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SI UNITS AND U.S. CUSTOMARY EQUIVALENTS

[SI, International System of Units, a modernized metric system of measurement. All values have been rounded to four significant digits ex-
cept 0.01 bar, which is the exact equivalent of 1 kPa. Use of hectare (ha) as as alternative name for square hectometer (hm32) is restricted
to measurement of land or water areas. Use of liter (L) as a special name for cubic decimeter (dm?) is restricted to the measurement of
liquids and gases; no prefix other than milli should be used with liter. Metric ton (t) as a name for megagram (Mg) should be restricted to
commercial usage, and no prefixes should be used with it. Note that the style of meter? rather than square meter has been used for con-
venience in finding units in this table. Where the units are spelled out in text, Survey style is to use square meter]

ST unit

U.S. customary equivalent SI unit U.S. customary equivalent
Length Volume per unit time (includes flow)—Continued
millimeter (mm) = 0.039 37 inch (in) decimeters per second = 15.85 gallons per minute
meter (m) = 3.281 feet (ft) . (dm3/s) (gal/min)
= 1.094 yards (yd) = 543.4 barrels per day
kilometer (km) = 0.621 4 mile (mi) (bbl/d) (petroleum,
= 0.540 0 mile, nautical (nmi) 1 bbl=42 gal)
meter?® per second (m3/s) = 35.31 feet3 per second (ft3/s)
Area = 15 850 gallons per minute
(gal/min)
centimeter? (cm?) = 0.155 0 inch? (in?)
meter? (m?) = 10.76 feet? (ft2) Mass
= (1)'5?)8 2471 Saras vay '
= X acre . —
hectometer? (hm?) = 2471 acres gram (g) = 0.035 27 ouggg;voirdupois (oz
= 0.003 861 seatl&rilz)(ﬁw acres or . kilogram (kg) 2.205 poungs)avolrdupois (b
_ R . ) avdp
kilometer? (km?2) = 0.386 1 mile? (mi2) _megagram (Mg) e — 1.102 tons, short (2 000 1b)
Volume o = 0.9842 ton, long (2 240 1b)
centimeters (cms3) = 0.06102  inch3 (in?) Mass per unit volume (includes density)
decimeter? (dm?) = 61.02 inches? (in3)
= 2.113 pints (pt) kilogram per meters = 0.062 43 pound per foot? (1b/ft3)
= 1.057 quarts (qt) (kg/m?3)
= %%)24 gl gallon (gal)
= 035 foots. (ft3
meter? (m?) = 3531 feots (£t Pressure
= 1.308 yards® (yds)
= 64.2 gallons (gal) kilopascal (kPa) = 0.145 0 pound-force per inch? .
= 6.290 barrels (bhl) (petro- (1b£/in?)
leum, 1 bbl=42 gal) 0.009 869 atmosphere, standard
s = 0.000 810 7 acre-foot (acre-ft) (atm)
hectometer? (hms) = 10.7 acre-feet (acre-ft) = 0.01 bar
kilometer® (km?) = 0.2399 - mile? (mi3) = 0.2961 inch of mercury at
— 60°F (in Hg)
Volume per unit time (includes flow)
dec(idmeat/ex? per second = 0.03531  footd per second (fti/s) Temperature
m3/s
= 2.119 feet? per minute (ft3/ temp kelvin (K) = [temp deg Fahrenheit (°F)+4459.67]1/1.8
min) temp deg Celsius (°C) = [temp deg Fahrenheit (°F)—32]/1.8

n

does not constitute endorsement by the U.S. Geological Survey.

Any use of trade names and trademarks in this publication is for descriptive purposes only and
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LAND USE AND LAND COVER CHANGES—A FRAMEWORK FOR MONITORING

By JAMES R. ANDERSON, Reston, Va.

Abstract—Information on the rate and kind of change in -

the use of land resources is essential to the proper planning,
management, and regulation of the use of such resources.
Starting in 1975, the U.S. Geological Survey has been engaged
in mapping and inventory of land use and land cover at a
scale of 1:250 000 with plans to change to new 1:100 000 base
maps as they become available. Such scales are:-.appropriate
for acquiring benchmark or baseline data on land use and
land cover on a nationwide basis with a reasonable degree of
standardization and accuracy, within a practical time frame
of 6 to T years, and at a reasonable level of detail in cate-
gorization. Changes in land use and land cover occur at
highly variable rates from place to place. Thus variations. in
the intervals between updates of land use and land cover data
should be carefully evaluated in order to provide an appro-
priate frame of reference for the systematic updating of such
data. A methodological framework is needed for monitoring
changes in land use and land cover that will be timely, rela-
tively inexpensive, and appropriate for widely varying needs
at national, interstate-regional, state, multicounty, county, and
city levels. In this article a partial framework for monitoring
land use and land cover changes is provided with opportunity
to extend its use to greater levels of detail in categorization
and shorter intervals of frequency when needed for selected
areas.

Information on the rate and kind of change in the
use of land resources is essential to the proper plan-
ning, management, and regulation of the use of such
resources. Before land use and land cover changes can
be effectively measured and evaluated, a benchmark or
baseline mapping and inventory of land use and land
cover should be carried out. Starting in 1975, the U.S.
Geological Survey has been engaged in the mapping
and inventory of land use and land cover at a scale of
1:250 000. As new 1:100000 maps become available,
land use and land cover mapping will be done on that
base. These scales are appropriate for acquiring such
baseline data on a nationwide basis with a reasonable
degree of standardization and accuracy within a prac-
tical time frame of 6 to 7 years, and at a reasonable
level of detail in categorization (Anderson and others,
1976).

Knowledge about existing land use and rates and
trends of change is essential if the Nation is to over-

come the problems associated with haphazard and un-
controlled growth; declining environmental quality;

loss of prime agricultural lands; destruction of wet-
lands by industrial, agricultural, residential, and recre-
ational development; and strip mining of coal as a
much needed source of energy.

One of the prime requisites for better use of land is
information on existing land use and changes in land
use with time. The present distribution of agricultural,
recreational, and urban land; knowledge of how and
where urbanization and other development has been
occurring; and data on the proportions of a given
area recently devoted to different uses are used by. legis-
lators and State and local officials to determine land
use policy and by planners to project transportation
demand, to identify areas where future development
pressure will be greatest, to estimate future infrastruc-
ture requirements, and to develop more effective plans
for regional development (Anderson and others, 1976).

Information on existing land use and changes in
land use is needed for water-resource planning. As
land is changed from agricultural or forestry uses to
urban uses, surface-water runoff increases in magni-
tude, flood peaks become sharper, surface- and ground-
water quality deteriorates, and water-use increases,
thereby reducing water availability. By monitoring
and projecting land use trends, it will be possible to
develop more effective plans for flood control, water
supply, and waste-water treatment.

Land use information must be current. For example,
the assessment of recreational needs and opportunities
requires knowledge of the location and extent of urban
areas and potential recreational lands. This informa-
tion is used to forecast demand, identify potential solu-
tions, and develop recreation plans. Comprehensive
inventories of existing uses of public lands plus the
existing and changing uses of adjacent private lands
can improve the management of the public lands. Othes
Federal uses of land use data include assessing the
impact of energy-resource development and of water-
resource and river-basin planning, managing wildlife
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resources, studying changes in the use of lands in the
migratory bird flyways, and preparing national over-
views of changes in the use of land for national policy
formulation.

Another application of land use data is in assessing
the impact of natural disasters such as floods. Statistics
on the acres of agricultural, urban, and other types of
land inundated by floodwaters would be invaluable in

_estimating damages, future crop losses, and consequent
economic impacts.

Many differing viewpoints exist about the role of
land use planning and the need to regulate land use at
local, State, and Federal levels. Regardless of these
differences of opinion, there is a basic need to know
how the Nation is currently using its land resources
- and what changes in land use are occurring. Unless an
objective assessment of the current land use situation
is made, and unless a process for measuring change is
initiated, no one will have the necessary facts to evalu-
ate trends and problems associated with the use of
land resources.

PROBLEMS IN MONITORING CHANGES

Changes in land use and land cover occur at highly
variable rates from place to place. Some kinds of
change also take place in a much shorter time frame
than do others. For example, natural reversion of crop-
land and pasture to forest land in the New England or
Great Lakes States occurs over a much longer period
of time than change from cropland and pasture to pine
plantation in the South. The development of a new
residential subdivision or the strip mining of coal in a
given location generally takes place within a few
months and is easily identified from remotely sensed
data. Thus variations in rate of change should be care-
fully evaluated in order to provide an appropriate
frame of reference for the systematic updating of land
use and land cover data.

Some changes in land use and land cover are harder
to reverse than others or cannot be reversed at all, and
hence need to be evaluated differently from those
changes in land use and land cover that can be reversed
easily. For example, once a city is built up on prime
agricultural land, it is quite unlikely that such an area
will ever be returned to agricultural uses. Areas that
are strip mined can be revegetated and restored but at
considerable cost and generally with some loss in pro-
ductivity for agricultural and forestry uses. The plow-
up of rangeland and pasture for cropland in the west-
ern Great Plains in recent years in response to high
wheat prices can be reversed by reseeding to rangeland

LAND USE AND LAND COVER CHANGES—A FRAMEWORK FOR MONITORING

or pasture but at some cost and after soil loss has oc-
curred during periods of drought.

Marked changes in land cover and land use that may
occupy a relatively small area often have an impact
far beyond the area where an actual change in cover or
use takes place. A new residential development with
increased demands for urban services may result in
higher taxes over an entire county and the viability of
agricultural activities in that county may be severely
damaged as a result. Interstate highways that have
been built over the past 20 years occupy only about 0.8
million hectares (2 million acres) of land but have cre-
ated a strong impetus for land use changes involving
new alinements of residential, commercial, and indus-
trial activities, development of campgrounds and
campsites, and the creation of new recreational oppor-
tunities in formerly remote areas.

METHODOLOGICAL FRAMEWORK NEEDED

A methodological framework is needed for monitor-
ing changes in land use and land cover that will bo

_timely, relatively inexpensive, and appropriate for

widely varying needs at national, interstate-regional,
state, multiconnty, county, and city levels. Recognition
of the need for varying levels of information about
land use and land cover is essential if local, State, and
TFederal users of such information are to avoid exces-
sive duplication in the acquisition of basic information
akbout land resources and their use.

The rapidly developing technology of remote sensing
offers an efficient and timely approach to the mapping
and collection of basic land use data. Such technology
offers a wide range of capabilities at the present time
and it is likely that more sophisticated techniques will
be available in the future. Capabilities at the present
time include:

1. Multispectral scanner data available from Landsat
over extensive areas on a repetitive basis that may
be as frequent as every 9 to 18 days.

2. High-resolution color-infrared aerial photography
being acquired from high-altitude platforms such
as the U-2. Such photography is generally being
acquired on any given flight for areas of only
several thousand square miles and at frequencies
ranging from 1 to 10 years or longer.

3. Panchromatic, color-infrared, and color aerial pho-
tography is being obtained by using relatively
low altitude flights that generally cover a county
or less on any one mission or contract. Black-and-
white photography has been acquired by the
Agricultural Stabilization and Conservation
Service of the U.S. Department of Agriculture
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(1975) for agricultural and some adjacent areas
generally at intervals of 7 years or more. Pho-
tography has also been acquired from flights
funded by the U.S. Geological Survey and other
Federal agencies, by State and local agencies, as
well as by private corporations and individuals
for a wide variety of specific purposes.

Given this range in the availability and character-
istics of remotely sensed data, the methodological
framework for monitoring land use and land cover
changes should be designed to make maximum use of
these complementary sources of data. It is also ex-
tremely important to recognize that remotely sensed
data will not provide all the land use information that
may be wanted by a specific user. Supplemental sources
of information are available and should be used when
land use and land cover data are being collected. Even
expensive field mapping may be necessary for some
purposes.

Remote sensing technology alone is not adequate for
the efficient and timely generation of land use and land
cover maps and data. A geographically oriented infor-
mation system employing a wide range of sophisticated
computer technology must also be recognized as a

major asset by many but not necessarily all users of

land use and land cover information. For the user who
wants a land use map and land use statistics for a
limited area on a one-time basis, the computer tech-
nology now available is likely to be of limited value.
For the user who is faced with the problem of de-
veloping a set of baseline maps and data pertaining to
land use and land cover, must update such maps and
data from time to time, and must relate several sets of
data about land and its use (soils, slope, value, taxa-
tion rates, and so forth), the use of an information sys-
tem with the capability for inputting, storing, retriev-

ing and manipulating data spatially or geographically
on an electronic computer will be an invaluable asset.

The approach to the monitoring of changes in land
use and land cover taking place over time follows in
general the basic approaches to the baseline mapping
and collection of land use and land cover data previ-
ously cited (Anderson and others, 1976).

HISTORICAL PERSPECTIVE

Great diversity existed in the natural or relatively
undisturbed vegetation of the United States at the time
settlement by Europeans began to occur. Forest, grass-
land, and desert shrub were the three major divisions
of natural vegetation. The relative area of the original
major divisions of vegetation in what now comprises
the 48 conterminous States is shown in table 1.
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TABLE 1.—Natural vegetation: original areas of the major
divisions

[From Shantz and Zon, 1924]

Type of Acres Square miles Per-

vegetation (millions) (thousands) centage
Forest :
Hardwood __________.__ 400 625 21
Coniferous __________.___ 419 655 22
Woodland (arid) —_oo--- 95 148
— 914 —— 1428 — 48
Grassland :
Tall Grass (Prairie) ____ 304 475 16
‘Shortgrass (Plains) ___. 267 417 14
Other Grasses __________ 152 238 8
723 — 1130 ~— 38
Desert :
Northern Desert Shrub -_ 190 297 10
Southern Desert Shrub __ 76 119 4
—— 266 — 418 —_— 14
Total ~_____________ 1903 2974 100

This original pattern of natural vegetation has un-
dergone tremendous change since early European set-
tlement, and today the original land cover that has
remained relatively undisturbed has shrunk considera-
bly. Clearing Jand for agricultural and for urban and
built-up uses has been continuous since colonial times.
The original forests of the United States covered an
estimated 331 million hectares (819 million acres), not
including 38 million hectares (95 million acres) of arid
and other woodland. Only about 10 million hectares
(25 million acres) were cleared before the American
Revolution. Over the next 100 years about 61 million
hectares (150 million acres) of forest land in the
eastern part of the United States had been cleared for
agricultural uses. Since 1880, at least another 40 mil-
lion hectares (100 million acres) of forest land have
been cleared for farming. In the West, 2 to 3 million
hectares (6 to 7 million acres) .of arid woodland were
cleared for irrigated agriculture, and another 10 to 12
million hectares (25 to 30 million acres) of forest land
in the West were cleared for nonirrigated agriculture.
At least 12 to 16 million hectares (30 to 40 million
acres) of cleared forest land are now used for cities,
roads, and other built-up or developed areas.

Altogether about 136 to 142 million hectares (335 to
350 million acres) of originally forested land were
cleared for farming and other nonforest uses. Probably
as much as 30 million hectares (75 million acres) of
formerly cleared Jand have reverted to forest and brush
and hence are no longer in agricultural uses (U.S. De-
partment of Agriculture, 1958, p. 409-415). Much land
has been cleared more than one time.

Natural grasslands have also shrunk greatly in ex-
tent due to the plow-up for agricultural purposes, par-
ticularly for the production of corn, soybeans, and
wheat and other small grains. Approximately 97 mil-
lion hectares (240 million acres) of the original 293
million hectares (723 million acres) of grassland are
now being used as cropland (based on estimated area
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of present cropland located in areas of original grass-
land). Additional areas of natural grassland have also
been converted to pasture with introduced grasses.
Desert areas have also been irrigated for agricultural
production. In the early 1970’s cropland reseeded to
rangeland and pasture cover in the 1950’s and 1960’s
and earlier has been replowed and converted to crop-
land.

In Alaska the original natural vegetation was very
much as it is today, as shown in table 2. In 1969 the
Economic Research Service reported less than 40 000
hectares (100 000 acres) being used in Alaska as crop-
land and less than 121 000 hectares (300000 acres) in
urban areas and transportation uses (Frey, 1973).

In Hawaii the potential natural vegetation consisted
of (1) sclerophyllous forest, shrubland, and grassland,
(2) guava mixed forest, (3) ohia lehua forest, (4)
lama manele forest, (5) koa forest, (6) koa mamani
parkland, and (7) microphyllous shrubland. Barren
lava areas were, and are, also present (Kuchler,
1970). Within the past 100 years, sugarcane and pine-
apple plantations have replaced extensive areas of
natural vegetation. Urban or built-up uses of land
have also expanded considerably, particularly on Oahu
since 1940.

