
activation facilities are among the tools
we use; so are camping gear, field
boots, and compasses. Our project il-
lustrates the combination of field and
laboratory work, and of observation
and theory, that characterizes modern
research in the geological sciences.

Robert W. Kay, associate professor of
geological sciences, joined the Cornell
faculty in 1976. Suzanne Mahlburg Kay is a
senior research associate.

Robert W. Kay was educated at Brown
University, which awarded him the A.B.
degree in 1964, and at Columbia Univer-
sity, where he earned the Ph.D. in 1970. He
taught at Columbia for five years and was a
research geophysicist at the University of
California at Los Angeles for a year before

*

coming to Cornell. In 1982-83 he served as
a visiting associate at the California Insti-
tute of Technology, and since 1979 he
has been associated with the United
States Geological Survey, Menlo Park,
California.

He is a fellow of the Geological Society
of America and a member of the Geochem-
ical Society, the American Geophysical
Union, the International Association of
Geochemistry and Cos moc he mis try\ and
the International Association ofVolcanol-
ogy and the Study of the Earth"s Interior.

Suzanne Mahlburg Kay studied at the
University of Illinois at Urbana-

Champaignfor her B.S. and M.S. degrees,
and received the Ph.D. from Brown Uni-
versity in 1975. She was a postdoctoral
fellow and taught at the University of
California at Los Angeles before coming to
Cornell in 1976. Since then she has served
as an instructor at the University of Illinois
summer geology field camp and as a visit-
ing associate in petrology at the California
Institute of Technology.

She is a member of the American
Geophysical Union, the Geological Soci-
ety of America, the Mineralogical Society
of America, the Mineralogical Society of
Canada, and Sigma Xi. 56



UNANSWERED QUESTIONS ABOUT
FINGER LAKES GEOMORPHOLOGY
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by Arthur L. Bloom
The Finger Lakes region is a truly
classic area for geologic research. The
Devonian System of the geologic col-
umn, named for the rocks in Devon-
shire, England, might easily have been
called the Erian System, after Lake
Erie, had not Dr. James Hall and his
colleagues at the early New York State
Geological Survey been beaten into
print by members of the British
Geological Survey in 1839.

The rocks in Devonshire are badly
disturbed and faulted, so that despite
the nomenclature, the best place to
study Devonian rocks is central New
York. The gently tilted 6,000-foot pile
of Devonian strata and their belted
east-west exposures across the state,
combined with the deep north-to-south
Finger Lakes valleys and innumerable
gorges, offer ideal exposures for sys-
tematic study of the rocks and their
fossils. One could say that the book is
laid open here with the somewhat
time-worn pages separated, to be read
by anyone who knows the language.

Right: Gorge walls along Fall Creek near
Cornell provide ideal rock exposures.



'. . .the best place
to study Devonian

rocks is central
New York/

A GAP IN THE REGIONAL
GEOLOGIC HISTORY
The excellent exposures of Devonian
rocks in the Finger Lakes region are
largely the work of subaerial river ero-
sion and the multiple continental
glaciers of the Pleistocene Epoch dur-
ing the last two million years or so.
From the end of the Devonian Period,
360 million years ago, until late in the
last ice age about 50,000 years ago, our
regional geologic history is essentially
blank, wiped out by rivers and
glaciers.

We know that the rise of the Ap-
palachian Mountains, already in prog-
ress in the Devonian period, culmi-
nated about 100 million years later in
the final closing of the Atlantic Ocean
basin, with western Europe and
northwestern Africa tightly fused to
eastern North America. It is no acci-
dent that the European immigrant
geologists in the United States recog-
nized the rocks here and gave them
European names. This was the other
half of the same pile of rocks that they
had studied for several centuries. 58



Opposite: This satellite image of the
snow-dusted Finger Lakes area clearly
shows features of the geomorphology of
the region. The lakes are believed to be
glacial troughs formed from river valleys.
Note the Y shape of the northern end of
Keuka Lake; this is interpreted as evidence
of an ancient southward flow of rivers that
was later reversed.

Right: This aerial viewof'Cayuga Lake, the
Finger Lake below Cornell University,
suggests an earlier existence as a river
valley.

