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PREFACE

The enormous impact on society of climatic variation is
being recognized increasingly by both the public and government.
Numerous recent publications as diverse as the public press,
governmental documents, scientific journals, and special volumes
of learned societies have dealt with the subject. Despite this
heightened awareness of human vulnerability to shifts of climate,
solutions to the political and scientific problems involved
continue to be elusive.

Climate changes constantly. The reasons for climatic
variability are not well understood, however, despite the
formulation of many attractive and reasonable hypotheses.
Perhaps of even greater concern is the growing realization that
we do not yet fully understand the numerous subtle ways in which
changing climate affects us. These are problems that merit more
concentrated scientific attention. |

Climate is generally considered primarily of interest to
atmospheric scientists. Yet all scientists who have dealt with
the earth, and even with other planetary bodies, have had to
consider climatic problems. That past changes of climate on
Earth have-exceeded those measured by meteorologists is well
recorded in rocks and surface features studied by earth
scientists. The detailed histories of parts of the Earth's crust
developed in studies of resource and environmental problems
document beyond doubt that many of the differences in rocks and
fossils found in local stratigraphic sequences were caused by
changes in climate and their geological consequences. The rates
at which geologic processes modify the landscape and impact man's
use of the land are affected by climatic changes. And water
supplies are obviously affected by changing climatic patterns.

In the course of their studies of the Earth and its geologic
history, scientists of the Geological Survey have thus also
contributed to a better understanding of past climatic changes.
They are also fully aware of their obligation to help apply that
knowledge of climatic history to the recognition of present and
future climatic trends and to their probable future impact on
human activities.

For these reasons, a workshop was convened near Denver on
December 7-9, 1976, by scientists of the Geological Survey to
explore the role of earth science in addressing national needs
regarding information on climate. This three-part report is an
outgrowth of the discussions by members of the workshop. Part A
explores the roles and methods of the earth sciences in climatic
research. Part B summarizes the types of climate-oriented work
now being carried out by earth scientists of the Geological
Survey. Part C proposes a research strategy designed to increase
our understanding of the earth-science aspects of climatic

variation.
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Climate Variation and Its Effects on Our Land and Water

Part B. Current Research by the Geological Survey

By George 1. Smith, Editor

SUMMARY

The U.S. Geological Survey is one of the world's major institutions of
earth-science research, with responsibilities for gathering information on
the Nation's resources and physical environment. Geology and hydrology,
two of the major disciplines in the Survey, are intimately tied to climatic
processes. Many of the research investigations undertaken by the
Geological Survey, therefore, have been producing information on past and
present climates and their effects.

The Survey was established almost a century ago, in large part because
of the need for better understanding of the West where the landscape
presents a natural laboratory that displays the varied effects of geologic
and climatic processes. About half of today's programs in the Survey are
concerned with processes that occur at or near the Earth's surface, and
information related to climate is either required or generated as a
byproduct. Most water-resource investigations collect data having climatic
significance, and about 15 percent of the geologic investigations make
identifiable contributions. Although primarily concerned with other
objectives, approximately 1,500 Survey scientists are presently involved in
studies that relate to our present climate, past climates, and climate's
effect on land and water resources.

Current research that is generating data of climatic significance in
the Geological Survey has great breadth and depth. Processes related to
present climate that are under study involve glaciers, runoff, ground
water, plant and animal communities, erosion, evaporation, lakes, water
chemistry, isotope ratios, permafrost, weathering and soil formation,
sedimentation, estuaries and near shore environments, and more. Geological
techniques and criteria that provide data on climates of the past include
paleoecology, isotope geology and hydrology, tree-ring study, stratigraphy,
glaciology, pedology, geochemistry, geomorphology, and study of
near-surface thermal profiles. An extensive capability for dating and
correlating the climatic events, variations, and environments indicated by
these criteria rounds out the Geological Survey s ability to contribute to
studies of past climate variations.