During the first half of the present century, changes
in land use and land cover continued to take place.
Cropland area increased in some regions, but declined
markedly in others. Major reversions of cropland to
forest land occurred particularly in New England, Ap-
palachia, and the southern Piedmont. Urbanization
absorbed cropland during this period, but not nearly as
much as was reverting to forest land and not at nearly
so rapid a pace as after 1950. Cropland also reverted

TABLE 2.—Land and water cover in Alaska, 1973
[From Joint Federal-State Land 1%?% Planning Commission for Alaska,
]

Acres Sauare miles Per-
(millions) (thousands) centage
Forest Land :
Coastal Western
Hemlock—Sitka Spruce __. 23 35 6
Bottomland Spruce—
Poplar - ___ 18 28 5
Up'and Spruce—
Hardwood ____________ 65 101 17
Lowland Spruce—
Hardwood ____________ 35 55 9
— 140 219 — 37
Tundra :
Moist _________________ 66 102 17
Wet _ 33 51 9
Alpine __________________ 85 133 23
183 —— 286 — 49
Brush Land: '
High Brush _____________ 18 28 5
Low Brush, Muskeg-Bog __ 10 16 3
— 28 — 44 — 8
Glaciers and Ice Fields —______ 11 17 3.
Lakes _.__ _____ . ___________ 5 8 1
Riverine Areas ______________ 8 12 2
Total ________________ 375 586 100

to grassland over extensive areas of the Great Plains
after disastrons drought conditions in the 1930’s.

Since the 1940’s, land use and land cover changes of
several kinds have been occurring. Some of the more
significant of these changes are listed in table 3. Table
4 and figure 1 show the extent and regional distribu-
tion of changes in the very important cropland base of
the Nation on which we depend heavily for food and
fiter production for domestic consumption as well as
for export to other nations in exchange for petroleum,
minerals, pulp and paper, foodstuffs, and other prod-
ucts. It is obvious from the data presented in table 4
and figure 1 that there is much variation in the in-
creases and decreases of the cropland base that are
taking place within and among the major farm pro-
duction regions of the United States (figure 2). The
monitoring of such changes is a significant component
of keeping land use and land cover data current at the
present time.

Urbanization since World War II has resulted in
significant shifts in land use and land cover in some
parts of the country while having very little impact in
other parts. Although the actual total area of expan-
sion in urban or built-up land is not as great as many
believe it to be, the impact of urban development gen-
erally reaches far beyond the actual area being built up
(Zeimetz and others, p. 24). Most but not all of the
expansion involving urban or built-up land is occur-
ring in metropolitan areas. Counties included in the
Standard Metropolitan Statistical Areas are shown as
figure 3.

TABLE 3.—Significant kinds of changes in land use and land
cover occurring since the 1940’8

From To

Agricultural Land ____ Wetland.

Rangeland.

Forest Land.

Reservoirs.

Strip Mines, Quarries, and Grav-
el Pits.

Urban or Built-Up Land.

Cropland and Pasture, Orchards,
Groves, Vineyards, and so
forth.

Reservoirs.

Strip Mines, Quarries, and Grav-
el Pits.

Urban or Built-Up Land. .

Cropland and Pasture, Orchards,
Groves, Vineyards, and so
forth.

Reservoirs.

Strip Mines, Quarries, and Grav-
el Pits.

Urban or Built-Up Land.

Cropland and Pasture.

Reservoirs.

Urban or Built-Up Land.

Barren Land __________ Reservoirs.

Urban or Built-Up Land.

Forest Land __________

Rangeland ___________

Wetland - ______
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TaABLE 4.—Total cropland, change in cropland, and number of counties showing changes by regions, 1944—64
[From Krause (1970, p. 6)]

Total cropland Increase Decrease ! Regional
Region inoglziilclxi'gg ® Number Number chn%ei;e in
Acres Acres 1114
1944 1964 counties (millions) cou?lties (miliions) :)nf ac?gss
Northeast — - _____ 22.7 15.8 4 0.1 240 7.0 —6.9
Lake States . ______ 41.3 39.5 72 1.2 169 2.9 —1.8
Corn Belt ___________________ 80.9 82.1 288 4.6 208 3.3 +1.3
Northern Plains ____________ 92.3 93.5 . 132 4.7 188 3.5 +1.2
Appalachian . ________ 26.7 18.8 20 1 450 81 —8.0
Southeast __________________ 24.5 15.0 35 1.0 304 10.6 —9.5
Delta __ 18.7 15.1 42 1.6 179 5.2 —3.6
Southern Plains _____________ 45.4 38.3 78 2.8 253 9.9 —7.1
Mountain . ________________ 30.5 36.9 150 8.0 127 1.5 +-6.4
Pacific _ . ____ 20.2 214 47 2.6 86 1.4 +1.2
48 States —______________ 403.2 376.5 868 26.7 2,204 53.5 —26.8
1 0r no change.
Sy INCREASE IN CHOPLAND ACREAGE

DECREASE IN CROPLAND ACREAGE

Fieure 1.—Cropland acreage changes, 1944-64. Cropland acre-
age includes cropland harvested, failed, summer fallowed,
idle, or in soil improvement crops only and excludes crop-
land pasture. One dot indicates a 10 000-acre increase or
decrease in counties which had a net increase or decrease
in cropland acreage. Source of cropland acreage data taken
from the “U.S. Census of Agriculture” for 1944 and 1964.
From Krause (1970, p. 7).
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FIGURE 2.—Farm production regions. From Otte (1974, p. 2).
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In tables 5 and 6 indication of the regional distribu-
tion of the amount of land in urban or built-up areas
and the kind of changes that took place between 1950
and 1970 are shown. Such changes continue to occur
and are worthy of careful and selective monitoring
now and in the future. For many purposes a much
more detailed monitoring of the changes that are oc-
curring is needed. Not only do changes between addi-
tional categories of land use and land cover need to
be monitored. but the location of such changes needs
to be identified for some planning, management, and
regulatory purposes.

SOME GENERAL GUIDELINES FOR MONITORING
CHANGES IN LAND USE AND LAND COVER

Many differences in need exist among users of land
use and land cover data for the updating of such data,
but the following guidelines should be helpful in pro-
viding more timely and useful monitoring of land use
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and land cover changes at less cost per unit of area
being monitored.
1. More reliance ought to be placed on using remote

sensing technology for the primary land use and
land cover mapping and data-collection process
because of the economies that can be realized in
the mapping and acquisition of such data. Such
an approach to mapping and data collection can
be effectively complemented by use of other data
sources if a carefully developed plan for the in-
tegration of data from different sources is
developed in advance. For relatively small areas,
field mapping may be a preferable approach.

2. Use of different kinds of remote sensor data may

provide the best approach to monitoring of
changes in land use and land cover, particularly
over extensive areas. At the present time in the
U.S. Geological Survey, experimental studies
are being undertaken to determine how data ac-
quired from Landsat and high-altitude aircraft
can be interfaced for the efficient updating of
land use and land cover mapping that is now
being done by that agency.

3. The seasonal selection of remotely sensed data for

mapping and measuring changes in land use and
land cover will vary from place to place and
from one type of change to another. For exam-
ple, strip-mining activity will probably be most
appropriately monitored in late autumn or early
spring in West Virginia, but in western coal
regions the seasonal selection might also include
summer months.

4. The minimum unit selected for the mapping and

collection of land use and land cover data and
the level of detail in categorizing land use ought
to be kept at the smallest scale compatible with
survey needs in order to minimize time and cost
of data collection and updating.

5. Many users of land use and land cover data have a

need for knowing what kind of land use or cover
change has occurred—that is, what was the land
use before and after the change. This need
argues strongly for a complete or 100-percent
selective updating of only a few categories.
However, such a guideline is much more ap-
plicable in some situations than others. For
example, the recent change from rangeland and
pasture to cropland in the western Great Plains
dominates so completely the kind of land cover
changes taking place that other changes are
relatively unimportant. On the other hand, the
diversity of significant changes likely to occur
within a metropolitan area makes complete

SAUT tagg iy
P*OVO.Opg,,

F1cUre 3.—Standard Metropolitan

monitoring more desirable for most users of land
use and land cover data in such areas.

6. Qualitative or quantitative review (if comple-

mentary data sources exist) of the kind and
relative importance of changes likely to be ex-
pected should precede detailed land use and land
cover mapping and data collection. Such review
may consist of low-altitude light-aircraft recon-
naissance or ground traverses of areas such as
cities, counties, or Standard Metropolitan Sta-
tistical Areas.
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7. For those applications which require information 8. Careful selection of the
about the nature of changes and the degree of

minimum mapping unit

most appropriate for the level of categorization

change, but not necessarily the exact spatial lo- and the kind of land use and land cover changes
cation in which all individual changes occur, being monitored is important.

sampling ought to be considered as an alterna-
tive to complete detailed compilation. Acceptable
statistical estimation may be adequate for spe-
cific applications, and use of such sampling pro-
cedures may also offer an effective method for
the selection of areas needing much more de-
tailed attention.

9. Only those areas actually

undergoing change from

one land use or land cover type to another need
to be mapped. Mapping of changes is less costly
than complete remapping. In figure 4, a part of
the map of the Washington, D.C., area showing
changes in land use by type of change from 1970
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TABLE 5.—Area, in thousands of acres, for selected urban and built-up uses, by Farm Production Regions, 1950-70
[From Wooten, 1953a ; Wooten 1953b, p. 33—36 ; Frey, 1973, p. 37-38. N.A., data not available]
1950 1970
Highways Highways Farmsteads,
Urb: Farm- Urban
Regton aress  yfhages  steads® i lenars
Northeast 4126 1921 799 7282 2037 386
Lake States 1784 21769 1330 3040 3008 1008
Corn Belt _— 2950 3 467 2334 5594 3727 2067
Northern Plains ___ 514 4033 1174 833 3495 1135
Appalachian __ 1330 1713 1115 3022 2109 842
Southeast _____ 1876 1566 655 3 832 2318 522
Delta States ___ 841 1061 699 1432 1182 595
Southern Plains . _________ 1269 1 800 925 3 288 2 305 767
Mountain —— 867 2 848 616 1736 3597 578
Pacific 2722 1702 631 4331 1927 495
48 States . __________ 18279 22 880 10 278 34 390 25 705 8395
Alaska __ - N.A. N.A. N.A. 59 208 3
Hawaii ________ _ N.A. N.A. N.A. 141 40 22
50 States N.A N.A. N.A. 34 590 25 953 8420

1 Data are also available by State from Wooten (1953b) and Frey (1973).

2 Rural areas only.
3 Data for 1950 and 1970 are not exactly comparable.

TABLE 6.—Increases in selected urban and built-up wuses, by
Farm Production Regions, 1950-70

[Wooten, 1953b, p. 9-11, 83-36; Frey, 1973, p. 23-24, 37-38. N.A,,
data not available]

Total Petéc:nttalge
ota. of tota.
increase land area ‘i;‘;ﬁ?agle
in urban in the rate of
areas region change
Region 1 1950-70 in urban 1950-70
(thou- and trans- (thou-
sanfds portational sands of
o use p
acres) acres)
1950 1970
Northeast ___ 3156 5 8 158
Lake States __ 1256 3 4 63
Corn Belt ___ 2 644 3 5 132
Northern
Plaing ____ 319 2 2 16
Appalachian _ 1692 2 4 85
Southeast ___ 1956 2 4 98
Delta States _ 591 2 2 30
Southern
Plains __._ 2019 1 2 101
Mountain ____ 869 1 1 44
Pacific ~_____ 1609 2 3 81
48 States 16 111 2 3 806
Alaska ______ N.A. N.A. (2) N.A.
Hawaii __..__ N.A. N.A. 4 N.A.
50 dtates N.A. N.A., 2 N.A.

(é?g)t.a are also available by State from Wooten (1953b) and Frey
2 Less than 0.1 of 1 percent.
to 1972 illustrates this approach to mapping of
land use and land cover changes.

10. Thorough and careful documentation of the initial.
compilation of land use and land cover data
from remote sensor sources as well as of the
identification of land use and land cover changes
is essential for accurate and useful mapping and
data acquisition from such sources.

TEMPORAL AND REGIONAL GUIDELINES FOR
MONITORING CHANGES IN LAND USE

AND LAND COVER

It is impossible to establish temporal and regional
guidelines for monitoring land use and land cover

changes that will be satisfactory for all users. However,
information presented in tables 4, 5, and 6, and figures
1 and 3, along with information from other sources
provides general guidelines as presented in tables 7
and 8 (Averitt, 1970, p. 23; Clawson, 1972, p. 154—156;
U.S. Department of Agriculture, 1974, p. vii). At
municipal and county levels many diverse factors will
dictate the need and capability for monitoring land use
and land cover changes. .

The guidelines presented in table 7 are based mainly
on the historical and regional patterns of change since
World War IT and on projected national patterns to
the year 2000 (U.S. Department of Agriculture, 1974,
p- vii). In some instances regional variations based on
historical patterns are not the same as those likely to
be significant in the future. The accelerated stripping
of coal in western coal regions has been recognized in
table 8, for example. Changes in the significance of
urbanization. which is likely to accelerate in the
Southeast and Southwest and is slowing down in the
Northeast and Midwest, are also reflected in the table.

The time between updating the mapping and meas-
urement of land use and land cover changes shown in
table 8 may vary with time. For example, in the 1950’
citrus acreage was expanding rapidly in central Flori-
da and annual changes were watched closely. In the
1960’s, the area in citrus groves stabilized and a longer
time between updating became acceptable. In the
1950’s, after severe drought in parts of the Great
Plains, conversion of cropland to rangeland acceler-
ated markedly with annual monitoring needed for
some purposes. In the 1960’, little change occurred. As
wheat prices soared in the 1970’s a plow-up of range-
land brought a resurgence of interest in land use
changes along the western margin of the Plains. When
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Survey (1975).

the kinds of changes indicated in table 8 are related to
economic and environmental concerns, the frequencies
suggested for mapping and measuring land use and
land cover changes appear to be reasonable in relation
to the available capability to monitor such changes.

The potential value of Landsat data for consistent
mapping and measuring spatial and temporal changes
in land use and land cover for a wide range of users
has not been fully demonstrated at this time. However,
the need for a remote sensor capable of periodically



[
}
F

152 LAND USE AND LAND COVER CHANGES—A FRAMEWORK FOR MONITORING

TABLE 7.—Significance of land use and land cover changes by Farm Production Regions, 1950-70
[1, regionwide significance ; 2, multicounty significance ; 3, locally significant ; 4, little or no significance]

Land use and land cover changes

From To

east States Belt p; ains

North- Lake Corn NOTth- APDa- oo ip peita SOUth- poun. Pa. Alas- Ha- 50

ern lachi-

an tain cific ka wail States

east States Pfam:s

Agricultural land __Wetland
Rangeland
Forest Land oo ___
Reservoirs
Strip Mlnes. Quarries, and Gravel

Urban or Built-Up Land __________
Forest Land _______ Cropland and Pasture, Orchards,
. Groves, Vineyards, and so forth.

Reservoirs __

StrPiipt Mines, Quarries, and Gravel

s.
Urban or Built-Up Land __________
Rangeland _-_______Cropland and Pasture, Orchards,
Groves, Vineyards, and so forth.
Reservoirs ___________
Stnpt Mines, Quarries, and Gravel

Urban or Built-Up Land —_________

Wetland .__________ Cropland and Pasture —____.______.
: Reservoirs ___ -

Urban or Built-Up Land __________

Barren Land ______ Reservoirs _
Urban or Built- -Up Land __._______
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TABLE 8.—Guidelines for monitoring frequency of land use and land cover changes

Land use and land cover changes

Nationwide,
interstate, regional,
and statewide changes

Standard Metropolitan Statistical Areas
and other selected
intrastate regional areas

From To 5—7 years 8-12 years Lzs;:egl:.:n 5-7 years 8-12 years
Agricultural Land _.-Wetland . _________ X X
Rangeland __ X X
Forest Land — oo X X
Reservoirs _____________._________ X X
Stgipt Mines, Quarries, and Gravel X X
8.
Urban or Built-Up Land __________ X X
Forest Land —________ Cropland & Pasture, Orchards, X X
Groves, Vineyards, and so forth.
Reservoirs X X
Stgﬂ; Mines, Quarries, and Gravel X X
s,
Urban or Built-Up Land __________ X X
Rangeland _.__.______ Cropland & Pasture, Orchards, X X
Groves, Vineyards, and so forth.
Reservoirs . ______________ X X
Stgipt Mines, Quarries, and Gravel X X
8.
Urban or Built-Up Land __.________ X X
Wetland o ________ Cropland and Pasture —_.._________ X X
Reservoirs X X
Urban or Built-Up Land —_________ X X
Barren Land -_______ Reservoirs - X X
Urban or Built-Up Land —_________ X X

scanning extensive areas for such changes is becoming
more obvious as the costs and problems of collecting
information about land use and land cover from enu-
meration, ground surveys, and low-altitude high-resolu-
tion aerial photography continue to mount. Use of a
lower resolution remote sensor to complement the use
of high-resolution remote sensor data for selecting
areas where higher resolution remote sensors are most
needed for obtaining land use and land cover data
must now be more carefully evaluated. If land use and
land cover data are to be maintained at a reasonable
level .of currency in ‘a cost-effective manner, more re-
search is needed to assure that appropriate use is made
of the wide range of remote sensing technology now
available. Research is currently underway on the use

of Landsat data for land use and land cover mapping
and for the monitoring of land use change.