We also know that when the present
Atlantic Ocean began to open about
200 million years ago, the Finger
Lakes region was gently uplifted. The
Devonian and related rocks, which
had been deposited as mud and sand on
a shallow ocean floor but had been
converted to rock by the heat and
pressure of the Appalachian Mountain
building, were exposed to subaerial
erosion that continues today. From the
volume of the great sedimentary pile
on the present North American Atlan-
tic continental shelf, it has been reli-
ably estimated that in the last 65 mil-
lion years eastern North America has
had about two kilometers of rock
eroded away by rivers and glaciers and
redeposited in the ocean. The long-
term average rate of erosion, about 3
centimeters per 1,000 years, corre-
sponds to the typical rate of river
erosion—as measured by the annual
sediment load—for the forested east-
ern United States.

What happened to the Finger Lakes
region during this enormous time of
erosion? The pile of rocks had been

59 tilted southward during mountain

building: to the north, the Canadian
shield (ancient granites and metamor-
phic rocks of the continental crust) and
probably the Adirondack highlands
had been uplifted. We hypothesize that
rivers in this region flowed southward
down the regional dip of the strata,
somewhat in the pattern of the present
Delaware and Susquehanna Rivers.
Traces of the ancient drainage may be
seen today in the upper parts of the
Fall Creek, Salmon Creek, and
Tioghnioga River systems northeast of
Ithaca, and in the south-pointing " Y"

shape of Keuka Lake. This ancestral
southerly drainage was at a much
higher level than the modern
landscape—perhaps 1,000 feet above
the Cornell campus.

Then, some time in the last 25 mil-
lion years, and perhaps "only" in the
last few million years, the Finger
Lakes region was raised again by
perhaps 2,000 feet. Newly invigorated
streams carved deeper valleys. In par-
ticular, on the northward-sloping hill-
sides eroded on the upturned edges of
the Devonian strata in central New
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York, a new generation of north-
flowing streams carved deep, narrow
valleys into the northern edge of the
Appalachian (or Allegheny) Plateau.
These energetic rivers eroded head-
ward and southward into the plateau
and captured, or diverted northward,
the upstream tributaries that formerly
drained south. Similar uplift and en-
trenchment in relatively recent
geologic time created similar drainage
diversions as far west as Ohio, at least.
Why should a continental platform,
stable for 200 million years, suddenly
rise a few hundred or a few thousand
feet? Is the uplift continuing today?
These questions of vertical epeiro-
genic (continental-scale) tectonics
have yet to be answered. Certainly the
Cornell program for the study of the
continental crust will shed new light on
this old problem.

EFFECTS OF GLACIATION
ON LOCAL GEOGRAPHY
During the last two million years, at
least twenty ice ages have gripped the
earth. We are now in one of the rela-
tively brief interglacial intervals; we

Figure I. A seismic reflection profile of
Seneca Lake, based on data from a study
for the Naval Research Laboratory. Al-
though the topmost layer of muddy de-
posits is U-shaped, the morphology ex-
pected for a glacially carved valley, the
rock bottom appears more V-shaped, like a
river valley. The maximum depth of the
lake along the trace is 475 feet, so that the
mud bottom is 31 feet below sea level. The
deep reflections are from layers at least 500
feet below the present sea level. {This fig-
ure is adapted from a trace prepared by C.
C. Windisch of the Lamont-Doherty
Geological Observatory, and subsequently
published by D. L. Woodrow, T. R.
Blackburn, andE. C. Monahan in the 1969
Proceedings of 12th Conference on Great
Lakes Research.)

have no reason to believe that the age
of ice sheets is over.

Today, 10 percent of the earth's land
surface is ice-covered; during periods
of full glaciation, as much as 30 percent
of the land was under ice. In eastern
North America snow accumulated,
compressed to ice, and spread south-
ward as far as the line from Wil-
liamsport, Pennsylvania, to Princeton,
New Jersey. According to our best

modeling of modern ice sheets, Ithaca
would have been repeatedly buried by
more than a mile and a half of ice
during such times. Our highest hills
were only rough places on the under-
side of the ice sheet.

In the late 1890s and early 1900s a
Cornell geology professor, Ralph
Stockman Tarr, was a leader in the
study of glaciers and glacial erosion.
His expedition to Greenland and sev-
eral expeditions to Alaska alternated
with his research on the origin of the
Finger Lakes. In an early paper,
"Cayuga Lake; a Rock Basin," Tarr
suggested that the process chiefly re-
sponsible for forming the lakes was
glacial erosion, which converted river
valleys into glacial troughs (closed ba-
sins eroded into the bedrock with rock
rims at each side). Tarr and his stu-
dents soon learned that most of the
erosion had predated the most recent
ice age (in Tarr's time only four ice
ages were recognized). They joined
the vigorous debate that was in prog-
ress at the time as to whether glaciers
eroded the land or protected it from
river erosion, and in a later series of
papers, Tarr expressed doubt that gla-
cial erosion could have shaped the
valleys of the Finger Lakes without
more greatly modifying the hilltops
and smaller valleys of the region. Be-
fore his tragically early death in 19 12,
he once again came to consider intense
glacial erosion as the cause of the
Finger Lakes troughs.