This Circular presents a summary of the types of work in progress in
the Geological Survey and gives brief examples of the rationale and results
of about 50 selected efforts. Many of these efforts are described in
detail by one or more of the several hundred technical publications by
Survey authors listed at the end of this report. The studies that are
related to climate are divided into five categories: I. present
climate-related processes and indices that provide baseline data for
climatic interpretation; II. geologically short-term changes in climate;
IIl. geologically longer term climate changes, IV. the areal
distributions of past climates; and V. dating and correlation methods.



INTRODUCTION

The U.S. Geological Survey is one
of the world's major institutions of
earth-science research, with
responsibilities for  gathering
information on the Nation's resources
and physical environment. Geology and
hydrology, two of the major disciplines
in the Survey, are intimately tied to
climatic processes, and many of the
research investigations undertaken by
the Geological Survey, therefore, have
been producing information on past and
present climates and their effects.
These investigations, however, are
mostly undertaken for specific mission
objectives, and the climatic aspects of
the work have previously lacked strong
focus and visibility. As a first step
in better identifying and coordinating
the climatic work within the Survey, a
USGS Workshop on "Earth Scientists'
Perspectives of Climatic Change" was

convened near Denver, Colorado, December

7-9, 1976.

This Circular is a product of that
workshop. Because of its diverse
subject matter, it is divided into three
parts that are bound separately. Part A
helps provide a focus and perspective by
exploring the role of earth science in
climatic research. Part B (this report)
summarizes the types of climate-oriented
research now being carried out by the
Geological Survey. Part C recommends
the establishment of a specific program
of climatic research which would serve
to expand the Survey's present efforts
and also provide maximum coordination of
the climate-related work undertaken for
other reasons.

PAST TRADITIONS AND PRESENT
RESPONSIBILITIES

The Geological Survey was
established almost a century ago, in
large part because of the need for
better understanding of the West where
the landscape presents a natural

laboratory that displays the varied
effects of geologic and climatic
processes. Among the eminent members of
the new agency was a nucleus of earth
scientists dedicated to documenting and
understanding the effects on the
landscape of the present climate and the
evidence of past changes. Examples of
this early work illustrate the
beginnings of a tradition in the Survey
to understand climatic effects.

® John Wesley Powell and N. S. Shaler
published reports that could have
largely prevented the dust bowls of the
1930's had they been heeded. Powell
understood and forcefully advocated as
early as 1878 that water was of
overriding importance in the development
and management of the western lands, and
that any "improvements" in rainfall are
likely to be parts of cycles and thus
temporary. Unfortunately, climatic
change that was favorable to farming
happened to follow plowing of the high
plains, and his arguments were ignored
as the wishful conviction spread that
"rain follows the plow." Less than 15
years later, Shaler demonstrated that
the formation of soil, so necessary to
agriculture, requires geologic intervals
of time. He advocated that inasmuch as
its destruction occurs rapidly after
tillage, both man and his government
have a duty to succeeding generations to
protect and conserve the soil—an
obligation that was largely avoided
until the early part of the present
century.

® G. K. Gilbert recognized the value of
monitoring subtle landscape changes by
use of photographs in the 1880's and he
set up camera stations that could be
(and have been) reoccupied by later
generations for that purpose.

® I. C. Russell and G. K. Gilbert
published reports between 1885 and 1890
that described the Pleistocene histories
of Lakes Lahontan, Mono, and Bonneville
in the Great Basin and provided some of
the first field evidence of the relation
between lake expansion and the times of
glaciation in adjacent mountains.



® T. C. Chamberlin and Frank Leverett
were part of the group that first mapped
and described the stratigraphy of the
glacial succession in the midcontinental
U.S. Before 1900 they had named and
defined the Wisconsin, Illinoian, and
Kansas Glaciations and the Sangamon,
Yarmouth, and Aftonian Interglaciations.