‘ SUMMARY

This report has focused on providing a framework
for monitoring land use and land cover changes rather
than a plan for undertaking a systematic monitoring
of such changes. Some of the major constraints have
been indicated ; the need for differing intervals of time
for monitoring changes depending on the dynamics of
land use and the néed to change the degree of emphasis
in the monitoring of the various categories 6f land use
and land cover have been stressed. Emphasis has also
been placed on the need to recognize practical consid-
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erations of obtaining suitable remotely sensed data for
the monitoring of land use and land cover changes.
Further research on this problem will be needed to pro-
vide efficient and systematic approaches to the monitor-
ing of changes in land use and land cover.
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INTRUSIVE ROCKS OF THE YAKUTAT-ST. ELIAS AREA,
SOUTH-CENTRAL ALASKA

By TRAVIS HUDSON, GEORGE PLAFKER, and M. A. LANPHERE
Menlo Park, Calif.

Abstract.—Twenty-three plutons, exposed over a total area
of nearly 1200 km® have been studied in the Alaska part of
the St. Elias Mountains between long 138° and 141°W. Results
of potassium-argon age determinations combined with field
relations, petrography, and major- and trace-element chemistry
suggest six major intrusive events: (1) late Paleozoic gabbro
to quartz diorite intruded Paleozoic metamorphic rocks that
are probably equivalent to the Kaskawulsh Group in adja-
cent areas of Canada, (2) Triassic quartz diorite formed
one small pluton in undated metamorphic rocks near Mt. St.
Elias, (3) Jurassic tonalite and granite intruded upper Paleo-
zoic(?) and lower Mesozoic(?) metamorphic rocks, (4) Late
Cretaceous or Tertiary altered tonalite formed three widely
separated plutons in metasedimentary rocks of Jurassic(?)
and Cretaceous age in the Yakutat Group, (5) Eocene grano-
diorite and granite, and (6) late Cenozoic tonalite and gran-
odiorite intruded both the Yakutat Group and upper Paleo-
zoic(?) and lower Mesozoic(?) metamorphic rocks. The Paleo-
zoic, Jurassic, and Cretaceous or Tertiary plutonic suites are
restricted to particular geologic terranes, and the Jurassic
and Eocene suites correlate with regional plutonic belts present
elsewhere in southern Alaska. The distribution of the Tertiary
plutons does not require large-scale horizontal displacements
along the Fairweather and other major high-angle faults. The
available data indicate that the mineral resource potential
of the Yakutat-St. Elias area is low for those deposits that
are generally related to magmatic processes.

Twenty-three larger plutons and numerous dikes,
sills, and plugs have been sampled and mapped in the
Yakutat and Mt. St. Elias quadrangles (Plafker,
1976). This paper summarizes the field, petrographie,
major- and trace-element, and potassium-argon age
data available on the intrusive rocks. Metamorphic
rocks are discussed in a companion paper by Hudson,
Plafker, and Turner (1977). Field occurrences, physi-
cal and chemical characteristics, and ages help identify
six plutonic suites. Some of these suites, and the
geologic terranes in which they occur, have correlatives
elsewhere in the Border Ranges of southern Alaska.

The Yakutat-St. Elias area includes approximately

16 000 km? (square kilometers) in the Yakutat and-
Mt. St. Elias quadrangles between the Canadian border -

and the Gulf of Alaska (fig. 1). It extends eastward
to the Alsek River drainage (long 138°W.) and west-
ward to the vicinity of Mt. St. Elias (long 141°W.).
Except for a low and relatively level coastal foreland,
relief in the area is exceptionally rugged. Glaciers ex-
tend to sea level, and individual peaks such as Mt. St.
Elias reach elevations of 5500 meters (m) only 30 km
inland from the coast. At higher elevations bedrock
exposures are limited to nunataks, many of which are
not accessible for sampling.

Acknowledgments—E. M. MacKevett, Jr., and
Michael Perkins participated in parts of the fieldwork
and mapped and sampled many of the igneous rocks.
Phillip Frame stained rock slabs, made modal point
counts, and separated many of the minerals that were
used for potassium-argon dating. Kenneth Williams
assisted in examination of polished sections. Three of
the potassium-argon determinations were kindly pro-
vided by D. L. Turner, University of Alaska.

METHODS OF STUDY

We examined the intrusive rocks megascopically to
determine physical and structural characteristics, and
determined ,modal proportions by point counting on
slabs stained for potassium feldspar and plagioclase
following procedures outlined by Norman (1974). The
silicate minerals and their textural relations were de-
termined in thin sections, and, for several samples,
opaque minerals were studied in polished sections.
Plagioclase compositions have been estimated by meas-
urement of the maximum extinction angles of albite
twin lamellae in sections oriented normal to (010)
(Winchell and Winchell, 1967, p. 287-288). The lith-
ologic and petrographic data are summarized in
table 1. This report uses the nomenclature suggested
by the International Union of Geological Sciences’
Subcommission on the Systematics of Igneous Rocks

- (Geotimes, 1973) for the plutonic rocks and that of

Irvine and Baragar (1971) for fine-grained rocks.
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The major- and trace-element compositions of many
whole-rock samples have been determined by stand-
ard techniques in the analytical laboratories of the
U.S. Geological Survey. Major oxides in individual
samples are listed in table 2, and all trace elements
generally present in amounts above detection limits
are included in the compilation shown in figure 2.
Norms were calculated according to the C.IP.W.
method.

Potassium-argon ages were measured on minerals
separated from 19 samples of intrusive rocks. Argon
analyses were done by isotope dilution using equip-
ment and techniques described by Dalrymple and
Lanphere (1969). The argon measurements were made
on a Nier-type 15-centimeter-radius rare-gas mass
spectrometer. Potassium was determined by flame pho-
tometry using a lithium metaborate fusion technique
(Suhr and Ingamells, 1966; Ingamells, 1970). The
plus-or-minus value assigned each age measurement
(table 3) is an estimate of the standard deviation of
analytical precision according to the method of Cox

and Dalrymple (1967) together with an estimate of
accuracy based on uncertainties in the isotopic com-
position and concentration of the argon-38 tracer and
the concentration of the flame photometer standards.
Three of the determinations were done by D. L. Turner
of the University of Alaska, following procedures
described elsewhere (Turner and others, 1973).

GEOLOGIC SETTING

The area contains four broadly distinctive bedrock
terranes that trend subparallel to the structural grain
of the mountains and the Gulf of Alaska margin. The
terranes are the Hubbard, Fairweather-Art Lewis,
Yakutat, and coastal lowland (fig. 3). The age of the
sedimentary and metamorphic rocks within them gen-
erally increase in a northerly direction at angles to the
major structures.

Hubbard terrane

The Hubbard terrane consists of undated mafic meta-
voleanic rocks, associated marbles, and -some mica
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F16URE 2—Summary of the modal, normative, and trace-element data available for the six-plutonic suites recognized in the
Yakutat-St. Elias area. Average trace-element values are indicated by the location of the identifying symbol for each suite,
and the range in a set of reported values is indicated by a vertical bar. The number of separate analyses used in the
compilation of the trace-element data is: Paleozoic, 3; Triassic, 1; Jurassic (tonalites only), 4; Cretaceous or Tertiary,
3; Bocene, 9; and late Cenozoic, 6. Trace elements determined by semiquantitative spectrographic procedures described in
Meyers, Havens, and Dunton (1961) ; Chris Heropoulos, analyst. ‘

schists. These rocks are probably part of the domi-
nantly middle Paleozoic terrane found just east of
the map area in the Canadian part of the St. Elias
Mountains (Campbell and Dodds, 1975). Ninety kilom-
eters to the northeast of the map area, the middle
Paleozoic sequence is composed mostly of low-grade
metasedimentary, mainly carbonate, rocks which were
originally named the Kaskawulsh Group by Kindle
(1952, p. 29). They are considered part of the Alex-
ander terrane (Berg and others, 1972, p. D2), a terrane
believed to extend southeast through Glacier Bay
(MacKevett and others, 1971) at least to Chichagof

Island (Loney and others, 1975) and northwest to the
eastern extremities of the Wrangell Mountains (Mac-
Kevett and others, 1974).

Fairweather—Art Lewis terrane

The Fairweather-Art Lewis terrane is a metamor-
phic belt composed of greenschist- to amphibolite-
grade metavolcanic and metasedimentary rocks of un-
known age. Following the suggestion of Berg, Jones,
and Richter (1972), rocks of this belt are tentatively
considered higher grade equivalents of the Skolai
Group of Smith and MacKevett (1970) but they have
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TABLE 1.—Summary of the lithologic and petrographic data available for the intrusive rocks of the Yakutat-St. Elias area
[NA, not available]

Letter . Mineralogy *
on Pluton(s) Principal Granularity, texture, Plagioclase Color Remarks
fig. 4 1ithology and structure Essential Accessory  Secondary characteristics index
> Plugs, dikes Andesite and Fine-grained, porphyritic, Plagioclase, Apatite, Epidote, Subhedral to euhedral NA Patchy oxidation and
c and sills. basalt. ophitic, trachytoid, vesi- unknown mafic, magnetite. -actinolite(?), phenocrysts with alteration of ground-
< cular, and amygdaloidal. hornblende, chlorite, oscillatory zoning mass. Vesicles vari-
= Chilled borders common. quartz, sericite, in intermediate com- ably filled with com-
[+ 4 K-feldspar. calcite, positions. Thin binations of quartz,
= tiron hydroxide, elongate laths in . chlorite, calcite, and
. Fprehnite. basalts. prehnite.

A Mt. Owen Rhyolite Quite variable granulari- Quartz, Apatite, +Calcite, Phenocrysts are un- NA Alteration variable
porphyry and ty, porphyritic with k-feldspar, +pyrité, ~iwhite mica, zoned and simply and patchy, calcite
granite. plagioclase, K-feldspar, plagioclase, +zircon. *chlorite, twinned. Others nor- usually in veinlets.

and quartz phenocrysts +biotite, *epidote, mal and oscillatory ’
and glomeroporphyritic Fhornblende. *actinolite, zoning to Angs rims.

aggregates. Granite is +iron hydroxide. Overgrowths o$

fine-grained, hypidiomor- K-feldspar common.

phic, and equigranular.

B Brabazon Granodiorite  Fine- to medium-grained, Plagioclase, Augite,  Chlorite, An3g-Angg, normal to 12-32 Clinozoisite veinlets,
equigranular to seriate, hornblende apatite, epidote group, very strongly oscil- chlorite replacing
hypidiomorphic. Weak to quartz, iImenite, +white mica. Tatory zoning, some biotite, hornblende
moderate foliation de- biotite, pyrite, patchy zoned inter- replacing augite, var-

Q fined by orientation of K-feldspar.  +zircon. iors, complex twin- jable saussuritization
] mafic grains. ning, of plagioclase, var-
s iable maffc : quartz
Z ratio. ~
3 C Mt. Foresta Granodiorite(?) NA NA NA NA NA NA No samples avaflable.

Valerie Tonalite. Fine- to medium-grained, Plagioclase, Epidote, White mica An3g, dominantly 16 Epidote occurs as
w Glacier. seriate, hypidiomorphic; quartz, apatite, U"gg"“ and com- primary accessory
[ foliate with oriented hornblende.  {lmenite, plexly twinned, mineral.
3 hernblende and faint com- hematite, minor patchy inter-

positional banding. pyrite, ior and normal
zircon(?). zoning.

E Mt. Seattle Granite Fine- to medium-grained, Plagioclase, Garnet Epidote(?), NA 2 No thin sections
equigranular, hypidiomor- quartz, chlorite available; epidote in
phic; weakly foliate with K-feldspar, fractures parallel to
oriented biotite. biotite, foliation, chlorite

muscovite. secondary after bio-
tite.

F  Butler Granodiorite(?) NA NA NA NA NA NA No samples available.

L Glacier
G Mt. Granodiorite Fine-grained, equigranu- Plagioclase, Apatite, Chlorite, Anyg-Angg, generally 5 Chlorite after bio-
Vancouver. lar, hypidiomorphic; quartz, allanite(?),clinozoisite, nogﬂa'ﬂy zoned, tite, plagioclase :
myrmekite common; foliate microciine, zircon(?), sericite. saussuritized cores, quartz : K-feldspar
with oriented biotite and biotite, opaque. some fuzzy oscilla- ratfos probably vari-
faint compositional band- muscovite. tory zoning. able.
ing. .

H o mMt. Stamy Granodiorite  Medium-grained, equigran- Plagioclase, Augite, Epidote, An ‘-An , patchy 19 Augite-bearing
ular to seriate, hypidio- quartz, apatite, +calcite, zoald iﬁger‘lors with samples are from more
morphic; myrmekite common; microcline, zircon, *sericite, oscillatory zoning mafic and foliate
foliate with oriented bio- biotite +iimenite, *chlorite, outward to strongly border zones of the
tite, hornblende, and hornblende|. ¥pyrrhotite. ¥prehnite. normal zoned rims, pluton where K-feld-
plagioclase. simple twinning. spar may be absent;

w interior zones are
Z more massive and leu-
8 cocratic; chlorite and
9 prehnite after
o . biotite.
w 1 Mt. Draper Granite and Fine- to medium-grained, Plagioclase Apatite, Epidote, Ansq, patchy zoning -6-12 Minor saussuritiza-
granodiorite.  equigranular to seriate; microcline zircon(?), chlorite, in %he interfors tion of plagioclase
some coarse and semi- quartz, "chalcopy- +calcite. with oscillatory and chloritization of
poikilitic K-feldspar, biotite, rite(?). zoning in outer biotite.
myrmekite common; massive muscovite. margins, simple
to moderately foliate. twinning.
J Grand Granite Medium- to coarse-grained, Quartz Garnet, Chlorite, An,.-An, ., patchy n Probably a composite
: Plateau equigranular to seriate, ptagioclase zircon, sericite, zoﬁgd aAQ slightly pluton; minor chlor-
Glacier. hypidiomorphic; massive to microcline, magnetite. iron hydroxide. altered interiors ite after biotite and
foliate with oriented bio- biotite. with fine oscilla- sericite in plagio-
tite. tory zoning out- clase cores.
' : wards; simple twin- .
v ning.
> K Chamberlain Tonalite Fine- to medium-grained Plagioclase, Epidote, Anoo-An,,, rormal to 23 nt and dis-
s Glacier. v equfgranular‘to ser}'ate, biotite, A:;::;:{‘ité prehn‘!te. osé?]]aggr‘y zoning, 2?:22:“ secondary
= hypidiomorphic; foliate  thornblende, iy, 00W "™ * sericite, complex twinning.- mineral development.
with oriented mafic miner- quartz, Fchalco ”techlonte,
E als; fractured, veined,and +K-feldspar,  — 24 " quartz(?),
- sheared. iron hydroxide.
@ L Russel do. Medium-grained, equigran- Plagioclase, Apatite Epidote, An37. oscillatory 101 Do.
o Fiord ular, hypidiomorphic; quartz, prehnite, zoning in outer mar-
foliate with oriented microcline, chlorite, gins, simple to com-
» mafic minerals; fractured, biotite, quartz(?), plex twinning.
8 veined, and sheared. +hornblende. iron hydroxide.
w M Mt. Cook Diorite(?) and Medium-grained, equigran- Plagioclase, Calcite, Pervasively altered 15-20] Do.
2 quartz ular, hypidiomorphic; unknown mafic. chlorite, but simple twinning
- diorite(?). fractured, veined, and epidote, still evident.
w sheared. Secondary min- prehnite,
a erals obscure original sericite,
© relations.- albite.