WHY ARE THE FINGER
LAKES SO DEEP?
Tarr and his contemporaries knew that
the bottoms of the lakes were muddy
deposits and not smooth, eroded rock. 60
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They had no means of sounding the
layers of accumulated mud to deter-
mine the true depth and shape of the
inferred glacially eroded rock basin. It
was known that even the mud bottoms
of the two large lakes were below sea
level—Seneca Lake at -174 feet and
Cayuga Lake at -36 feet.

Today we have available the seismic
reflection profiling technique for map-
ping deep layers. The only profile that
has been published so far is one of
Seneca Lake (Figure 1). Although it
lacks detail—the primary data, col-
lected by a United States Navy sonar
test facility, have not been released—
this figure shows some clearly defined
features and raises numerous ques-
tions about Seneca Lake and the
Finger Lakes in general. The mud bot-
tom defines the smooth catenary or
U-shaped cross section typical of a
glaciated valley. But what are the
layers beneath? Multiple erosional and
depositional events are indicated, for
younger layers truncate or bury older
ones. Was the valley eroded by many
glacial advances? If so, not all of the
older sedimentary deposits were re-
moved during later ice ages. Were one
or more of the earlier ice sheets more
"aggressive11 in eroding the Seneca
Lake trough? If so, why?

The most intriguing feature of all is
the shape of the inferred rock floor
basin, under the layers of sediment; it
does not look at all like a U-shaped
glacial trough, but rather like a rugged,
V-shaped river valley. This presents a
problem, since the rock floor is at least
500 feet deeper than the mud bottom
and therefore far below sea level. If the
valley was cut by a river with an outlet
to the ocean, how can this be ex-

plained? Has the ocean risen since, or
has the land subsided, in spite of the
earlier uplift? Longitudinal seismic
profiles of Seneca and Cayuga Lakes,
tied to appropriate cross-profiles such
as Figure 1, might reveal a barely
suspected missing chapter in the his-
tory of the Finger Lakes region.

When were our uplands eroded?
Was the region eroded to a flat plain
near sea level and then rejuvenated? If
so, when did this happen? Was the
uplift gradual and continuous or inter-
mittent? Is it continuing today? What
internal forces cause continental sur-
faces to be raised without being de-
formed into mountain ranges? When
and by what processes were the great
Finger Lakes troughs eroded?

These are a few of the geomorphic
questions that may involve Cornell
geologists as they work from their new
offices and laboratories in Snee Hall.
What better location for modern inves-
tigations than a region with magnifi-
cent gorge exposures of Devonian
rocks near deep lakes of uncertain and
disputed origin?

Arthur L. Bloom, professor of geological
sciences, came to Cornell in I960 from
Yale University, where he earned the doc-
torate the previous year. He began his
education in geology at Miami University,
which awarded him the B.A. degree in
1950, and subsequently studied as a Ful-
bright scholar at Victoria University in
New Zealand under the noted geomor-
phologist Sir Charles Cotton. After four
years as an officer in the amphibious forces
of the United States Pacific fleet, he con-
tinued his graduate study at Yale.

During his years at Cornell, Bloom has
spent leaves as a visiting lecturer at Yale;
in Australia as a senior Fulbright research
scholar at James Cook University and the
Australian National University; and as a
research fellow of the Japan Society for the
Promotion of Science at Kobe University.
He has also lectured and shared research
projects at Seoul National University,
Korea, and the Third Marine Institute,
Xiamen, China.

Bloom is a fellow of the American Asso-
ciation for the Advancement of Science
and of the Geological Society of America.
He is an associate editor of the American
Journal of Science and the Geological So-
ciety of America Bulletin and on the edito-
rial board of Quaternary Research.



THE PACE OF EVOLUTION
New Insights from Fossils

by John L. Cisne
Is evolution continual or episodic? Is
change in genetic makeup of popula-
tions distributed more or less evenly
over the history of a lineage, or is it
concentrated in occasional short
bursts?