Since the inception of the
Geological Survey, therefore, its
scientists have been studying the impact
of climate on geologic and hydrologic
processes. The Survey's responsi-
bilities for doing so began with
the Organic Act of 1879, which broadly
authorized the new agency to undertake
the "...classification of the public
lands, and examination of the geological
structure, mineral resources, and
products of the national domain."
Subsequent acts and the separation of
portions of the Survey that became new
entities (the Forest Service, the Bureau
of Reclamation, the Bureau of American
Ethnology, the Grazing Service which is
now incorporated in the Bureau of Land
Management, the Bureau of Mines, and the
Geophysical Laboratory of the Carnegie
Institution) have led to present-day
Survey responsibilities focusing on the
Nation's energy, mineral, land, and
water resources. Today the Survey's
principal mission is to collect the
factual information and develop the
expertise that will provide a reliable
basis for (1) the identification and
evaluation of the Nation's land, water,
mineral, and energy resources, and (2)
policy- and decision-making on the part
of the Administration, the Congress,
State and local governments, and the
general public. Clearly, an increased
knowledge of the effects of climate
change on the Nation's land and water
resources serves both parts of this
mission.

CURRENT RESEARCH

About half of the current programs
in the Geological Survey contribute some
information on present or past climates.
Their concerns are with processes that

occur at or near the earth's surface,
and information related to climate is
either required or generated as a
byproduct. Most  water-resource
investigations involve collecting and
interpreting data of climatic
significance, and about 15 percent of
the Survey's geologic investigations are
making identifiable contributions to the
subject. We estimate that about 1,500
professional hydrologists, geologists,
mathematicians, chemists,
paleontologists, biologists,
limnologists, and representatives of
other sciences in the Geological Survey
are presently involved in studies that
relate to our present climate, past
climates, and climate's effect on land
and water resources.

Much of the Geological Survey's
ability to contribute to studies of
long-term climate variation stems from
its capability for dating and
correlating geologic events of the last
few million years. The Survey has
radiometric dating facilities at each of
its three major centers (Reston, Va.,
Denver, Colo., and Menlo Park, Calif.),
and several of the techniques available,
including carbon-14, potassium-argon,
uranium series, and fission track,
provide ages useful for Quaternary
studies.  Approximately 25 Survey
scientists and technicians, excluding
supporting staff, produce and interpret
more than 2,000 age measurements each
year using these four techniques alone.

In addition to radiometric dating,

a number of other methods are being
developed or used by about 100
scientists. Techniques based on tree
rings, varves, annual snow layering of
glaciers, archaeology, paleomagnetism,
and fossils are relatively well
established, although refinements in
them continue. Other techniques using
obsidian hydration, superhydration,
thermoluminescence, amino-acid
racemization, lichenometry, mineral
alteration, soil development, rock
weathering, and rind-thickness methods’
are in varying stages of development.
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in the shallow marine waters south of
Texas contain thin sand layers that
probably were deposited during and
after hurricanes. These sand layers
are dated by use of lead- and

uranium-isotope techniques, and their
distribution is a probable indicator

of hurricane frequencies in the past.
Hurricane formation is directly

related to sea surface temperatures

which must approach or exceed about 30

degrees (C) for periods of weeks or
months each year to permit strong
cyclonic circulation to develop in
tropical areas.

o Repeated measurements of
temperature profiles in holes drilled
in permafrost allow the reconstruction
of changes in mean ground surface
temperatures over the last century or
more. Near Barrow, Alaska, for
example, measurements of this type
show that ground temperatures rose
about 3 degrees (C) between the
mid-1800's and mid-1900's. In
general, historical weather records in
such remote places are inadequate for
the detection of such changes, and
many areas suitable for measurements
of this type are not represented by
historical records of any sort.

III. LONG-TERM CHANGES IN CLIMATE

Studies of long-term changes in
climate include the larger amplitude
changes that produced the Pleistocene
ice ages, as well as the climates that
preceded and followed them. These
studies document the magnitudes,
frequencies, durations, and rates of
climatic change. They also allow
investigation of the possible
synchroneity of globally documented
climate changes, of similarities in
the characteristics of past changes,
and of rates of change. In addition,
these studies document the limits of
variation that have been allowed by
the physical properties of the earth's
atmosphere.
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Projects now active in the
Geological Survey that produce
information on climates and changes in
climate in the geologic past mostly
use the following approaches:

- Collection and interpretation of
dated stratigraphic evidence of past
changes in sedimentation resulting
from changes of climatically
responsive continental surface
processes; both exposed and buried
stratigraphies are used. These
studies are primarily concerned with
deposits or erosion indicative of
past glaciers, ground ice, lakes,
running water, and wind.