See footnotes at end of table.
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TaBLE 1.—Qummary of the lithologic and petrographic date available for the intrusive rocks of the Yakutat~-St. Elias area—

Continued
Letter *
on  Pluton(s) Principal Granularity, texture, Mineralogy Plagioclase Color Remarks
fig. 4 11thology and structure Essential Accessory Secondary characteristics index )
Novatak Tonalite Fine- to medium-grained, Plagioclase, Apatite, Epidote group, A"46’ not obviously 31-33 Pluton is more mafic
Glacier. equigranular to seriate, quartz, +ilmenite, chlorite, zoned, complexly and foliate near
hypidiomorphic; foliate biotite, sericite, twinned. borders; late crys-
with oriented mafic min- hornblende. iron hydroxide. tallizing minerals
erals. include fine-grained
plagioclase, quartz,
and interstitial to
poikilitic horn-
[$) blende.
» Alsek Granite Medium-grained, equigran- Quartz, . Garnet, Chlorite, An 8'“"29' patchy 3-25 Dikes and borders of
» River. ular, hypidiomorphic; plagioclase, +chalcopyrite, +iron hydro- 1n28pqo zoning; the pluton are more
< myrmekite common; foliate microcline, *apatite, xide, marginal hazy to mafic; ‘secondary min-
gg with oriented and deformed biotite, _imonazite, white mica, ali-defined oscil- erals minor to absent,
S biotite and plagiociase; muscovite. +zircon. epidote latory zoning. textures indicate much
fractured and variably group. post-emplacement de-
sheared. formation.,
Marble Tonalite Fine- to medium-grained, Plagioclase, Sphene, Epidote, An4 , extensively 18 Pluton is tectonically
Point. seriate, hypidiomorphic; quartz, apatite, chlorite, ser?citized, some emplaced; prehnite and
originally massive to hornblende, pyrite. prehnite, saussuritized cores, chlorite occur in
foliate(?), veining and biotite, sericite, some oscillatory veinlets and replace
shearing present. K-feldspar. calcite. zones. biotite.
154 Q .Mt. St. Elias Quartz diorite Fine- to medium-grained, Plagioclase, Apatite, Epidote, An 7-An2 » weak nor- 32 Minor secondary min-
[ seriate, hypidiomorphic. hornblende, zircon, chlorite, ma? and 3sc11latory eral development.
ﬁg Foliate with oriented quartz, magnetite, sericite, zoning to distinct
z mafic minerals. Weak to biotite. pyrite, rims, complex twin-
= strong deformation fea- 4chalcopy- ning.
tures with some shearing. rite
R Mt. Hubbard Diorite and Fine- to medium-grained, Plagioclase, Apatite, Sphene, Any,-An,,, saussuri- 27-31 Opaque minerals and
quartz diorite. equigranular to seriate,  hornblende,  {lmenite, epidote group, tized céres with apatite each present
hypidiomorphic. Myrme- biotite, pyrite,  white mica,  patchy zoning. Normal '; amounts more than
~Q kite common, massive to quartz, +zircon prehnite, or oscillatory zoning .
(o] strongly foliate with K-feldspar.  *sphene, +actinolite, to distinct rims.
N all minerals oriented. *chalcopy- *chlorite. Generally simple twin-
8 Shearing, veining, and rite. ning.
a strain features present.
: S _ Art Lewis do. Medium- to coarse-grained, Plagioclase, Apatite, Epidote, An,., extensively  40-54 Pluton cut by abun-
Glacier. equigranular, hypidiomor- unknown mafic. magnetite, actinolite, saussuritized. dant, fine-grained,
phic. Folfate with ori- pyrite.  muscovite, leucocratic dikes and
ented mafic minerals. chlorite, simple granitic peg-
—_— _Some shearing. iron hydroxide. matites. Up to 5%
apatite.
z T Mt. NA NA NA NA NA NA NA No samples available;
F3 Alverstone. pluton is leucocratic
o and has sharp con-
z tacts; is probably .
b4 younger than nearby
§ Paleozoic intrusive
rocks.

lvisua1 estimate.

have not yet been traced through, the remote and
rugged Canadian part of the St. Elias Mountains that
lies between this belt and the known Skolai Group to
the west. The Skolai Group is considered to be of
Pennsylvanian and Permian age on the basis of its
contained fossils (Smith and MacKevett, 1970; Richter
and Dutro, 1975).

The St. Elias block is lithologically and structurally
similar to the Fairweather—Art Lewis terrane in most
respects and is tentatively considered to be an al-
locthonous fragment of that terrane. Unpublished data .
from the adjacent Bering Glacier quadrangle to the.
west suggest that this block of metamorphic rocks ex-
tends for 35 km west of the map area into the Cugach
Mountains.

*Listed in order of decreasing abundance as estimated by visual inspection; bracketed (1) when relative position(s) interchangeable.

Yakutat terrane

The Yakutat terrane is underlain mainly by the
Yakutat Group, a eugeosynclinal sequence of bedded
Jurassic(?) and Cretaceous sedimentary and volcanic
rocks that in part are characterized by chaotic struc-
ture and tectonically intermixed fragments or blocks
of competent rocks of widely diverse origins and ages
(Plafker, 1973). This group is generally metamor-
phosed to prehnite-pumpellyite facies, but in the east-
ern Mount Cook block, the Boundary-Fairweather
block, and the southern Yakutat foothills, rocks of
higher grade are present. The Yakutat Group is simi-
lar in age and general lithology to the areally exten-
sive Valdez Group to the west (Plafker and MacNeil,
1966; Clark, 1972) and to the Sitka Graywacke and
related rocks on Chichagof and Baranof Islands south-
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TABLE 2.—Chemical analyses of Yakutat—-St. Elias area intrusive rocks
[Analytical procedure described in Shapiro and Brannock (1962) supplemented by atomic absorption; Gillison Chloe, P. L. D. Elmore, J. L. Glenn,

James Kelsey, and Hezekiah Smith, analysts]

Field
number Pluton(s) $10, A1,0; Fe0, Fed MgO Ca0 HNaj0 K,0 H,0+ H,0- T10, PO, MnO (O, Total Remarks
68APr278  Plugs, dikes, 67.0 16.1 0.8 2.6 1.5 1.5 5.7 2.6 1.4 0.24 0.40 0.17 0.04 <0.05 100 Andesite plug, plagioclase and hornblende
and sills. megacrysts, sericitized plagioclase, and
minor secondary epidote.
68APr68D do. 43.8 16.8 1.3 14.0 6.1 2.9 3.5 1.6 5.8 .49 2.2 .31 .28 .18 99 Altered diabase with abundant secondary
. . chlorite, epidote, and calcite.
69APr59C3 do. §5.2 14.3 1.4 5.8 5.210.4 2.5 0.341.8 W79 1.2 .23 .18 .30 100 Amygdalofdal basalt with quartz megacrysts
and secondary chlorite, calcfte, quartz, and
prehnite.
68APs47B do. 45.0 4.7 4.2 2.9 1.012.8 5.6 1.1 1.7 .61 1.9 0.34 .07 8.0 100 Amygdaloidal and veined basalt with abundant
- secondary calcite, epidote, and chlorite.
69APr44C  Mt. Owen 74.2 2.3 18 1.2 1714 4.0 3.7 .89 .05 .14 .00 .00 .44 99 Rhyolite porphyry with potassium feldspar,
plagioclase, and quartz megacrysts.
69APr35¢C do. 72.4 13,7 1.2 23 .31 1.7 41 3.3 .77 ..06 .32 .04 .00< .05100 Fine-grained granite with potassium feldspar
overgrowths and minor secondary actinolite,
sericite, epidote, and chlorite.
69APr34D1 do. 76.0 12.7 .26 1.4 .21 .72 3.4 41 .75 .08 .13 .00 .00 .10 100 Rhyolite porphyry with 40% megacrysts, some
sedimentary inclusfons, and minor secondary
minerals.
67APr948  Brabazon 65.9 16.0 .63 3.7 1.4 41 4.5 1.6 1.0 1 .69 .13 .04-< .05 100 Biotite hornblende granodiorite with
. . chloritized biotite, minor saussuritized
plagioclase, accessory pyroxene, and
clinozotsite veinlets. -
68APs64B* do. 58.2 16.2 .78 6.2 3.7 6.9 3.7 1.7 1.3 J2 .90 .17 .09 < .05 100 Hornblende granodiorite with minor biotite,
chlorite after biotite, and saussuritized
plagfoclase.
69APr4QA* Mt. Foresta 66.3 16.0 .74 3.6 2.4 3.0 2.8 3.4 .94 .16 .63 .22 .05 < .05 100 Sheared and granulated muscovite-biotite
granodiorite with secondary clinozoisite and
. . minor accessory garnet.
67APr78A* Valerie 63.9 171 1.5 3.2 1.8 6.4 4.1 .20 .80 .13 .73 .15 .00 < .05 100 Hornblende tonalite with accessory
Glacier. . epidote (7).
69APra2Dp do. §1.0 20.7 .44 6.6 4.510.9 2.5 .232.1 .05 .67 .03 .10 .09 100 Hornblende diorite (metadforite?)} with
interstitial quartz and minor carbonate.
69APr32A* Mt. Vancouver 73.1 14.7 .18 1.2 .321.9 3.4 4.1 .79 .04 .17 .02 .00 < .05 100 Biotite granodiorite with 2% muscovite and
: minor secondary sericfte, clinozoisite, and
chlorite.
69APr328 do. §1.6 20.4 2.5 6.3 3.3 9.0 3.4 .70 .85 .04 1. .22 .11 < .05100 Do.
68APS41G  Mt. Draper 73.2 15,7 .00 .84 .241.8 48 2.9 .41 .08 .02 .02 .00 < .05 100 Muscovite biotite granodforite with minor
secondary chlorite.
67APrazgi* do. 4.0 137 .00 1.4 2011 2.8 5.7 .35 .12 .17 .03 .00 < .05-100 Huscov}te biotite granite with minor secondary
minerals.
67APr668 do. 66.2 16.2 .47 3.3 1.2 3.3 3.2 3.8 1.2 8 .61 .19 .00 < .05 100 Muscovite-biotite granodiorite with minor
saussuritized plagioclase and chloritized
blotite.
69APr218  Mt. Stamy 65.8 15.4 46 4.4 1.3 3.8 3.1 3.7 .72 .10 .8 .17 .04 < .05100 Hornblende-biotite granodiorite with accessory
3 ‘augite and minor secondary minerals.
67APTr42A do. §3.1 19.5 .46 5.4 57107 3.0 .401. .13 .42 .04 .07 < .05 100 Hornblende diorite with accessory quartz and
minor secondary minerals:
67APr83C do. §1.1  21.8 .24 5.6 3.3121 3.0 .38 -.49. .12 1.5 11 .05 < .05 100 Diorfte with 20% diopside and accessory
quartz. Secondary minerals very minor.
68APr770* Grand Plateau 72.9 14.7 .18 2.2 .251.7 3.8 3.3 .48 .13 .18 .08 .03 < .05100 Bfotite granite with accessory garnet, minor
Glacter sericite, and chlorite.
69APr920 do. 7.9 143 .26 2.4 .721.7 3.0 40 10 .08 .37. .17 .00 < .05 100 Biotfte granite with minor secondary minerals.
68APr1088 Chamberlain 62.4 154 1.0 5.1 29 3.3 3.9 1.5 2.8 .28 .58 .08 .07 < .05100 Biotite tonalite with extensive
Glacier sericitization and chloritization. Some
. chlorite-prehnite veinlets.
6BAPr98A do. §8.5 15.8 1.1 5.6 3.2 6.8 3.2 .603.6 .24 .63 .11 .09 .07 100 Bfotite tonalite, sheared and extensively
altered secondary chlorite, epidote, white
mica, prehnite, and calcite.
69APr110A Russel Flord 69.3 15.2 L72 2.8 1.3 1.3 49 2.0 1.7 05 .38 .10 .07 < .05 100 Biotite tonalite with moderate sericitization
and chloritization.
69APr40C1 Mt. Cook 43.4 201 1.0 6.6 4.0 9.5 2.8 .513.9 .18 .58 .02 .11 .55 99 Tomalite with completely chloritized mafic
grains and extensively saussuritized
plagfoclase, some prehnite veinlets.
63APr196* Marble Point 60.5 16.4 1.0 4.9 3.0 4.8 3.9 1.4 1.9 31 .73 .13 .07 < .05 99 Biotite-hornblende tonalite with abundant
secondary chlorite, sericite, epidote, and
. prehnite.
68APrg858 Alsek River 74.9 14.4 .00 .9 .04 .81 3.9 41 N .13 .00 .08 .00 < .05 100 Muscovite-biotite granite with accessory
garnet sheared but only minor secondary
chlorite and sericite.
67APro4C* do. 731 144 .00 1.8 .281.5 4.2 3.2 1.0 13 .14 .06 .00 < .05 100 Muscovite-biotite granite, some shearing and
: minor chlorite, epidote, and sericite.
68APr1038* Novatak 60.0 17.2 .64 5.6 3.4 58 3.0 1.9 1.1 .15 .81 .14 .09 < .05 100 Hornblende-biotite tonalite with minor
Glacier. secondary chlorite, epidote, and sericite.
68AMK108* do. 77.4 9.0 .64 3.6 2.3 1.7 1.5 1.5 1.3 .20 .60 .21 .00 < .05 100 Blot:iu-albne quartz pegmatite dike in
tonalite.
68APr820 do. §5.2 18.4 .52 6.8 4.9 6.0 3.4 1.5 2.0 .25 .83 .27 .11 < .05 100 Biotite-hormblende quartz diorite in border
migmatite, mafic minerals partially
. _chloritized.
69APr54A* Mt. St. §5.2 17.6 2.7 5.6 3.9 8.1 33 .88 .91 .02 1.3 .27 .11 < .05 100 Biotite-hornblende quartz diorite with minor
Elfas. secondary minerals and 3% accessory magnetite.
69APr31A2 Mt. Hubbard 55.8 18.5 1.5 5.1 2.9 5.7 4.9 2.6 1.0 .15 1.3 .38 .07 < .05 100 Biotite-hornblende quartz diorite, minor
saussuritized plagioclase.
69APr318* do. 53.2 17.0 3.6 6.1 3.1 6.6 4.7 1.7 .83 .15 1.9 .38 .11 < .05 99 Hornblende quartz diorite, sheared, partly
: uralitized and sericitized. :
6BAPr69C* Art Lewis 4.1 16.8 6.5 8.2 5.811.2 2.6 .552.5 20 2.5 20 .18 < .05 99 Diorite with actinolitic amphibole, extensive
* Glacfer. saussuritization, and abundant apatite and

magnetite.

*Radiometrically dated sample; see table 3.
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TaABLE 3.—Potassium-argon ages and analytical data

[Potassium analyses by H. C. Whitehead and L. B. Schlocker; argon analyses by M. A. Lanphere, J. Von Essen, and E. H. McKee;

40 1

decay constants for “K: A ='0.585 x 1010 year '; A

8
0, standard deviation]

= 4.72 x 10710 year']. Atomic abundance of 4% = 1.19 x 1074,

40

No. Field Lat Long Mineral Percent K0 Average K,0 l'oAr rad Ar Apparent
(£ig. 4) No. ) [C)) ) (percentg (10'10 mol/g) W, roral ag‘en.ila
1 63 APr 196 59°56' 144°24" Hornblende 0.829, 0.830 0.8295 2.041 0.73 160+3.5
2 69 APr 23A  59°49.65' 139°17" do. .316, .322 .319 .09656 .18 20.0+2
3 68 APr 77D  59°00.15' 138°01.45' . Biotite 8.47, 8.48 8.475 6.118 .16 48,246
4 67 APr 42A  59°52.75' 139°08.1' Hornblende .279, .282 .280 .2148 .43 51.1+43
5 67 APr 42B 59‘45.5'{ 139°06.2' Muscovite 10.50, 10.55 10.525 7.631 .64 48.4+2

V Biotite —_— 8.37 5.341 W41 42.742
6 68 APs 64B  59°19.95' 138°21" do. 7.82, 7.75 7.785 2.791 .16 24.1+3
7 69 APr 544  60°17' 140°53° do. 9.11, 9.13 9.12 12.02 .84 87.243
Hornblende .363, .370 .366 1.072 .69 188+6
8 69 APr 324 60°18.1' 139°36.1' Muscovite 10.53, 10.43 10.48 7.338 .74 46.8+1
Biotite 8.37, 8.41 8.39 5.978 .63 44,641
9 69 APr 40A 60°13.3' 139°31°' do. 9.43, 9.41 9.42 4.293 .92 30.6+1
10 67 APr 78A 60°07.6' 139°28.5' Muscovite 8.29, 8.44 8.365 2.591 .17 20.9+3
Hornblende -— 423 .1159 .37 18.5+1
11 68 APr 103B 59°37' 138°31' do. .668, .658 .663 .6074 .63 61.0+2
12 68AMk 108 59°31.8' 138°23.5' Biotite — 8.43 3.174 47 25.3+1
13 67 APr 94C  59°25.5' 138°00’ do. 8.68, 8.67 8.675 22.10 .92 16545
14 67 APr 94D  59°36.2' 138°04.8" Hornblende 472, (478 475 1.083 .75 148+4
15 69 APr 31B 60°17.2' 139°11.9' do. .632, .633 .632 2.812 .89 27948
16 - 68 APr 69C  59°49.3' 138°44.7' do. .305, .306 .3055 .6358 .52 136+4
17% 67 APr S57B1 59°52.1' 138°58.8' Muscovite 8.852, 8.849 8.850 3.092 177 23.5+0.7
18% 69 APr 30B  59°51.9' 138°45' Hornblende .310, .330 .320 1.132 .896 225+6
19% 69 APr 31C2 60°20.1' 139°12.6' do. 1.350, 1.350, 1.356 6.153 .949 284+7

1.365, 1.360

®
Determinations provided by D. L. Turner, University of Alaska.

east of the map area (Loney and others, 1975). Sedi-
mentary rocks of Tertiary age unconformably overlie
the Yakutat Group in the western part of the Mt.
Cook block and in the Malaspina foothills.