Debate over gradual versus
punctuated evolution, as the two con-
cepts (see Figure 1) have come to be
known, has attracted lively interest for
more than a decade. The gradual view
holds that evolution proceeds slowly
and steadily, and that species become
differentiated through so-called "mi-
croevolutionary" processes, observa-
ble in natural and laboratory popula-
tions. The punctuated view holds that
evolution is concentrated in speciation
events—sometimes occurring in less
than a million years—during which the
population that founds a new species
becomes genetically isolated from its
parent stock. Many proponents of the
punctuated view see a qualitative dif-
ference between microevolutionary
processes and speciation, which is
considered a "macroevolutionary"
process.

Darwin regarded the fossil record as

Figure 1

A
gradual punctuated

Anatomical change

Figure I. Representations of two current
concepts of evolution.

the ultimate test of his theory of evolu-
tion. While it is possible to trace the
course of evolution from fossils, in
order to resolve the current con-
troversy it is necessary to distinguish
between species and recognize specia-
tion. According to the biological defi-
nition, a species is a group of actively
or potentially interbreeding popula-
tions. This definition is impossible to
apply in classifying fossils, and paleon-

tologists must make distinctions on the
basis of observable morphology. Are
the species they recognize more or less
arbitrarily defined segments of steadily
evolving lineages, as the gradual view
would have it, or are they naturally set
off from one another by episodes of
rapid evolution?

The issue bears not only on our
understanding of how life has evolved,
but also on how accurately rocks can
be dated—and through this, on how
precisely geological processes of all
sorts can be studied. This is because
ages of sedimentary rocks are gener-
ally determined from the distribution
of fossils; rock that contains a particu-
lar fossil must have been laid down
sometime between that species' origi-
nation and extinction, events that are
typically several million years apart.
Accordingly, the precision with which
fossils can be identified and classified
limits the precision of age dating. If the
pattern of punctuated evolution is at all
common, it promises a way of accu-
rately recognizing species in the fossil
record despite problems in attempting
to apply the biological species defini- 62



Figure 2

island arc

tion. And it promises more precise
geologic age dating based on geologi-
cally short punctuation episodes.

TRACING PATTERNS
IN THE FOSSIL RECORD
Precisely documenting the patterns of
anatomical and developmental varia-
tion in even one lineage takes years of
work. The evolutionary patterns dia-
grammed in Figure 1 are based on only
a few dozen detailed studies. My labo-
ratory is perhaps the first to be set up
for carrying out such work on a large
scale. The studies my students and I
are conducting are based on more than
150,000 identified invertebrate fossils
from more than 400 thin beds through-
out the geologically classic Mohawk
Valley area of New York.

Our long-term objective in studying
63 lineage after lineage is to trace the

coevolution of the most abundantly
represented species. We are synthesiz-
ing the evolutionary histories of the
lineages in terms of an environment-
related gradient: a kind of study never
before attempted. We have been able
to contribute the first detailed informa-
tion on geographic as well as temporal
variation in lineages. Geographic vari-
ation is of interest because it often,
though not always, involves change in
the genetic makeup of populations.
Geographic clines—spatial gradients
within species—are of particular inter-
est as direct evidence of short-term
adjustment to local environmental
conditions, adjustment that is some-
times demonstrably microevolution-
ary adaptation.

The sediments we are studying
(Figure 2) were laid down over a period
of roughly five million years on the

Figure 2. The sedimentary rocks studied in
the Cornell project, and their geologic set-
ting. The sediments were laid down about
450 million years ago during the collision of
North America with a volcanic island arc-
that now forms much of New England.
Faulting, illustrated in the central sketch,
must be taken into account in order to
reconstruct the pattern of sedimentation.

outer slope of a submarine trench
along which North America was col-
liding with a volcanic island arc that
now makes up much of New England.
(At that time, the Hudson Valley was
similar to the modern Timor Trough,
along which Australia is colliding with
the Banda island arc.) These strata are
especially useful in our studies in three
respects:
• Age relationships among the strata
can be determined with reference to
volcanic ash layers. (Volcanoes along
the arc spread ash over much of the
continent.) Relative age determina-
tions based on ash layers are not only
independent of fossils, but are several
orders of magnitude more accurate
than determinations based on fossils.
They are still more precise than
determinations—rarely obtainable—
based on radioactive decay in these
roughly 450-million-y ear-old rocks.
For our study, we used one strati-
graphic section as a relative time scale,
and measured age in relation to the
position of ash layers in that column of
rock.
• The distribution of fossil marine in-



Figure 3. The distribution of fossils along
the depth gradient (see Figure 2), illustrat-
ing how fossils provide a relative measure
of water depth. We see here a 'depth
gauge" calibrated in terms of the relative
a b unda n ces of cert a in fossils.