- Collection and interpretation of
sediment cores from continental
shelf and deep-sea areas. These
studies are concerned with both
nearby continental climatic events,
as expressed by variations in the
sizes and compositions of locally
derived clastic fragments, and
global climatic events as indicated
by criteria that record worldwide
changes in the oceans.

- Study of stratigraphically
controlled and age-controlled
sequences of sediments that contain
fossils that can be related to
existing biota and the climates that
support them.

- Measurement on steep mountains and
at all latitudes of the differences
between the present and past
elevation and latitude limits of

climate-sensitive geological
processes and biological
communities.

- Study of the present and past
distributions of landforms that
develop in climatically distinctive
environments; examples are U-shaped
valleys and cirques carved by
glaciers, patterned ground and other
structures produced by frost action,
extinct lake shorelines, streamless
valleys, stream and coastal
terraces, sand dunes, and
wind-eroded landforms.



- Identification of periods

characterized by climates that

resulted in erosion, nondeposition,

or soil formation.

- Measurement of variations in the

stable-isotope composition of dated

samples of ice in glaciers and
permafrost, organic remains, ground
water, stalacites, and saline and
other minerals that reflect the
isotopic composition of the locally
precipitated waters.

Correlating major volcanic
eruptions, as evidenced by globally
widespread volcanic ash layers, with
the other geologic records that
indicate changes or aberrations in
climate.

Examples:

® A temperate climate prevailed in

Alaska, northeastern Siberia, and the

intervening continental

shelves—collectively called

Beringia—until shortly before the

beginning of the Pleistocene Epoch,

although earlier glaciation began in the
mountains of Alaska and probably in the

Siberian mountains of Kamchatka and the

Koryak region 10 million years ago. The

oldest recorded effects of severe frost

action in lowland areas are in
sedimentary rocks that are 2 million
years old, and the earliest known
evidence of permafrost in these areas is
in deposits about 1 million years old.

Forest vegetation probably covered most

of Beringia throughout Pliocene time;

tundra did not appear there until near
the beginning of Pleistocene time
although it seems to have emerged
several million years earlier at

latitude 80 degrees N in the Arctic

Islands of Canada. The Arctic Ocean was

ice-free and the water well mixed until

shortly before the beginning of the

Pleistocene Epoch. The present

stratified and ice-covered regime of

this area seems to have originated about

2.2 million years ago.

® Fossilized remains of sea otters in

marine deposits of the Barrow area,

Alaska, indicate a high sea-level stand,

probably the one that occurred during

22

the last interglacial period. Sea
otters are strictly limited by the
southern extent of winter sea ice, and
the fossils indicate that winter ice did
not cover all of the Arctic Ocean during
the interglacial period. Warmer water
mollusks associated with these
vertebrate fossils corroborate the
conclusion.

®  Sequences of glacial deposits,
outwash, and alluvium along the south
flank of the Brooks Range and the
coastal mountains of Alaska reveal a
long history of glacier fluctuation
dating back at least to middle
Pleistocene time. These deposits
commonly also contain abundant organic
material which allows events of the last
40,000 years to be dated quite
accurately by carbon-14 methods. Much
of the organic material can be
identified in terms of species, and this
allows the climatically sensitive
biological communities that coexisted in
the area at that time, composed of such
elements as plants, insects, mammals,
and mollusks, to be reconstructed.