Coastal lowland

The coastal lowland consists of unconsolidated gla-
cial, alluvial, and shallow marine deposits of Quatern-
ary age. Tertiary and Cretaceous bedded rocks equiva-
lent to those exposed in the western Yakutat terrane
have been penetrated by exploratory wells drilled for
oil on the Yakutat Foreland and along the margin of

the Malaspina Glacier (Plafker, 1967). The Tertiary

rocks are part of a sequence of near-shore marine and
nonmarine sediments of Eocene to Pliocene age that
extended along the continental margin from Kodiak

Island at least as far east as Palma Bay in Glacier Bay
National Monument.
INTRUSIVE ROCKS

Intrusive igneous rocks are widely distributed in all
the principal geologic terranes. Dikes, sills, and plugs

‘of mafic to intermediate composition commonly intrude

both the Tertiary and older rocks, but larger plutons
have only been found emplaced in rocks of late Meso-
zoic or older age. Some of the plutonic suites are ap-
parently restricted to particular geologic terranes as
plutonic rocks of Tertiary age are the only intrusive
rocks known to be in more than one of the geologic
terranes.

‘The plutonic rocks underlie approximately 1200

.km? of the Yakutat-St. Elias area. They are char-
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FicUure 3.—Index map of the Yakutat-St. Elias area showing major fault boundaries, structural blocks, and geologic
terranes.

acterized by diverse compositions and field relations
and are exposed in 23 separate bodies that range in
age from Paleozoic to Miocene (fig. 4). Most of these
plutons display some degree of conformity to the re-
gional structural grain and, at levels now exposed, in-
dicate emplacements in epizonal and mesozonal en-
vironments. There is a general shift in composition
from mafic and intermediate in the older plutons to

felsic in the Tertiary plutons. The plutons have been
divided into six suites largely on the basis of apparent
or inferred potassium-argon age differences. The dif-
ferent suites are referred to in this paper as the
Paleozoic, Triassic, Jurassic, Cretaceous or Tertiary,
Eocene, and late Cenozoic suites. Important general
characteristics of each suite are discussed below. Sills,
dikes, and plugs that are not directly related to the
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diometrically dated igneous rock samples (numbered dots) relative to the major rock sequences and structural fea-
tures. Letters refer to table 1 and numbered dots to table 3. Fault names are shown in figure 3. The plutons are named

after prominent geographic features in their vicinity.

larger plutons are discussed separately. Table 1 sum-
marizes the lithologic and petrographic data for each
of the larger plutons.

Paleozoic suite

The Paleozoic suite includes the Mt. Hubbard and
Art Lewis Glacier plutons (plutons R and S, fig. 4).

These plutons are large, elongate bodies that intrude
mafic metavolcanic rocks (amphibolite) and subordi-
nate associated marble and mica schist in the Hubbard
terrane. The contact relations are locally complex and
are sharp and crosscutting as well as gradational.
Gradational contacts typify diorite-amphibolite tran- .
sitions and are characterized by numerous dioritic
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dikes and sills and coarse-grained hypidiomorphic
textures in amphibolites near the main intrusive
masses. Pendants and inclusions of country rocks are
common.

The plutons are dominantly foliate, medium-grained
biotite-hornblende diorite and quartz diorite. Biotite,
hornblende, and plagioclase (An,;—,;) commonly con-
stitute 90 percent or more of individual specimens.
Quartz and potassium feldspar form small, anhedral,
interstitial grains if they are present. Alteration is
common and includes saussuritization of plagioclase,
development of actinolitic amphibole, chlorite replace-
ment of mafic minerals, and prehnite veinlets. Some
altered specimens contain up to 5 percent intergran-
ular apatite and almost as much opaque minerals. The
opaque minerals are magnetite and subordinate ilme-
nite and pyrite.

The compositional data shown in ﬁoure 2 are not
abundant but serve to illustrate the general mafic
character of the suite. Much of the normative ortho-
clase variation is due to biotite. The suite as a whole
contains average to low contents of most trace ele-
ments with two exceptions, zirconium and strontium.
Values for both of these elements are particularly high
and possibly divergent enough from values for most
other suites to be helpful in correlating s1mlla,r but
undated or undatable rocks.

The ages of two samples from the Mt. Hubbard
pluton (Nos. 15 and 19, fig. 4) agree very well at about
280 m.y. (million years). Two ages from the Art
Lewis Glacier pluton (Nos. 16 and 18), which prob-
ably is the same age as the Mount Hubbard pluton,
are significantly lower. The Art Lewis Glacier pluton,
partly bounded on the west side by the Art Lewis
fault, is generally more altered and deformed than
the Mount Hubbard pluton. The dated samples from
the Art Lewis Glacier pluton contain actinolitic am-
phibole, chlorite, and much apatite, and clearly have
undergone secondary changes. The Mt. Alverstone
pluton (pluton T) is located in the northeast corner
of the map area near the Mt. Hubbard pluton. It is
not accessible for sampling, but it appears from close
~ aerial observation to be leucocratic and to have sharp
contacts, suggesting that it is probably much younger
than the larger Paleozoic intrusive body located
nearby.

Triassic suite

The only pluton in the Triassic suite is the Mt.
St. Elias pluton (pluton Q, fig. 4) located in the St.
Elias block and exposed on the sheer south face of
Mt. St. Elias at elevations between 3000 and 4600 m.
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Close aerial inspection indicates that the pluton is
lensoid in outline and grossly conformable, although
the contacts appear to be sharp.

The pluton is inaccessible, but one sample, clearly
derived from the pluton, was collected from the mo-
raine of Libbey Glacier. It is a foliate, fine- to medium-
grained, biotite-hornblende quartz diorite with fine-
grained, hypidiomorphic inclusions rich in mafic min-
erals. Accessory magnetite is abundant (3-4 percent)
and there is no potassium feldspar. Quartz forms
small interstitial grains. Deformation features in the
specimen, such as wavy biotite, broken and granu-
lated plagioclase, and strained quartz, probably re-
flect. movement on the nearby St. Elias thrust fault.
Alteration includes minor replacement of plagioclase
cores by epidote and sericite and slight chloritization
of some mafic grains. ’

Chemically, the sample is similar in many respects
to the Paleozoic suite; however, it has barium and
copper abundances markedly different from values for
any of the other intrusive suites. Like the Paleozoic
suite, its strontium content is much higher than in
the younger intrusive bodies.

The biotite and hornblende age determinations (No.
7, table 3 and fig. 2) are strongly discordant and sug-
gest a minimum age of 188 m.y. for the pluton. The
crystallization age of this pluton cannot be established
from this single discordant pair of ages, but it seems
unlikely that it is as old as the Paleozoic suite. Con-
sequently, we have assigned a Triassic age to the
Mt. St. Elias pluton.

Jurassic suite

The Jurassic suite includes the Marble Point, Alsek
River, and Novatak Glacier plutons (plutons P, O,
and N, fig. 4). The small Marble Point pluton is be-
lieved to be part of an exotic block in a melange com-
plex exposed along the west side of Russell Fiord.
The Alsek River and Novatak Glacier plutons in-
trude amphibolite and quartzofeldspathic schists in
the southern part of the Fairweather-Art Lewis ter-
rane. These plutons are elongate and generally con-
formable, and have steeply dipping, gradational and
migmatitic contact zones. Intrusive rocks in or near
the contact zones are strongly foliate, have abundant
inclusions of metamorphic rocks, and are generally
more mafic than rocks in interior parts of the plutons.
As now exposed, the Novatak Glacier pluton 1is ac-
tually a zone of numerous, small granitic intrusions
whose borders are complex zones of diking.

The two principal lithologies in the Jurassic suite
are granite and tonalite. The Alsek River pluton is
dominantely composed of strongly foliate, medium-
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grained muscovite-biotite granite with accessory

garnet. Muscovite is both intergranular and inter-

leaved with biotite. Deformation features such as dis-
torted plagioclase, strained and partially polygonized
quartz, and wavy biotite are commonly present. Al-
teration is minor and includes saussuritization of
plagioclase and chloritization of biotite. The Marble
Point and Novatak Glacier plutons are dominantly
foliate fine- to medium-grained hornblende-biotite
tonalite. Both quartz and potassium feldspar form
small interstitial grains but potassium feldspar is
absent in many samples. Some chloritization of mafic
minerals is common, and prehnite replaces some bio-
tite. ’

The modal and normative ratio for two samples
from the Alsek River pluton are far removed from the
ratios for the tonalites (fig. 2) and emphasize the
more felsic nature of this pluton relative to the others
of Jurassic age. Trace elements in the Alsek River
pluton are grossly similar to those in the more felsic

Tertiary plutons, and they are not included in the

summary of trace-element abundances in figure 2.
The chemical data for the Jurassic tonalites include
one sample of a dike in the contact zone of the Nova-
tak Glacier pluton (68APr82D, table 2). This sample
is more mafic than the others and plots modally as a
quartz diorite without potassium feldspar. The Juras-
sic tonalites have intermediate trace-element contents
except for zirconium which is present in a narrow
range of low concentrations.

The Marble Point and Alsek River p]utons have
both yielded Jurassic potassium-argon ages. In addi-
tion, an age of 148 m.y. was measured on a tonalite
sample from a large body exposed in Canada (No.
14, table 3 and fig. 4). This pluton has not been
mapped, but its identification -broadens the area with
known Jurassic plutons. One sample from the Novatak
Glacier pluton has yielded an apparent potassium-
argon age of 61.0+2 m.y. on hornblende (No. 11,
table 3 and fig. 4). The 61 m.y.—apparent age may be
due to resetting during Tertiary time of a hornblende
that originally crystallized in Jurassic time because
the 61 m.y. date is not near the ages of any of the
other recognized plutonic suites and because the No-
vatak Glacier pluton is similar in lithology and com-
position to tonalitic plutons in the Jurassic suite. This
interpretation is tentative but is also supported by
the gross differences in lithology and composition be-
tween the Novatak Glacier pluton and the plutons of
known early Tertiary age. If resetting probably took
place, it was probably during the Miocene Epoch
when many of the country rocks in the vicinity of the
Novatak Glacier pluton were recrystallized (Hudson
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and others, 1977) and the pluton was intruded by
many dikes including a biotite-albite-quartz pegma-
tite that has been dated at 25.3+1 m.y. (No. 12, table
3 and fig. 4).

Cretaceous or Tertiary suite

Because of similarities in composition and occur-
rence, the Chamberlain Glacier, Russell Fiord, and
Mt. Cook plutons (plutons K, L, and M, fig. 4) are
traced as a separate plutonic suite. No radiometric
dates are available for these plutons because of wide-
spread alteration. However they intrude rocks of the
late Mesozoic Yakutat Group in the Yakutat foot-
hills and the eastern Mt. Cook block and are con-
sidered to be of Cretaceous or Tertiary age. The
Chamberlain Glacier and Russell Fiord plutons in-
trude prehnite-pumpellyite-facies metasediments and
have sharp but grossly conformable contacts and well-
developed thermal aureoles. Marginal zones of these
plutons locally contain numerous inclusions of country
rock. The Mt. Cook pluton is the least well exposed
of the three included in this suite. It intrudes sheared
and chaotically deformed metasedimentary rocks in
the low greenschist facies. Near the contact the
country rocks are apparently thermally metamor-
phosed, and they locally weather reddish brown from
oxidation of disseminated sulfide. Dikes are locally
abundant in the contact zone, and inclusions and septa
of country rocks are present in the pluton. A a whole,
the plutons of the Cretaceous or Tertiary suite ap-
pear to have been emplaced in middle to lower epi-
zonal environments.

The plutons are dominantly sheared and highly al-
tered hornblende-biotite tonalite, with 15 percent or
more quartz and up to 5 percent potassium feldspar.

“One specimen from the Mt. Cook pluton is a diorite

that may represent a more mafic marginal facies of
the pluton. The most conspicuous characteristics of
these rocks are extensive deformation and alteration.
Most specimens have been sheared along fractures, and
secondary mineral veining, dominantly by prehnite, is
common. Saussuritization of plagioclase and chloriti-
zation of primary mafic minerals generally obliterate
details of the original textures and mineralogy.

The normative variation (fig. 2) is in accord with
the relative variation of primary mineral abundances
that was estimated from hand specimens and thin
sections. Regular modal analysis was generally inap-
propriate because of alteration. The effects of altera-
tion appear to be due primarily to hydration and
oxidation; the ratios of H,O+ to H,O— have been
increased and the ratios of the FeQ to Fe,O; decreased.
Trace elements are present in intermediate amounts
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with the possible exception of copper, which on the
average is more abundant than in rocks from most of
the other suites.

The intrusive relations of these plutons to the Yaku-
tat Group establish their lower age limit as Cretace-
ous. If the plutons are related to any of the other in-
trusive suites in the area, it would probably be to
those of Tertiary age (Eocene and late Cenozoic) -
However, comparison of lithology and composition
(modal, major and trace elements, fig. 2) indicates
there is little in common between these plutons and
those of known Tertiary age. Thus, we interpret these
plutons as a separate intrusive suite on the basis of
their field occurrence, compositions, characteristic al-
teration, and probable age. They were possibly in-
truded sometime during the Cretaceous or earliest
Tertiary Period when the host rocks were still wet
and poorly lithified sediments. Much of the water in-
volved in the alteration of the plutons may have been
derived from the country rocks, and the deformation
and alteration of the plutons may have occurred dur-
ing or shortly after the episode of complex deforma-
tion that affected the Yakutat Group and before em-
placement of the Eocene plutons.

Eocene suite

Plutons of the Eocene suite include the Grand Pla-
teau Glacier, Mt. Draper, Mt. Stamy, and Mt. Van-
couver plutons (plutons J, I, H, and G, fig. 4). They
are widely distributed and as a group have complex
contact relations suggesting both mesozonal and epi-
zonal emplacement environments. The Grand Plateau
Glacier pluton intrudes the southernmost part of the
Yakutat foothills. It has sharp contacts and a well-
developed hornfels aureole. Attitudes in the country
rocks near the contact conform to the margins of the
pluton. The Mt. Draper and Mt. Stamy ‘plutons are
large and elongate intrusions in the central Boundary-
Fairweather block that have transitional contacts on
their south ends and sharp, crosscutting contacts at
their north ends. The transitional contacts exhibit in-
jection gneisses, dioritized amphibolites, abundant
country rock inclusions, and hybrid border facies. The
country rocks adjacent to the northern contacts con-
sist of garnet- and staurolite-bearing biotite-rich
schists within a well-defined thermal aureole. The Mt.
Vancouver pluton is a narrow elongate body that strad-
dles the international boundary in the northern part
of the Fairweather-Art Lewis terrane. Contacts are
steeply dipping, and there are marginal zones of com-
plex dike intrusion into the country rocks.

The Eocene suite is dominantly muscovite-biotite
- granodiorite and granite. Overall, the Grand Plateau
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Glacier pluton is the most felsic. It is clearly epizonal
and the presence of marked textural variations sug-
gests that it may be composite. The other plutons char-
acteristically have more massive and leucocratic rocks
in their northern and wider parts and more foliate
and mafic rocks in their narrower southern parts.
Typically, plagioclase exhibits well-developed zoning
in marginal bands around calcic cores, potassium felds-
par is microperthitic, and muscovite is a late but
primary mineral. Accessory mineral content is low;
apatite is the most abundant accessory mineral. The
relatively mafic rocks characteristically have more
calcic plagioclase, hornblende, some garnet, and minor
augite. The augite is replaced to various degrees by
green amphibole. Development of the more mafic facies
is probably due in large part to contamination that
resulted from assimilation of mafic country rocks.

" The general felsic nature of the suite is illustrated
by both the modal and normative ratios plotted in
figure 2. The more mafic compositions are from sam-
ples of marginal facies of plutons, and indications of
contamination are present in most of them. There is
considerable range in most individual trace-element
abundances, but this suite, in keeping with its general
felsic nature, has less strontium and vanadium and
more barium than the older, and characteristically more
mafic, intrusive suites.

Potassium-argon ages have been measured for all of
the plutons in the Eocene suite. The field relations
and compositions of the Eocene and late Cenozoic
suites are similar in some respects, and in places it is
difficult to distinguish between the two suites. Gen-
erally the FEocene plutons are exposed over larger
areas and to deeper levels than the late Cenozoic plu-
tons. There may be some differences in trace-element
abundances between the two suites, but this is not
demonstrable with the data now available (fig. 2).