The horizontal panel shows the distribu-
tion of species on a downslope transect
along one volcanic ash layer. The relative
numbers of specimens in different species
change steadily downslope with increasing
water depth (except in going across a
downfaulted block that was a topographic
depression at the time). The graph gives
the samples' reciprocal averaging ordina-

tion scores as a function of distance
downslope, in effect 'translating" the dis-
tribution of fossils into a quantitative mea-
sure of relative water depth and depth-
related environmental conditions. The
measured vertical movement on the faults,
about 200 meters, gives a rough idea of
absolute depth along the transect.

Right: Volcanic ash layers such as the
I-cm-thick red bentonite indicated by the
arrow provide a means of determining rela-
tive age relationships among strata. These
Ordovician strata are near Newport, New
York.

Figure 3
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vertebrates relative to water depth and
depth-related environmental condi-
tions can be studied from samples on
downslope transects along the time
planes that are defined by ash layers
(Figure 3). The relative numbers of
different kinds of bottom-dwelling in-
vertebrates proved to be a reliable
"depth gauge" that can be quantita-
tively calibrated using eigenvector or-
dination methods perfected by Hugh
G. Gauch and his colleagues in Cor-
nell's Section of Ecology and System-
atics. The ordination scores of samples
provide a general measure of depth-
related environmental conditions
throughout the whole time interval.
• The combination of a quantitative
environmental measure and very pre-
cise age determination over distance
makes possible precise study of geo-
graphic variation, and detection and
study of environment-related clines.
Given the usual million-year inaccu-
racy in age determination over dis-
tances such as those involved here,
geographic variation has been techni-
cally difficult to demonstrate and dis-
tinguish from temporal variation. 64
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THREE CASE HISTORIES
AND WHAT THEY SHOW
Figure 4 depicts spatiotemporal varia-
tion in three of the six invertebrate
lineages we have studied so far. We
have chosen to analyze characters that
show obvious variation among speci-
mens, and that relate in some way to
the organism's presumably genetically
controlled pattern of development.
The characters we selected have an
involvement with growth, for this is
important as an indication that spatial
and temporal changes are truly evolu-
tionary in the sense that they involve
genetic change. (Not all variation has a
genetic basis, and anatomical variation
in fossils can never be strictly proven
to have been genetically based.)

The brachiopod Leptobolus insignis
seems to show gradual evolution with-
out geographic variation. The shell's
daily growth increments record the
history of each individual from the
time it was a larva swimming in the
plankton through its adult life in the
mud of the sea floor, and this record of
growth enables us to study the larval
stage from the fossils of adult speci-

mens. The proportions of the pro-
tegulum (the shell of the just-hatched
larva) gradually diminished, following
an evolutionary trend toward minia-
turization that is common to related
brachiopods. Indeed, all the charac-
teristics of the later shell that we
studied show slow and steady change
with time.

In Triarthrus, the pattern of devel-
opment changes gradually over both
time and space. There is a tendency for
adults to retain particular features that
formerly characterized juveniles—an
evolutionary pattern called paedo-
morphosis that is also seen in our own
lineage. Through geologic time, adult
Triarthri tend to retain what was pre-
viously the juvenile form of the head.
At any given time, individuals living in
deeper water also tend to retain the
juvenile form of the head. Adult
specimens with the "juvenile" head
were once distinguished as a separate
species, called Triarthrus eatoni, while
those with the "adult" head were
called Triarthrus becki. But the overall
pattern can now be characterized as a
spatiotemporal cline.

Left: Many complete Flexicalymene fos-
sils are contained in this slab of rock from a
site at Trenton Falls, New York. These
fossil specimens represent the species with
more abdominal segments that evolved as
the trilobite expanded into deeper water.

Below: The Trenton Falls site, north of
Utica, is famous for its well-preserved Or-
dovician fossils.



Figure 4. Evolutionary histories of three
representative marine invertebrates. Dia-
grams indicate the nature of evolutionary
changes and the appearances of whole
fossils. (The brachiopod sometimes
reaches 4 millimeters in length. The
schematic trilobite with the head of Triar-
thrus and tail of Flexicalymene would be
about 4 centimeters long.)