® Studies of altitudes of cirque
floors in the Kigluaik Mountains,
Alaska, indicate that the regional
snowline was at least 75 m lower than
the present snowline during a late
prehistoric glacial advance, 150 m lower
during an earlier Holocene glacial
advance, and 300 m lower during the last
glacial maximum. Similar studies in the
Indian Mountains, Alaska, indicate that
the snowline was at least 450 m lower at
the time of the last maximum glaciation.
These data suggest that relative to the
present, mean annual temperatures
lowered by no more than 2 degrees (C) in
the Kigluaik Mountains and 3 degrees (C)
in the Indian Mountains during the most
extreme glacial times.

® Each of the five major river
valleys in the Cascade Range that drain
the slopes of Mount Rainier contains
deposits formed during multiple
glaciations. A glaciation that probably
occurred more than 600,000 years ago
produced an icecap that mantled much of
the Cascade Range, and valley glaciers
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The levels of two large lakes in the Great Basin during the last part of the Pleistocene changed at the same
times as did the lengths of mountain glaciers in the range east of one of them. Increases in the depth of
the lakes and lengths of the glaciers indicate times having "pluvial” (wetter than at present) climates, and

reversals indicate periods having climates more like the present. Soils mark times of stable land surfaces

when weathering of exposed glacial and lake deposits--a slow process-~could develop without the soils being
buried by new deposits or eroded and destroyed.
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reached lengths of as much as 120 km.
Icecaps and valley glaciers as long as
105 km again formed in the region during
two distinct later episodes. During the
last major glaciation, the valley
glaciers were only 25 to 65 km long, and
as they were retreating upvalley during
a late phase of this episode, rigorous
climatic conditions caused them to
expand again briefly before retreating
and nearly disappearing. Glacier
development occurred again between 4,500
and 2,500 years ago, and during most of
the time between the early 17th and late
19th century, they were larger than at
present.

® Lassen Volcanic National Park,
California, was mostly covered by an
icecap glacier during much of the last
ice age and at least once before that
time. Glacial deposits surround Lassen
Peak, but Lassen Peak itself, a volcanic
dome that formed about 11,000 years ago,
has deposits only from the small

altitudinal distribution of glaciers

that existed before and after the
creation of Lassen Peak suggests that
the regional snowline during the earlier.
glaciation was near 2100 m and near 2500
m during the later one. These elevation
differences indicate that mean annual
temperatures during these two glacial
?pi)sodes differed by about 2 degrees
C).

® Valley glaciers in the Front Range,
Colorado, advanced to their maximum
extents about 21,000 years ago, began to
wane 14,500 to 13,000 years ago, and
disappeared about 8,000 years ago.
Carbon-14 dates on the organic materials
first deposited in the lakes, bogs, and
kettle ponds (depressions caused by the
melting of large blocks of buried
glacier ice) that formed at the edges of
retreating glaciers, give minimum ages
of deglaciation. The composition of the
overlying sediments, and the plant
remains in them, show that complete

glaciers that formed later. The revegetation of the glaciated areas

. Level of lake during overflow
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The level of Searles Lake in California fluctuated during the last 150,000 years in response to climate
changes. The wet (pluvial) interval between 130,000 and 32,000 years, when the lake stood mostly at high
levels, is correlated with the glacial advances in northeastern North America known as early Wisconsin. The
similar interval 24,000 to 10,500 years ago, correlated with the late Wisconsin glaciation, saw the lake
expand and then contract at least five times. During the last 1,500 years of this period, six changes from
one extreme to the other occurred, allowing 250 years or less for each climatic reversal.
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CLEAR LAKE, CALIFORNIA
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The varying percentages of fossil pollen in cores taken from the bottom of Clear Lake, Calif. indicate changes
in the ratios of plant types along the shores and in the surrounding mountains as the lake mud was being
deposited. This diagram shows the changes in the percentage of oak pollen in the upper 115 m of one core.
Oak, which is now a common tree in the area, dominates the fossil pollen remains in the upper 20 m of core
and in parts of the lower 35 m; pine pollen replaces oak in most of the intervening zone. These changes in
forest type, caused by climate change, apparently occurred during transitions from glacial to interglacial
periods. The change near 20 m probably took place about 10,000 years ago, the changes below 80 m probably

reflect the last interglacial.

commonly occurred at least 3,000 to
4,000 years after the ice disappeared.
(Land surfaces that have been glaciated
are analogous in many ways to surfaces
that have been bulldozed, and the time
required for natural processes to
develop soils and restore vegetation to
its normal state in similar areas would
presumably be comparable.)