Late Cenozoic suite

The late Cenozoic suite contains 10 small and widely
distributed intrusive bodies. These include the Bra-
bazon plutons (plutons B, fig. 4) in the Boundary-
Fairweather block, the Butler Glacier, Mt. Seattle,
Valerie Glacier, and Mt. Foresta plutons in the Fair-
weather—Art Lewis terrane, (plutons F, E, D, and C),
and the Mt. Owen plutons in the Mt. Cook block (plu-
ton A). Contacts of these plutons are grossly concordant
and both transitional and sharp. Mixed dike and
country-rock zones characterize the transitional con-
tacts, and well-developed hornfels has been recognized
adjacent only to the Brabazon plutons. In transitional
contact zones, the intrusive rocks are more foliate and
mafic, much like the Eocene plutons in similar environ-
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ments. Most late Cenozoic plutons appear to have been
emplaced in mesozonal environments. Their charac-
teristic small outcrop areas indicate that they have
not been deeply exposed. The Mt. Owen plutons, the
only hypabyssal plutons known in the entire area,
have sharp crosscutting contacts and have thermally
metamorphosed the nearby country rocks. Oxidation
of disseminated sulfides, mainly pyrite, produces con-
spicuous rust-stained zones in this contact aureole, but
the thermal metamorphism was intense only in a nar-
row zone adjacent to the contact.

The late Cenozoic plutons are dominantly muscovite-
biotite granodiorite, but most of the samples represent
the more mafic border zones where biotite-hornblende
quartz diorite and tonalite are common. The lithologic
and petrographic data are minimal (table 1), but it
appears that the late Cenozoic suite is grossly similar
to the FEocene suite in general composition and min-
eralogy.

The felsic compositions from this suite shown in
the modal and normative diagrams of figure 2 are
from samples of the composite Mt. Owen plutons,
which are composed of rhyolite porphyry and fine-
grained granite. The variability of the trace-element
contents results from the inclusion of the data from
the Mt. Owen plutons in the compilation shown in
figure 2. The three analyzed samples from these plutons
have consistently high barium and zirconium and low
strontium, copper, chromium, nickel, vanadium, and
cobalt contents.

Only two of the larger plutons in the late Cenozoic
suite have been radiometrically dated (Valerie Glacier
and Mt. Foresta plutons, fig. 4). The Mt. Foresta plu-
ton has yielded an Oligocene age of 30.6 m.y., and the
possibility that it is an older, partially reset, Eocene
pluton cannot be discounted. Correlation of the un-
dated plutons with this suite is quite tentative and is
based on similarities in their occurrence or their prox-
imity to dated intrusions that are mostly of Miocene
"age (fig. 5). The Brabazon plutons for example, are
inferred to be Miocene, because they are felsic and
have sharp crosscutting contacts, and a 24.1-m.y. potas-
sium-argon age was obtained from float of a nearby
granodiorite dike (68APs64B, tables 1 and 2). The
Mt. Owen plutons are an exception. Because they are
composite hypabyssal bodies, their exposure in the
highest parts of the mountain range suggests that
they are young. They are included here simply because
the late Cenozoic suite represents the youngest recog-
nized plutonic episode in the area. The other undated
plutons, if not actually of late Cenozoic age, were
probably emplaced during the Eocene episode of plu-
tonism.
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report.

Dikes sills, and plugs

Dikes, sills, and plugs of mafic, intermediate, and
felsic composition are widespread in the area. Those
discussed together here are not directly related to
larger plutons and are probably all of Tertiary age.
Only bodies that have been radiometrically dated are
located on figure 4.

Felsic dikes are common throughout the Fair-
weather-Art Lewis and Hubbard terranes. They are
most abundant in a complex stockwork of irregularly
oriented, interconnected dikes that intrude the Art
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Lewis Glacier pluton (fig. 4). These dikes are generally
fine grained and leucocratic, but they also include
simple biotite-albite-quartz pegmatites. Some of the
fine-grained dikes are trondhjemitic. Two radiometric
dates (Nos. 12 and 17, table 3, and fig. 4) on pegmatites
from the Fairweather—-Art Lewis terrane date them as
early Miocene (fig. 5). They apparently are related
to the Miocene thermal event that was accompanied
by plutonic emplacement and widespread recrystal-
lization (Hudson and others, 1977). The relation of
these Miocene pegmatites to the leucocratic dikes east
of the Art Lewis fault is not known.

Andesitic plugs and dikes locally intrude the
Yakutat Group, and possibly cogenetic lamprophyre
dikes intrude rocks in and around the Mt. Hubbard
and St. Elias plutons (fig. 4). One small plug exposed
on the shore of Russell Fiord is a porphyritic andesite
with phenocrysts of plagioclase, hornblende, and
quartz. The plug has sharply chilled margins, and
potassium-argon dating of the hornblende has yielded
an early Miocene age (No. 2, table 3, fig. 4). Compo-
sitionally similar mafic and lamprophyric dikes that
intrude the Yakutat Group in the Russel Fiord area
have been described by Tarr and Butler (1909, p. 176-
177) and have been penetrated in the Malaspina 1A
well (fig. 4) at a depth of 12400-12450 ft (feet)
within what is probably an Eocene continental se-
quence.

Basaltic plugs and dikes intrude lower Tertiary
strata at several localities in the western part of the
Malaspina foothills. They are generally amygdaloidal
and vesicular, may have flow structures such as ori-
ented plagioclase laths, and commonly contain many
secondary minerals including prehnite, calcite, quartz,
epidot, and chlorite. Olivine-bearing basalt that may
be intrusive was also found within the Tertiary se-
quence on the Yakutat Foreland (fig. 3) in the Dan-
gerous River No. 1 well (1390-1720 ft) and in Core
Hole No. 2 (45004600 ft) (fig. 4). These basaltic
rocks may be correlative with the basaltic and andesitic
submarine flows and pyroclastic rocks that are inter-
calated with clastic sedimentary rocks in the middle
Tertiary Cenotaph, Poul Creek, and Katalla Forma-
tions elsewhere along the Gulf of Alaska margin
(Plafker, 1971, 1974).

COMPOSITIONAL VARIATIONS

The plutonic rocks of the area can be divided into
two broad compositional groups. The differences be-
tween these are most evident in the modal ratios shown
in figure 2. Compositions in the first group are de-
pendent primarily on plagioclase-quartz variation and
characterize the Mesozoic and older intrusive rocks.
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These rocks are composed principally of mafic min-
erals and plagioclase with less abundant quartz and
little or no potassium feldspar. Both the quartz and
potassium feldspar form relatively small interstitial
grains. The second compositional group is composed
of more typical hypidiomorphic equigranular rocks in
which intergranular quartz, potassium feldspar, and
plagioclase produce the principal compositional varia-
tions. Rocks of the second group characterize the Ter-
tiary plutons. The major shift in composition is not
as clear in the plot of the normative ratios in figure 2
because many of the analyzed samples from the Ter-
tiary plutons are from more mafic border facies.

The trace-element data are very limited, and the
range of values for individual elements within rocks
of a particular suite commonly overlaps the concen-
trations for the element in other suites. Nonetheless,
the data suggest that some trace-element abundances
might be helpful in distinguishing particular intru-
sive suites: :

Paleozoic suite.—The strontium content is high, in
the Paleozoic suite, over twice the average (440 parts
per million) for high-calcium granitic rocks compiled
by Turekian and Wedepohl (1961).

Triassic suite—The one sample from the Triassic
suite has the same strontium content as rocks in the
Paleozoic suite, but the barium content is much lower.
The barium content is less than half the average (420
ppm) for high-calcium granitic rocks compiled by
Turekian and Wedepohl (1961). The sample also has
a high copper content.

Jurassic. suite—The low and relatively uniform zir-
conium content may be characteristic of the tonalities
in the Jurassic suite. The chromium values of the
tonalites are, on the average, much higher than in the
other suites.

The trace-element abundances in the younger suites
are quite variable, and significant distinctions between
the suites on the basis of trace elements are not obvious.
In a general way, the shift to more felsic compositions
in the Tertiary Period is evidenced by the higher
barium and lower strontium and vanadium contents
of rocks in the Eocene and late Cenozoic suites.

PLUTONISM AND MINERALIZATION

The Yakutat-St. Elias area was studied because the
complex geology of the crystalline terrane was con-
sidered to be favorable for mineralization and because
beach placers in the coastal areas contain deposits of
gold, magnetite, ilmenite, and platinum (Tarr and
Butler, 1909; Thomas and Berryhill, 1962; Wright,
1972; Reimnitz and Plafker, 1976) thought to have
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been derived from the igneous and metamorphic rocks
in the central part of the mountains.

Reconnaissance mapping and geochemical sampling
of the crystalline terrane disclosed numerous small
anomalous concentrations of many metals, but none
that appear to have economic significance (MacKevett
and Plafker, 1970). Furthermore, there are no known
lode mineral prospects or previously mined lode de-
posits in the area. Simple pegmatite dikes are locally
common, but late-stage and near-surface crystallization
or thermal processes that characterize many mineral
deposits associated with granitic rocks are poorly de-
veloped or absent. Contact zones locally contain some
disseminated sulfide, but it is dominantly pyrite. The
small bodies of sheared serpentinite along some of
the larger faults are not associated with mineraliza-
tion, and layered gabbro complexes, similar to those
described by Rossman (1963) and Platker and Mac-
Kevett (1970) in the Fairweather Range to the south-
east, have not been identified. The available data sug-
gest that the mineral resource potential of the Yaku-
tat—St. Elias area is low for mineral deposits related
to magmatic processes.

REGIONAL CORRELATIONS

Some of the plutonic suites are possibly correlative
with intrusive rocks found elsewhere in southern
Alaska on the basis of lithology or age:

Paleozoic suite—Potassium-argon ages have been
obtained on the Ahtell pluton in the eastern Alaska
Range (Richter and others, 1975) and on intrusive
rocks in the southeast McCarthy quadrangle (Mac-
Kevett, oral commun., 1975) that are near to the ages
of the plutons in the Paleozoic suite of the Yakutat-
St. Elias area. These complexes are not similar in
detail, but consist mainly of quartz monzonite and
monzonite with more mafic marginal facies (typically
of granodiorite or syenodiorite and monzodiorite)
whereas in the Yakutat-St. Elias area the plutons
are chiefly composed of diorite and quartz diorite.
This suggests that the plutons in the Paleozoic suite
of the Yakutat-St. Elias area may not be part of the
plutonic event that resulted in the emplacement of the
other intrusive complexes to the northwest, even
though all the complexes are apparently of similar age.

Triassic suite—Plutonism possibly correlative with
the Triassic suite has not been clearly identified in
south-central Alaska. Upper Triassic andesitic vol-
canicastic rocks in the Seldovia area on the southern
Kenai Peninsula (Martin and others, 1915, p. 55) in-
dicate that local volcanism, and probably plutonism,
occurred along the Gulf of Alaska margin during
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this time. The Seldovia area rocks are structurally
on strike with and are a part of the regional geologic
terrane that includes the Fairweather—Art Lewis ter-
rane in the Yakutat-St. Elias area (Paleozoic and
early Mesozoic bedded rocks of Plafker, 1969, p. 46;
Taku-Skolai terrane of Berg and others, 1972). As the
St. Elias block is considered to be correlative with
the Fairweather—Art Lewis terrane, the Mt. St. Elias
pluton (fig. 4) may be a part of an intrusive suite
that is unrecognized elsewhere and cogenetic with the
local Upper Triassic volcaniclastic rocks in south-
central Alaska.

Jurassic suite—The Jurassic is similar in age and
lithology to parts of large intrusive complexes found
west of the area in the northern Chugach Mountains
(MacKevett, oral commun., 1975), in the Talkeetna
Mountains (Grantz and others, 1963), and in the -
Alaska-Aleutian Range batholith (Reed and Lan-
phere, 1973). Similar Jurassic plutons have been
identified to the southeast on Chichagof and Baranof
Islands (Loney and others, 1967). In the Alaska and
Aleutian Ranges and in the Talkeetna Mountains the
Jurassic plutons define a curvilinear belt spatially as-
sociated with Early Jurassic andesitic volcanic rocks.
This plutonic belt probably represents the lower levels
of a Mesozoic magmatic arc (Reed and Lanphere,
1973, p. 2606). Farther east, the Jurassic plutons are
not known to be directly associated with coeval or
precursor volcanism.

Cretaceous or Tertiary suite.—liarge plutons, com-
posed of altered and deformed granitic rocks of in-
termediate composition, intrude the Mesozoic flysch
sequences southeast of the map area in the Lituya
District (George Plafker and Travis Hudson, unpub.
data, 1975) and are believed to be correlative with the
plutons in the Cretaceous or Tertiary suite of the
Yakutat-St. Elias area. Other plutonic rocks are
present in this southeastern extension of the Yakutat
terrane, but the greenish-gray, altered tonalites of the
Cretaceous or Tertiary suite are distinctive. The con-
sistent geologic setting, occurrence, and lithologies of
these intrusive rocks throughout the foothills belt
help to establish that they represent a distinct plutonic
event of regional extent.

Eocene suite—The Eocene plutons are part of a
distinctive belt of intermediate and felsic intrusive
bodies that parallels the Pacific margin from Sanak
Island, adjacent to the Alaska Peninsula nearly 1,600
km southwest of the Yakutat-St. Elias area, to
Baranof Island, 390 km to the southeast. Plutons are
exposed along this belt at Sanak Island (Moore, 1974),
the Shumagin and Semidi Islands (Burk, 1965),
Kodiak Island and Prince William Sound (Lanphere,
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1966), eastern Chugach Mountains (Plafker and Lan-
phere, 1974), Yakutat-St. Elias area (this report),
and Baranof Island (Loney and others, 1967). For
the most part, these plutons occur between the central
part of the Pacific Border Ranges and the coast, and
most of them intrude late Mesozoic and early Tertiary
flysch. There is a considerable range in their ages;
in the western part of the belt the plutons are Paleo-
cene (56-64 m.y.), in western Prince William Sound
they are Oligocene (34-36 m.y.), and from eastern
Prince William Sound to Chatham Strait they are
Eocene (41-52 m.y.). Two important exceptions in the
belt are the mafic and intermediate intrusive com-
plexes, located on Yakobi and western Chichagof
Islands, that are associated with nickel deposits (Reed
and Dorr, 1942; Pecora, 1942). These complexes are
apparently of Tertiary age, as they intrude the de-
formed Mesozoic - flysch sequence, but they are not
similar in composition or crystallization style to other
plutons in the belt.

Except for the Oligocene plutons of eastern Prince
William Sound which seem to be compositionally more
heterogeneous than others in the belt (R. Tysdal, oral
commun., 1975), the plutons share several charac-
teristics: (1) they usually have sharp and crosscutting
contacts and appear to have been emplaced in lower .

to middle epizonal environments, (2) they -generally

have simple felsic compositions and are mainly com-..
posed of biotite granodiorite and granite, and (3) .
they are locally foliate and typically havé homogene-

' ous medium-grained, seriate.to equigraniillar, hypidio- -
morphic textures. The general textural and composi-
tional homogeneity in these plutons indicates that they
have simple crystallization histories.

The similarities in petrology, occurrence, and geo-
logic setting of these plutons implies that they are
similar in origin. The localization of these felsic plu-
tons within accreted flysch terranes along the con-
tinental margin suggests that they are the result of
anatectic processes within a thickened and deformed
sediment pile. Under these conditions, the magma
temperatures might not exceed that of the lower melt-
ing range, and the melts would be emplaced and crys-
tallized in environments relatively close to their source
regions. This would lessen the chance that individual
plutons would undergo extended crystallization his-
tories at high crustal levels and may help to explain
why those types of mineralization and alteration that
can be related to plutonic processes are absent in the
coastal belt.

Late Cenozoic suite—Late Cenozoic potassium-
argon ages have been reported for some plutonic rocks
on Baranof Island (Loney and others, 1967), but
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other temporal or lithologic correlatives of the late
Cenozoic suite are not presently known in nearby
areas. Effects of a major thermal influx, evidenced
by mostly Miocene plutonism.and metamorphism in
the Yakutat-St. Elias area, should probably be ex-
pected elsewhere along the Gulf of Alaska continental
margin.

SUMMARY AND DISCUSSION

The intrusive rocks of the Yakutat-St. Elias area
consist of six suites of late Paleozoic, Triassic, Juras-
sic, Late Cretaceous or Tertiary, Eocene, and late
Cenozoic age. The different suites have been identified
on the basis of their field relations, petrology, radi-
ometric age, and some aspects of their major- and
trace-element chemistry. Although this study was re-
connaissance in scope, it has clarified much of the
plutonic history of the area and provided insight into
the following important regional geologic relations:

1. The complexity of the plutonic history of the rela-
tively small Yakutat-St. Elias area is due in
large part to the structural juxtaposition of
geologic terranes that differ distinctly in age,
original geologic environment, and tectonic his-
tory. These terranes have been sandwiched into
less than a 50-km wide zone, whereas elsewhere

“in southern Alaska, such as the Kodiak Island-
‘Alaska Peninsula area, the terranes have an ex-
posed width commonly greater than three times
this distance. '

2. ‘'The older plutonic suites tend to be restricted in
their distribution to particular geologic terranes;
the Paleozoic suite has only been identified in the
Hubbard terrane, the Jurassic suite in the Fair-
weather—Art Lewis terrane, and the Cretaceous
or Tertiary suite in the foothills belt.

3. The Tertiary plutons are more generally distributed
and overall more felsic than the older plutons.
Simple crystallization histories apparently char-
acterize the Tertiary plutons, and their potential
for generating significant mineralization is be-
lieved to be low.