The size of the larval shell in Leptobolus
insignis decreases steadily with time; this
brachiopod shows no significant geo-
graphic variation. Proportions of the head
in Triarthrus becki change steadily with
time and also with depth-related environ-
mental conditions, as measured by ordina-
tion score (see Figure 3). The number of
abdominal segments in Flexicalymene
senaria changes with time only within an
episode nearly one million years long.
Depth-related clinal variation is most pro-
nounced during this episode, as
ordination-score contours indicate. Lep-
tobolus and Triarthrus seem to show
gradual evolution, and-depending on the
time scale on which one views evolutionary
c/uz/j^-Flexicalymene seems to show
some combination of gradual and
punctuated evolution.

The important difference between these
evolutionary histories and the schematic
ones in Figure I is the hitherto unexpected
importance of environment-related geo-
graphic variation in long-term evolu-
tionary change.

In the trilobite Flexicalymene
senaria we see an example of episodic
change. The number of abdominal
segments records the pattern in which
the segments grew and matured as they
were added to the body during larval
and juvenile stages. The observed in-
crease with time in the number of
segments indicates evolutionary
change, but in contrast to what we
observed in other lineages, this evolu-
tionary change is confined to a discrete
time interval somewhat less than one
million years long. This may be an

instance of speciation of a kind called
parapatric, in which macroevolution-
ary differentiation takes place by
breakdown in interbreeding along a
cline. In Flexicalymene the ancestral
species appears to have become
extinct as its descendent expanded
into deeper water habitats. Although
durations of this and other types of
speciation have been estimated only
indirectly from studies of modern or-
ganisms, the episode's duration is of
the order expected for parapatric and
other slower speciation modes.

Figure 4
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'. . .evolution conforms
to no one pattern.'

CONCLUSIONS FROM
THESE CASE HISTORIES
A general conclusion is that evolution
conforms to no one pattern. Further-
more, the classification of observed
patterns as gradual or punctuated may
be partially subjective. For instance,
reviewers of one of our recent grant
proposals were about evenly divided in
their interpretations of the evolu-
tionary episode in Flexicalymene.
Some saw gradual change over the
course of the episode, and others saw
the whole episode as a punctuation.
(The proposal was funded anyway.)

A particularly interesting result of
our work is the indication of frequent
long-term involvement of geographic
variation in evolutionary change. This
may imply that microevolutionary ad-
aptation to localized environmental
conditions is important in determining
long-term trends, and that mac-
roevolutionary change can take place
through microevolutionary processes,
as in parapatric speciation.

Whatever its pace, evolution would
seem to have important and hitherto

67 little-known ecological dimensions

that are just waiting to be explored
through more exacting analysis of the
fossil record.

John L. Cisne, a specialist in sedimentary
geology and paleobiology, is an associate
professor in the Division of Biological Sci-
ences as well as in the Department of
Geological Sciences.

In 1969 he received the B.S. degree in
geology and geophysics from Yale, and in
1973 he received the Ph.D. in geophysical
sciences from the University of Chicago.
He joined the Cornell faculty after complet-
ing his graduate studies.

In addition to the work described here,
Cisne's research has concerned the inter-
nal anatomy of trilobites as studied from
high-resolution stereoscopic radiographs
of rare fossils; the use of fossils in
paleobathymetric mapping and in studying
sea-level change; and patterns of sedimen-
tation as related to the behavior of the
earth's lithosphere and mantle under sed-
iment loading.

Cisne is a member of numerous geologi-
cal and biological societies and a fellow of
the American Association for the Ad-
vancement of Science.



REMOTE SENSING
IN GEOLOGICAL SCIENCES

by John M. Bird
During the flights of the Mercury,
Gemini, and Sky lab spacecraft, re-
markable photographs of large regions
of the earth were obtained; some as-
pects of the earth's atmosphere and
surface have been seen only in these
remote views. But valuable as it is for
agricultural, meteorological, and
geologic studies, aerial photography is
now being augmented, and in some
ways supplanted, by a technology that
produces images obtained with elec-
tronic devices rather than photo-
graphic cameras. This technology, to-
gether with aerial photography, is
generally known as remote sensing.

The development of electronic imag-
ing sensors in the 1960s and 1970s has
led to a multitude of electronic imaging
devices that are now used on aircraft
and spacecraft. Basically, these elec-
tronic imaging devices measure elec-
tromagnetic radiation and produce
electrical signals that are subsequently
processed to produce an image of the
object being viewed. The sensors mea-
sure radiation in a much broader range
of the electromagnetic spectrum than
is recorded by photographic tech-

niques. Early sensors were designed to
measure emitted thermal radiation;
now sensors are also used to detect
ultraviolet, visible, near-infrared, and
microwave (radar) radiation. Many of
these sensors have the important
capability of sampling narrower
wavelength intervals with greater
dynamic range than is possible with
photographic film.