@® The past expansions of mountain
glaciers commonly required increases in
the amount of regional snowfall and
annual meltwater runoff. For example, a
Pleistocene glacier in northern
Yellowstone National Park covered about
3,400 km2, averaged 700 m in thickness,
and had a maximum flow line 150 km long.
Comparison of this reconstructed glacier
with those of modern glaciers in
analogous climatic environments leads to
the conclusion that there was an annual
flow of about 3 km3 of ice from the
glacier accumulation area to its
ablation area where an equal amount
melted. The present drainage from the
land area that used to be covered by
glacier ice is about 1.5 km3/yr. During
glacial times, therefore, the amount of
meltwater flowing from the glacier was
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about twice the amount of water now
draining from the same area.

® Pleistocene lake deposits exposed
near Clear Lake, California contain
fossil cones of the foxtail pine, a
subalpine species now found growing in
colder areas, and fossil pollen that
show that the deposits represent a
glacial period. @ The present
distribution of vegetational types
represented by these fossils suggest
that mean annual temperatures in the
Clear Lake area during that glacial
stage were about 7 degrees (C) lower
than now and that precipitation was
slightly higher than now.

® Much of the suburban development
on the peninsula south of San Francisco
is built on stream deposits about 20,000
years old. When these deposits were
formed, sea level was much lower than
now, and San Francisco Bay was a large
alluviating valley that drained through
the Golden Gate to form a large delta to
the west. In the southern bay area,
fossil ground squirrels of a type now
known to live only north of California
and in the northernmost Sierra Nevada
have been found in these ancient river
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were deposited during short periods of aridity in adjacent Sierra Nevada. A adiometric
the Middle Wisconsin interpluvial period (estimated ages from the San Joaquin Valley
to have extended from 32,500 to 24,000 carbon-14 sequence show that lakes formed in the

years ago) are separated by six layers of mud that

represent deeper lakes and less arid periods that basin at the same time that fans were

lasted as long as 3,000 years. The reconstructed growing as a result of climates
depositional temperatures indicate a distinct conducive to glacial expansion. At
trend, with the arid periods near the middle of : 3 s H

this i’nterval being the warmest and those at the least ,elght, n,]ajor lacustrine units haV¢
beginning and end of this time being the coldest. been identified; four of them are
During Middle Wisconsin time, therefore, the local younger than 600,000 years, and the
climate fluctuated every few thousand years between -

aridity and nonaridity, yet a trend of gradual youngest, qated by carbgn ol ll»o me;];ogg’
warming followed by gradual cooling was was deposited between 27,000 and 9,000
superimposed on these shorter period fluctuations. years ago.
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the atmosphere and waters of the world
because of a series of favorable nuclear
and chemical properties of the elements
in the uranium-238 radioactive family.
The lead-210 isotope, with a half-life
of 22.3 years, is formed from the decay
of its radon-222 grandparent which
diffuses into the atmosphere because of
its properties as a noble gas. After
lead is formed, it is precipitated into
the hydrosphere and adsorbed on
suspended sediment fragments that are
eventually deposited. This scenario
produces a constant flux of lead-210 in
the accumulating sediments. By knowing
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the extent of disequilibrium at the time
of sedimentation, the age of any horizon
in the sediment column less than two
hundred years old can be determined with
a resolution of approximately one year
in areas of rapid sedimentation (5
cm/yr). Radium-226 has a half-life of
about 1,500 years and is useful for
dating events up to 10,000 years old.
It follows a geochemical cycle similar
to that of lead-210; however, the
element is more often associated with
organisms, and sediments rich in organic
remains are better suited for radium
dating than is terrigenous material.
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