4. Plutons of the Jurassic and Eocene suites are both
parts of curvilinear plutonic belts that parallel
the continental margin from the Alaska Penin-
sula to Baranof Island, but they are totally dis-
similar in origin. The Jurassic suite appears to
be part of an eastward extension of the Jurassic
magmatic arc of the Alaska—Aleutian Range
batholith, although coeval or precursor volcanic
rocks are not known to be associated with the
Jurassic plutons east of the Talkeetna Mountains.
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The Eocene suite is part of an early Tertiary belt
that has apparently formed as a result of anatec-
tic processes in the deeper parts of an accreted
flysch terrane.

5. The late Cenozoic suite is composed of many small
plutons that are widely distributed and not
deeply exposed. Most of them have not been
dated directly, and their ages are in large part
inferred. However, intrusive activity, mostly of
Miocene age, was widespread in the area and, in
addition to the granitic plutons, it included many
dikes, sills, and plugs, both mafic and felsic.
These intrusions were accompanied by wide-
spread recrystallization of the metamorphic rocks
of the area.

6. The distribution of the Tertiary plutons does not ‘

directly indicate the sense or amount of displace-
ment on any of the major faults. Their distribu-
tion does not require large-scale horizontal dis-
placements and could be accounted for by domi-
nantly vertical movements along the through-
going high-angle faults.
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METAMORPHIC ROCKS OF THE YAKUTAT-ST. ELIAS AREA,
SOUTH-CENTRAL ALASKA

By TRAVIS HUDSON, GEORGE PLAFKER; and DONALD L. TURNER
Menlo Park, Calif.; Fairbanks, Alaska

Astract.—Metamorphic rocks in the Yakutat-St. Elias area
range in grade from zeolite to amphibolite facies. Radiometric
age determinations on selected metamorphic rocks have helped
to identify two major metamorphic events, one in Late Cre-
taceous time that was characterized by penetrative deforma-
tion, and one in the Miocene Epoch that resulted in wide-
spread recrystallization and igneous intrusions. Mapped facies
units show many discontinuities across major faults, and
their distribution indicates major differential uplift between
several structurally bound crustal blocks within a strongly
deformed mobile belt west of the Art Lewis fault. Late Cre-
taceous metamorphic gradients indicate that the blocks have
been tilted to the west or northwest parallel to their general
structural grain. As mineral assemblages that were recrystal-
lized during Miocene time occur on both sides of the Fair-
weather fault, large-scale, post-Miocene strike-slip movement
along the fault is not indicated.

Metamorphic rocks in a part of the Yakutat and St.
Elias quadrangles in the St. Elias Mountains were
mapped and sampled during a regional reconnaissance
study of the area by Plafker (1976). This paper out-
lines the distribution and character of metamorphic
facies units and reports the results of potassium-argon
age determinations of metamorphic rocks. Intrusive
rocks are discussed in a companion paper (Hudson and
others, 1977). )

The area discussed covers approximately 16000
square kilometers in the rugged and mountainous parts
of the Yakutat and Mt. St. Elias quadrangles between
the Canadian border and the Gulf of Alaska (fig. 1).
It extends eastward to long 138° W. and westward to
long 141° W. Geologically, it is characterized by the
structural juxtaposition of broadly distinctive geo-
logic terranes along major fault boundaries (figs. 1
and 2). These terranes are: (1) a belt of greenschist-
facies marble, metavolcanic rocks, and mica schist
northeast of the Art Lewis fault (Hubbard terrane),
(2) a belt of greenschist-to-amphibolite-facies meta-
volcanic rocks and schistose metasedimentary rocks be-
tween the Art Lewis and Fairweather faults (Fair-
weather-Art Lewis terrane) that is probably equiv-
alent to epidote-amphibolite- and amphibolite-facies

metavolcanic rocks and mica schist in the St. Elias
block north of the St. Elias thrust fault, (3) a foothills
belt composed mostly of zeolite- to greenschist-facies
flysch and melange of the Yakutat Group (Mt. Cook
block, Boundary-Fairweather block, Malaspina and’
Yakutat foothills), and (4) a coastal lowland that is
extensively covered by surficial materials and underlain
mainly by nonmetamorphosed Tertiary nearshore sedi-
ments that overlie low-grade rocks of the Yakutat
Group.

The Art Lewis fault juxtaposes terranes of differing
regional metamorphic character. Areas west of this
fault are part of a mobile belt characterized by com-
plex deformation and variable recrystallization with
metamorphic grades generally increasing northeast-
ward roughly perpendicular to the major structural
trends. In contrast, the deformation and metamorphic
grade diminish rather abruptly east of the Art Lewis
fault, and much of the nearby rock in Canada is of
low metamorphic grade (Kindle, 1952; Campbell and
Dodds, 1975). :

Acknowledgments—E. M. MacKevett, Jr.,, and
Michael Perkins participated in the fieldwork during
1968 and mapped and sampled many of the metamor-
phic rocks. Phillip Frame and Gary Winkler separated
the minerals used for potassium-argon dating, and
M. A. Lanphere provided a potassium-argon age de-
termination on one of the amphibole separates.

METHODS OF STUDY

The reconnaissance field studies were supported by
helicopter and carried out under the direction of
Plafker during parts of the 1967, 1968, and 1969 field
seasons. Petrographic studies and data compilation
were done by Hudson, and most of the potassium-argon
age determinations were provided by D. L. Turner.

Thin sections of the metamorphic rock sampled at
localities shown in figure 2 were used to identify the
metamorphic mineral assemblages and important tex-
tural relations. Facies assignments based on the as-
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semblages were made following the classification of
Turner (1968). The plagioclase compositions were
estimated (as An <5, An 335, and An >,5) by compari-
son of the plagioclase refractive indices to that of the
mounting medium of the thin sections (Lakeside
thermoplastic cement, #=1.537). Extinction angles of
elongate amphibole sections were used to differentiate
actinolite and hornblende.

Fourteen biotite and amphibole mineral separates
were analyzed to determine their apparent potassium-
argon ages. Analytical techniques used have been de-
scribed previously (Turner and others, 1973). The
analytical data are listed in table 1, and petrographic
descriptions of the analyzed samples are shown in
table 2.
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F1eURrE 2.—Distribution of metamorphic facies units and assemblage localities in Yakutat—-St. Elias area, south-central Alaska.

METAMORPHIC FACIES UNITS

It has been suggested (Zwart and others, 1967) that
three standard facies series (Miyashiro, 1961; Hie-
tanen, 1967) and four facies groups be used for the
cartographic representation of metamorphic units, and
some criteria have been outlined for distinguishing be-
tween them. Facies groups as proposed (Zwart and
others, 1967, p. 58) and as used in this report are com-
binations of facies that are useful in defining map units

because of difficulties in showing individual facies at
the map scale used or because the data are insufficient
to define the distribution of individual facies. Differ-
ences between the facies included in a facies group are
largely due to variations in temperature and are in-
dependent of pressure. The recognition of a standard
facies series is handicapped in the Yakutat-St. Elias-
area by the structural juxtaposition of rocks of differ-
ent metamorphic grade and the resulting lack of
continuous transitions between assemblages as well
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TABLE 1.—Potassium-argon ages and enalytical data

[Nos. 1-13 by D. L. Turner, Univ. of Alaska; No. 14 by M. A. Lanphere; o, standard deviation; X, sample mean]

wtn TECE G e owosmmy (B, el WTE
8 Ar total n.y.)

1 63 APr 219 59°49.6' 139°1.8'  Amphibole 0.024, 0.024 0.024 0.2303 0.444 63.8+1.9

2 67 APr 44B 59°51.1' 138°59.8' do. .061, .063 .062 0626 .042 67.242.0

3 67 APr 45B 59°48.7' 138°48.8' Biotite 9.080, 9.088 9.084 2,614 774 19.4+ .6

4 68 APs STF 59°11.8'  138°12.7' do. 8.990, 8.995 8.992 .5527 .219 4.1+ .12
.4998 .319 3.8F .15

% = 3.95+ .15

5 68 APs 65B 59°23.8' 138°24.6' Amphibole  .660, .660 .660 .6489 .792 65.4+2.0

6 68 APr 78D1  59°8.4'  138°0.2' do. .220, .220 .220 .0604 134 18.5+ .6

) 7 68 APr 84A 59°22.2' 138°6.6'  Biotite 9.492, 9.527 9.509 3.299 .710 23.3% .7
8 68 APr 106A2 59°35.5' 138°46.3' do. 8.279, 8.278 8.278 3.717 .802 30.1+ .9

9 68 APr 106B  59°35.5' 138°46.3' Amphibole  .094, .095 .094 .0665 .363 47.041.4

10 69 APr 37D 60°18.1'  139°31.9' do. .256, .256 .256 .2247 443 58.5+1.7
11 69 APr 43B3  60°20.9' 139°50.0' do. .320, .322 .321 .2450 .710 51.0+1.5
Biotite 8.802, 8.766 8.784 6.215 .885 47.341.4

12 69. APr-47c1  60°17.3"'  140°40.5' do. 7.948, 7.963 7.955 2,057 .740 17.4+ .5
13 69 APr 47C2  60°17.3' 140°40.5' Amphibole  .250, .250 .250 .0871 .173 23,4+ .7
14 63 APr 205 59°48.2"'  138°53.3" do. .279, .279 .279 .0909 .34 21.9+1.0

as by the fact that the metamorphic grades generally
did not exceed the lower amphibolite facies. The ab-
sence of blueschist-facies rock in outerop and of higher
grade assemblages that contain kyanite or sillimanite
suggests that the area has undergone dominantly low-
pressure-facies series metamorphism.

Metamorphic rocks in the Yakutat-St. Elias area
range from zeolite to amphibolite facies. The facies
units that have been mapped (fig. 2) include: (1)
laumontite and prehnite-pumpellyite-facies group, (2)
greenschist facies, (3) epidote-amphibolite facies, (4)
amphibolite facies, and (5) epidote-amphibolite- and
amphibolite-facies group. The boundaries between
facies units are approximate, and many changes in
them, as well as in mapped units, would result from
more detailed work. Nonetheless, the data are suffi-
cient to identify regional metamorphic grades in a
general way and to show relations between the meta-
morphic grades and the important structural elements
in the area. The characteristics of the metamorphic
map units are discussed below. Nonmetamorphosed
rocks in the area have been described elsewhere

" (Plafker, 1976).

Laumontite- and prehnite-pumpellyite-facies group

Rocks assigned to the laumontite- and prehnite-
pumpellyite-facies group are restricted to the eugeo-
synclinal sedimentary and related volcanic rocks of
the Yakutat Group (Jurassic? and Cretaceous) in the
western Mt. Cook block and the Malaspina and Yaku-
tat foothills. In the southeastern part of the foothills
belt, these rocks grade over a narrow interval into
amphibolite-facies rocks, but the transitional facies
units have not been shown on figure 2. In addition,
cordierite-bearing hornfels is present in the Yakutat
Group adjacent to the Grand Plateau Glacier pluton
(pluton K, fig. 2) in the southéastern Yakutat foot-
hills. It has not been possible to map zeolite-facies
rocks separately from those of prehnite-pumpellyite
facies because of the limited number of sample local-
ities ‘and because many of the observed assemblages are
transitional between the two facies and contain both
laumontite and prehnite.

Locally, these low-grade rocks are strongly sheared
and complexly folded, but original sedimentary tex-
tures and structures are generally well preserved. The
sandstones are feldspathic and. tightly indurated, and
associated argillite is slaty in many cases. The recog-
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TasBLE 2. —Summary of petrographic data for age-dated metamorphic rocks

No. Field No. Lithology and Metamorphic mineral Facies Remarks
(fig. 2) composition assemblage® assignment
1 63 APr 219 Amphibolite, mafic Hornblende, plagioclase (An 215), Epidote- Fine-grained schistose, partially segregated,
chlorite (8%), magnetite,(garnet). amphibolite porphyroblastic plagioclase, minor epidote.
2 67 APr 44B do. Hornblende, plagioclase (An >15), do. Schistose, nonsegregated, semigranoblastic
epidote, (sphene). plagioclase, intergranular epidote (3%),
minor opaque minerals.
3 67 APr 45B Gneissic schist, Quartz, plagioclase (An 215), do. Fine-grained, doubly foliated, compositionally
quartzofeldspathic. biotite, muscovite, clinozoi- banded, quartz with undulatory extinction,
site (4%), (garnet, sphene). honey-brown biotite, intergranular anhedral
clinozoisite.
4 68 APs S57F Schist, quartzofeldspathic Quarte, plagiocluse'(hn >15), Amphibolite Fine-grained semigranoblastic red-brown
potassium feldspar, biotite, biotite, minor tourmaline and sphene.
opaque minerals (garnet,
apatite). .
do. Fine-grained, schistose, partially segregated,
5 68 APs 65B Amphibolite, mafic Horubi::iz; gz;gio:::::tiA?azlzi;e) some crosscutting thin shear zones, inci-
nag ’ »(apa : pient brown biotite after amphibole, dusty
plagioclase.
6 68 APr 78D1 Greenstone, mafic Actinolite, plagioclase (An 215), Greenschist Schistose, partially segregated, clots of fine-
epidote (10X), magnetite (2%). to medium-grained green actinolitic amphi-
bole, segregated magnetite and sphene. string-
. ers, intergranular epidote.
7 68 APr 84A Schist, quartzofeldspathic Quartz, plagioclase (An 215), Epidote- Schistose but with semigranoblastic quartz
biotite, hornblende, clinozoisite, amphibolite and plagioclase, thin compositional banding,
(sphene, magnetite). honey-brown biotite, intergranular clinozoi-
site, poikilitic hornblende to 2.4 mm long.
8 68 APr 106A2 do. N.A. N.A. N.A.
9 68 APr 106B  Amphibolite, mafic Hornblende, plagioclase (An >15), Amphibolite Schistose, segregated aggregates of anhedral
magnetite, (sphene, apatite). poikilitic plagioclase, granular sphene and
magnetite, some small granular epidote in
plagioclase.

10 69 APr 37D do. Hornblende, plagioclase (An 215), Epidote- Schistose with very fine grained and grano-
quartz, epidote, chlorite, amphibolite blastic quartz and plagioclase domains,
muscovite, magnetite. compositionally segregated, crosscutting

epidote-prehnite veinlets; contact zone
assemblage?

11 69 APr 43B3 Schist, feldspathic Plagioclase (An 215), biotite, Amphibolite Fine- and even-grained granoblastic plagio-
quartez, hornblende, magnetite, clase, bright red-brown biotite, quartz in
(garnet). segregation bands; contact zone assemblage?

12 69 APr 47C1  Schist, quartzofeldspathic Plagioclase (An >15), biotite, do. Doubly foliated with porphyroblasts of euhed-
quartz, opaque minerals (mag- ral garnet and poikilitic staurolite.
netite and sulfide), garnet,
staurolite, muscovite.

13 69 APr 47C2  Amphibolite, mafic Hornblende, plagioclase (An 215), do. Fine-grained, schistose,partially segregated,
quartz, magnetite, sphene. cleanly crystallized.

14 63 APr 205 do. Hornblende, plagioclase (An 215), Epidote~ Fine- to medium-grained, schistose, poorly seg-
epidote, quartz, sphene. amphibolite regated, green to brown hornblende, twinned

and slightly warped plagioclase, granular
epidote, fine-grained quartz with complex
irregular boundaries.

* Ligted in order of decreasing abund Parenth indicate minerals present as minor constituents.

nized metamorphic mineral assemblage includes only
minerals that are clearly of secondary origin, such as
minerals that occur interstitially or in veinlets, and
not those that are restricted to replacements of detrital
mineral grains or lithic fragments. Twenty-three of
36 sandstone samples contain an assemblage diagnostic
of the facies group, and the typical assemblage in-
cludes laumontite, prehnite, calcite, chlorite, and white
mica. Laumontite, calcite, prehnite, and quartz occur
interstitially and in veinlets, but chlorite and white
mica occur mostly as interstitial grains. Quartz is con-
sidered part of the metamorphic assemblage even
though its secondary origin is not always clear.
Generally laumontite does not occur without preh-
nite, although the reverse is not uncommon. Pumpelly-

ite occurs interstitially but is dominantly restricted to
lithic grains of mafic composition. A few specimens
contain very fine grained, patchy, and granular epidote
together with white mica and chlorite. This assemblage
indicates that lower-greenschist-facies metamorphic
conditions were reached locally within parts of the
low-grade Yakutat Group rocks of the foothills belt.