The electrical signal obtained from
spacecraft sensors is converted to digi-
tal form and transmitted to Earth,
where the data are recorded on mag-
netic tape. The digital data are then
processed by various electronic and
computing techniques. Interactive
display devices are used to produce the
images and to manipulate them so as to
display features of interest. Many
kinds of images can be produced.
Some look like color photographs, al-
though the only photographic tech-
nique involved is taking a picture of an
electronic display device. The satellite
"picture" now routinely shown on TV
weather reports is produced in this
way. An example of this type of image
is shown on the inside back cover.

IMAGES TAKEN FROM
SATELLITES AND AIRCRAFT
The best images for geologic studies
have been provided by the LAND-
SAT satellites. The first of these,
Earth Resources Satellite 1, was
launched in 1972, and the fifth-
generation satellite was launched in
the spring of 1984. These five satellites
have multispectral scanners that de-
tect radiation from the earth in four
wavelength intervals or bands. The
amount of reflected solar illumination
is measured in the green and red por-
tions of the visible light spectrum, and
in two near-infrared wavelength inter-
vals. The satellites have repeating,
systematic orbits that provide imagery
of most of the earth's surface with a
resolution of 80 meters. Although the
multispectral scanners were designed
for monitoring crops and other vegeta-
tion, the images have also greatly aided
geologists. The repeating coverage
makes it possible to monitor active
geologic processes such as volcanic
eruptions and glacier movement, and
the image quality is such that maps can
be made of different rock types and 68



'The near-global extent of coverage
provides a way of studying
the geology of inaccessible areas. . /

structures. The near-global extent of
coverage provides a way of studying
the geology of inaccessible areas such
as the Tibetan Plateau or the high
Andes.

Because of the success of the initial
multispectral scanners, additional,
more advanced sensors are being de-
ployed. The fourth and fifth LAND-
S ATs, for example, are equipped with
a thematic mapper, a type of multi-
spectral scanner that has a resolution
of 30 meters and measures radiation in
seven bands, or spectral channels; one
of the channels was specifically chosen
for distinguishing different kinds of
rock. The French will soon launch a
satellite carrying a scanner (SPOT)

Figure L The LANDS AT system. The
LANDS AT 4 spacecraft is characterized
by its large mast, which supports an an-
tenna for the tracking and data relay satel-
lite, and by its single-wing solar array.
Each sensing instrument uses a moving
mirror assembly to scan in the crosstrack
direction, and depends upon the relative
motion of the spacecraft to achieve the
along-track scan.

Figure 1
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". . .imageprocessing
by computer

of signals from
electronic sensors
has given us new

and powerful 'eyes.'"

that will have 10-meter resolution and
the capability of producing stereo-
scopic images. These images will
greatly facilitate the study of geologic
structures and landforms. Several
very-high-resolution multispectral
scanners, some with more than one
hundred channels, have been designed
for detailed observation of selected
sites by aircraft.

Other sensors measure surface tem-
peratures by sensing emitted thermal
radiation, and these have been used to
distinguish different rocks on the basis
of their thermal properties. The Heat
Capacity Mapping Mission, launched
in 1978, produced thermal images that
had a resolution of half a kilometer; the
thermal channel of the LANDS AT
thermatic mappers has much greater
resolution.

Radar-generated images of the
earth's surface are also very useful to
geologists because they can reveal
topography in great detail, even
through dense cloud cover. An imag-
ing radar system on SEASAT-1
(1978), although intended for ocean-
surface surveillance, has assisted
geologists in delineating topographi-
cally expressed structures. An exper-
imental imaging radar designed for
land observation (SIR-A) was flown
on an early Shuttle Mission, and this
fall an improved system (SIR-B) will
be flown. These radar imaging systems
distinguish geologic features on the
basis of surface roughness.

CORNELL'S NEW FACILITY
FOR REMOTE SENSING
These various kinds of images are in-
creasing in quantity and quality and are
providing valuable information for

the geological sciences. Cornell re-
searchers will be able to make good
use of this resource. Snee Hall will
have a dedicated image-processing
facility—part of its large graphics
laboratory—that is being provided
with the help of funds from the Na-
tional Science Foundation. We antici-
pate much activity in processing,
synthesizing, and interpreting the
great variety of images it is possible to
produce from these data.

The image-processing device will be
hosted by a VAX minicomputer that
has been acquired by the Institute for
Study of the Continents (INSTOC).
Images will be displayed with a high-
resolution color-monitor; users will be
able to manipulate them interactively
in a variety of ways, including zoom-
ing, scrolling, generating color com-
posites, and adjusting colors. Standard
image-processing functions such as
those involving filtering, Fourier
transforms, ratios, classifications, and
geometric transformations will be per-
formed very rapidly. It will be possible
to register disparate data types to a
common geometric projection, so that
imagery from many different sensors
can be compared directly. Data other
than electromagnetic radiation mea-
surements can also be registered and
displayed, enabling users to integrate
geophysical data sets such as gravity,
magnetics, and topography, with
remote-sensing images. The facility
will be equipped to input data from
magnetic tape, disks, a video-digitizing
camera, and a large-format digitizing
table. Hard-copy output will be in the
form of photographs processed with a
high-resolution recording camera sys-
tem, or maps produced with a 2- 70



by-4-foot vector plotter equipped for
eight-pen color work.

USING THE NEW RESOURCE
FOR WORK IN GEOLOGY
The new facility will be used for a
number of research programs under-
way in the department. Arthur Bloom,
who is a principal investigator on the
SIR-B mission, will be using radar
images of the Andes region in Argen-
tina to study modern geologic features,
including active fault scarps, recent
volcanic fields, river terraces, and gla-
cial deposits. Terry Jordan and Rick
Allmendinger are using LANDS AT
images in a study of the active tec-
tonics of the Andes, drawing compari-
sons to mountain-building processes
that occurred in the western United
States 100 million years ago. Allan
Gibbs will be using remote-sensing
data to complement his study of the
geology and mineral-resource poten-
tial of the Amazon rain forest, an area
where accessibility is especially poor.
Bryan Isacks will be analyzing the
location of earthquakes in seismically
active zones of the earth. He will also
be evaluating the uses of integrated
geophysical data sets, working with
gravity, magnetic, and topographic
data from the Andes. An accompany-
ing article by Bryan Isacks, in this
issue, describes INSTOCs Andes
project. The COCORPproject, which
uses seismic reflection profiles to re-
veal structures deep within the earth's
crust, may use the system for interpre-
tation of color displays. The facility
will also be used to enhance optical and
electron-microscopy images of miner-
als and fossils.

71 The use of remote-sensing data for

geologic mapping is already under
study at Cornell. David Harding, a
National Science Foundation graduate
fellow, and I are interpreting LAND-
SAT data pertaining to a geologically
complex region in southwest Oregon
that we have been studying for the past
ten years. For this work, we have been
using the image-processing facility in
the School of Civil and Environmental
Engineering, with the assistance of
Warren Philipson and William Philpot.
An objective of this project, which is
supported by the National Science
Foundation, is to develop criteria and
techniques for using LANDS AT data
to produce geologic maps of remote
regions. Harding first mapped the area
in detail, on the ground, to show the
complex geometric relation of several
different types of rock, and then pro-
ceeded to "remap" the region using
LANDS AT images.

Harding1 s results from the Oregon
region are very promising, and we an-
ticipate that in the future, these tech-
niques will be generally used to obtain
reliable geologic information from re-
mote regions more quickly and at less
expense than is presently possible.
The work of Harding and others shows
that LANDS AT data will reveal new
geologic information, seen only by re-
mote sensing.

The remarkable developments in
image processing by computer of sig-
nals from electronic sensors has given
us new and powerful "eyes." In the
geological sciences, we are just begin-
ning to see with them.

John M. Bird, a professor of geological
sciences at Cornell, has written several
times for the Quarterly on aspects of his
research in geotec tonics and orogeny, and
collaborated with William A. Bassett and
Maura S. Weathers on another article in
this issue.
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Opposite: A LANDS AT false-color com-
posite image shows the Klamath Moun-
tains of southwestern Oregon and north-
western California. The image is used for
mapping the distribution of various rocks
in the Klamath Mountains (see the article
by John M. Bird). Heavily vegetated ter-
rain appears orange and yellow; sparsely
vegetated terrain appears blue and green;
the dark blue area in the lower left corner is
the Pacific Ocean; the light blue area in the
upper right is the Shasta River Valley.

Left: This map shows the area in the
LANDS AT image. 76
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