Greenschist facies

Greenschist-facies rocks occur in the Hubbard ter-
rane, the Fairweather-Art Lewis terrane, and in the
Mt. Cook and Boundary-Fairweather blocks of the
foothills belt. They display wide ranges in meta-
morphic texture, structure, and -degree of recrystalli-
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zation. Some, such as semischist and slate, have not
been completely recrystallized, but they are mapped
with the greenschist-facies unit because they do not
contain mineral assemblages diagnostic of the next
lower facies unit, and they grade into or are associated
with, rocks of more typical greenschist-facies char-
acter. The greenschist-facies rocks generally grade in-
to higher grade rocks or are structurally bound, but in
the Mt. Cook block a westward transition to lower
grade rocks is apparently present. This transition is
confused by structural complications in melange and
by large intrusive bodies at Mt. Cook and Mt. Owen
(plutons Liand H, fig. 2).

Greenschist-facies rocks of the foothills belt are
dominantly slate, phyllite, and semischist inferred to
be correlative with the Yakutat Group, and they re-
tain many original features such as bedding and detri-
tal textures. Typical assemblages contain white mica,
chlorite, calcite, and some patchy very fine grained
epidote. Incipient biotite is a local constituent.

In the Fairweather-Art Lewis terrane, the green-
schist facies consists of metasedimentary and metavol-
canic rocks. The metasedimentary rocks are semischist
and schist that were derived from quartzofeldspathic
sandstone and finer grained sedimentary rocks. They
commonly contain white mica, chlorite, quartz, plagi-
oclase (of wvariable composition), clinozoisite, and
some biotite. The metavolcanic rocks are moderately
abundant and were originally mainly intermediate to
mafic volcaniclastic rocks. They are generally fine-
grained and thinly banded schist that contains quartz,
actinolite, calcite, albite, and epidote. In outcrop the
epidote commonly forms conspicuous green bands and
segregations.

In the Hubbard terrane, most of the nonplutonic

rocks are metamorphosed to greenschist facies and in-
clude abundant coarsely crystalline marble, massive
to thinly banded mafic metavolcanic rocks that are
mainly typical greenschist, and mica schist. In the
vicinity of the large Mt. Hubbard and Art Lewis
Glacier plutons (plutons C and D, fig. 2), the rocks are
of higher grade and amphibolites are common. Typical
assemblages in the metavolcanic rocks contain actin-
olite, albite, epidote, and calcite. Mica schist inter-
bedded with marble contains muscovite, chlorite, and
quartz. The marble is light colored, foliated, and con-
‘tains variable amounts of impurities ranging from
disseminated graphite to thin discontinuous segrega-
tions of silicate minerals including pyroxene, tremolite,
white mica, and plagioclase. The only specimen from
the entire area that appears to be retrograded was col-
lected near the Art Lewis Glacier pluton just south of
the international boundary. It is a chlorite-quartz-
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muscovite schist with an incipient second foliation
oblique to the primary schistosity. It contains almost
completely chloritized garnet porphyroblasts, sericit-
ized plagioclase grains, and aggregates of fine-grained
chlorite, white mica, oqaque minerals, and sphene that
have apparently replaced some preexisting mafic min-
eral (hornblende?).

The area mapped as greenschist facies immediately
northeast of the Mt. Draper pluton (pluton B, fig. 2)
includes a small higher grade amphibolite-diorite com-
plex that is characterized by segregation and injection
gneisses. Deformation features such as warped plagi-
oclase, undulatory extinction in quartz, and granulated
shear zones are common, as are exceptionally well
crystallized rocks with clean unzoned plagioclase and
interstitial to porphyroblastic amphibole. Typical as-
semblages are either plagioclase, tremolite, chlorite,
and quartz, or hornblende, plagioclase, and quartz.
Biotite and garnet are locally present. The variable
metamorphic grade and complex textures suggest con-
ditions intermediate between those of metamorphic
and igneous environments, and the deformation fea-
tures are undoubtedly due to displacement along the
adjacent active Fairweather fault. This area, infor-
mally known as the Nunatak, probably represents the
root zones of the Mt. Stamy pluton (pluton A, fig. 2)
which broadens into a lensoid body along strike to the
northwest.

Foliation is generally well developed in the green-
schist-facies rocks and usually parallels original layer-
ing except near the axes of folds. In some rocks, less
well developed secondary foliations produce lineations
in the primary foliation plane. Such rocks are mainly
located near the Art Lewis or Fairweather faults, and
they contain strained quartz, distorted micas, and
small shear zones and veinlets with secondary minerals.
In many cases, the second foliation is probably due to
deformation from the nearby major faults. An ex-
treme example of this is a zone of orange-weathering,
light-colored, fine-grained, and strongly mylonitized
rocks on the east side of the Fairweather fault at Hub-
bard Glacier. Some rocks in this zone were originally
granitic, but they now consist of granulated, elongated
aggregates of polygonized quartz and plagioclase,
wavy muscovite, and angular microcline grains with
undulatory extinction.

Epidote-amphibolite facies

Rocks of epidote-amphibolite facies (greenschist-
amphibolite transitional facies of Turner, 1968) oc-
cur in the southeast part of the map area west of the
Art Lewis fault. They are generally structurally bound
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or transitional with lower grade rocks of greenschist
facies. The metamorphic grades within this facies vary
widely, and although the rocks are completely recry-
stallized, they have variable granularity and schistosity
and contain minerals characteristic of both amphibol-
ite- and greenschist-facies environments. Judging from
their textural development, the highest grade rocks in
this facies are in parts of the amphibolite belt and in
nearby schist in the central part of the Fairweather—
Art Lewis terrane northeast of Russell Fiord.

In the Boundary-Fairweather block, the small area
of epidote-amphibolite-facies rocks includes mafic
metavolcanic rocks and quartzofeldspathic schist. The
metavolcanic rocks are fine- to medium-grained
strongly foliated amphibolites that contain epidote and
hornblende. The schist contains plagioclase of variable
composition, muscovite, biotite, quartz, and some par-
tially chloritized garnet. The area includes some rocks
. of greenschist facies that contain chlorite, clinozoisite,
and calcite.

A larger area of epidote-amphibolite-facies rocks
occurs in the Fairweather-Art Lewis terrane and in-
cludes a belt of amphibolite adjacent to the Fair-
weather fault and quartzofeldspathic schist with inter-
calated metavolcanic rocks to the east and south. The
metasedimentary rocks locally include metachert and
marble. The amphibolite is fine to medium grained,
variably segregated, and characteristically contains
hornblende, plagioclase (An 3,5), epidote, some
quartz, and locally chlorite. Hornblende is usually dark
(almost black) in hand specimens and locally forms
poikilitic porphyroblasts. The schist is variably
banded, strongly schistose to semigranoblastic, and
contains quartz, biotite, plagioclase (An 3,5 generally),
muscovite, and garnet. In the immediate vicinity of
the Novatak Glacier pluton (pluton J, fig. 2), the
rocks are of slightly higher grade and include garnet-
plagioclase (An >,;)-quartz-chlorite schist and quartz-
plagioclase (An >,5)-hornblende amphibolite.

Amphibolite facies

Amphibolite-facies rocks have been mapped in the
southern part of the Boundary-Fairweather block and
in the nearby southern part of the Yakutat foothills.

The amphibolite-grade area in the Boundary-Fair-
weather block contains two lithologically distinct
parts; the northern part is composed of quartzofelds-
pathic metasedimenetary rocks, and the southern part
is dominantly mafic metavolcanic rocks. In the north-
ern part, the original rocks were a layered, dominantly
sandstone sequence that was probably part of the
Yakutat Group. They are now very similar to the
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coarse grained amphibolite-facies metasedimentary
rocks west of the Boundary fault, and the original
bedding relations are generally clear. Typical quartzo-
feldspathic schist is fine to medium grained, semigran-
oblastic, and contains quartz, plagioclase (probably
An ,;), biotite, and garnet.

In the southern part, the metavolcanic rocks are
massive to thinly bedded and in large part volcani-
clastic. They range from thinly laminated green to
light-gray metatuff to massive porphyritic flow rocks.
Interbedded wtih these are a variety of metasedimen-
tary rocks including very fine grained pelitic rocks,
metasandstone and conglomerate, and fine to coarsely
crystalline gray-weathering marble. The schistosity is
variable, and many of the more foliated rocks may be
locally cataclastic. Slightly reddish, dense, and very
fine grained hornfels is locally present. The dated
specimen (no. 5, tables 1 and 2) is a typical amphibol-
ite, but its proximity to the Brabazon plutons (plutons
F, fig. 2) and the presence of incipient biotite suggest
that it has been thermally recrystallized. Thermally
induced recrystallization may be responsible for other
higher grade rocks in this area, which probably con-
tains assemblages ranging from greenschist to amphi-
bolite facies. The metamorphic diversity of this south-
ern area contrasts sharply with that of the more homo-
geneous northern area of quartzofeldspathic schist,
and the contact between the two areas may be a fault
that strikes northwestward, oblique to the Fairweather
and Boundary faults in the vicinity of the mapped
lithologic break (Plafker, 1976).

In the southern part of the Yakutat foothills, amphi-
bolite-facies rocks from a broad northwest-plugging
antiform and have a sharply transitional contact with
zeolite- and prehnite-pumpellyite-facies group meta-
sedimentary rocks of the Yakutat Group. The transi-
tion from low- to high-grade facies occurs over a hori-
zontal distance commonly less than 1.5 km, and the
distribution of intermediate facies is too narrow to be
shown in figure 2. The amphibolite-facies rocks repre-
sent an interbedded sandstone-pelite sequence that has
been thoroughly recrystallized, but the general bed-
ding relations are still preserved. Quartzo-feldspathic
schist contains quartz, plagioclase (An >,5), potassium
feldspar, biotite, garnet, and locally minor tourma-
line. Interbedded pelitic layers are very rich in biotite
and also contain quartz, garnet, and locally andalusite
porphyroblasts. The principal schistosity is parallel to
compositional banding and is generally defined by the
orientation and concentration of biotite. Semigrano-
blastic textures are well developed, and unstrained
quartz and red-brown biotite are characteristic. The
sharp facies gradient into the amphibolite-facies rocks,
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the preserved bedding relations, the mineral assem-
blages containing andalusite, and the granoblastic tex-
ture suggest that this higher-grade area is largely the
result of thermally induced recrystallization.

Epidote-amphibolite- and amphibolite-facies group

The St. Elias block and part of the Boundary-Fair-
weather block have been mapped as containing rocks
of the epidote-amphibolite- and amphibolite-facies
group. This unit was designated, because, near the Mt.
Draper pluton (pluton B, fig. 2) the facies relations
are complicated by an irregular contact aureole and
because, north of the St. Elias thrust fault the field
data and sampling collections are insufficient to dis-
tinguish individual facies units. Both areas contain
some greenschist-facies rocks.

In the Boundary-Fairweather block, the Mt. Draper
pluton (pluton B, fig. 2) intrudes metasandstone
and interbedded fine-grained metasedimentary and
mafic metavolcanic rocks of the Yakutat group. The
facies distribution is complex near this pluton owing
to the irregularity of the intrusive contact. The facies
gradient is steep on the east side of the pluton where
the contact is relatively continuous and steeply dip-
ping, and only the distribution of greenschist-facies
rocks can be shown at the scale of figure 2. On the west
side, however, pendants and roof zone rocks containing
epidote-amphibolite- and amphibolite-facies assem-
blages are exposed over a larger area. As these different
facies are not systematically distributed with respect
to the present exposed contacts of the pluton, the
pluton must underlie much of this area irregularly.
The recrystallized rocks are schistose, but they typi-
cally have semigranoblastic textures, and poikiloblastic
and (or) porphyroblastic crystals are common. In the
metasedimentary rocks, lower grade assemblages con-
tain quartz, plagioclase, biotite, clinozoisite or epidote,
and garnet. Higher grade assemblages contain quartz,
plagioclase (An >,5), biotite, muscovite, garnet, and
locally staurolite. Rocks of mafic composition are not
abundant but do occur in some small pendants. They
are semigranoblastic amphibolite with hornblende,
plagioclase (An >,5), and less abundant opaque min-
erals, epidote-group minerals, and quartz.

The St. Elias block is a metamorphic terrane char-
acterized by an east-west structural grain. It has
been thrust southward over Tertiary strata and the
zeolite and prehnite-pumpellyite facies of the Yaku-
tat Group. Sampling in this area was minimal be-
cause it is exceptionally rugged and is largely in
Canada. Most of the rocks sampled are dark greenish-
black sulfide-bearing amphibolite and less abundant

interbedded, reddish-weathering schist. Between these
rocks and the St. Ellias thrust fault is a structurally
conformable sequence of interbedded slate, phyllite,
quartzite, feldspathic metasandstone, and minor
stretched metaconglomerate. The sequence contains
quartz veins and is intruded by leucocratic dikes. The
amphibolite sequence contains some assemblages that
are indicative of the amphibolite facies (Nos. 12 and
13, tables 1 and 2), but farther west along strike in
the Bering Glacier quadrangle, some of the rocks are
greenschist that contains abundant actinolite, chlorite,
and epidote (Plafker, unpub. data, 1974). The higher
grade assemblages (nos. 12 and 13, tables 1 and 2)
may be the result of contact metamorphism, in which
case the distribution of amphibolite-facies rocks with-
in the St. Elias block would be limited. The apparent
transition from lower grade metasedimentary rocks
(slate, quartzite, metasandstone) northward to amphi-
bolite-facies metavolcanic rocks may reflect either an
exceptionally steep metamorphic gradient or alterna-
tively structural juxtaposition of the amphibolite se-
quence southward over the lower grade metasedi-
mentary rocks. The sparse data available are not ade-
quate to resolve the issue. However, the same geologic
relations occur in an area just north of the Fair-
weather fault at Hubbard Glacier, where there is
good exposure and no evidence of faulting. This sug-
gests that very steep local metamorphic gradients do
exist in the area.

POTASSIUM-ARGON DATED METAMORPHIC
EVENTS

Potassium-argon dges for the 14 dated metamorphic
rocks from the Yakutat-St. Elias area (table 1, fig. 3)
fall into four groups; (1) an older set of amphibole

ages that ranges from 58.5 to 67 m.y. (million years),

(2) a set of coexisting biotite and amphibole ages
that are discordant ranging from 30 to 51 m.y., (3) a
set of biotite and amphibole ages that are in part dis-
cordant ranging from 17 to 23 m.y., and (4) a single
very young biotite age of 4 m.y. The older set gives
a minimum age for the regional metamorphism that
was largely dynamothermal and the principal cause
of penetrative deformation throughout the area. This
Late Cretaceous metamorphism accompanied the de-
formation and accretion of thick eugeosynclinal se-
quences of the late Mesozoic Valdez and Yakutat
Groups throughout southern Alaska (Plafker, 1972;
MacKevett and Plafker, 1974).

The two sets of discordant ages within the 30-51
m.y. range reflect the intrusion of an Eocene pluton
and resetting during a major Miocene thermal event.



HUDSON, PLAFKER, AND TURNER

o —
048 EXPLANATION
03B
104 Sample number ( tables land?2)
and mineral , B, biotite ; A, amphibole
28 ¢, LB
w 204 1 838 Ana
14 | i i
ol4A Mineral pair from same sample
W Ujza ©7g
N 0i3A
o 304 Qea Mineral pair from same locality
%) I
z I
Q |
] |
-~ I
s 404 :
z i
= I
§ [JJ9A Al e
50
Ana
O I10A
60
o IA
O 5A
o 2A

F1eure 3.—Diagrammatic representation of apparent potas-
sium-argon ages of metamorphic rocks dated in this re-
port. Sample localities shown in figure 2.

The older discordant pair (no. 11, tables 1 and 2) is
from a sample collected near the contact of the Eocene
Mt. Vancouver pluton (pluton G, fig. 2) that straddles
the international boundary in the north-central map
area. The other pair (Nos. 8 and 9, tables 1 and 2)
are from samples collected in the Boundary-Fair-
weather block. In these samples, biotite and probably
the hornblende have been partially reset during the
Miocene Epoch as discussed below.

The ages between 17 and 23 m.y. are the result of a
major regional metamorphic event. This event, al-
though not associated with extensive penetrative de-
formation, was accompanied by sufficiently high tem-
peratures to reset or initially crystallize biotite and
amphibole in metamorphic rocks throughout large
areas. Semigranoblastic textures are common in the
rocks that were recrystallized during this event.
Thermal resetting, rather than cooling related to up-
lift, is suggested by discordances in age between am-
phiboles from the same amphibolite unit at localities
less than 5 km apart (Nos. 2 and 14, fig. 2) and by
striking discordances in age between dated minerals
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from metamorphic rocks and from nearby plutons
that probably underwent the same uplift history.

One biotite separate from the amphibolite-facies

. rocks in the southern part of the Yakutat foothills

yielded a remarkably young and consistent age of 4
m.y. (No. 4, fig. 2, tables 1 and 2). As discussed
earlier, these amphibolite-facies rocks are semigrano-
blastic and texturally appear to have been recrystal-
lized by thermal processes. The reason for the young
potassium-argon age is unknown but some possible
explanations are: (1) the age represents a very local
contact metamorphism by an unrecognized intrusion,
(2) the age is representative of the entire higher
grade area and is due to recrystallization that has ac-

‘companied intrusion of a large unexposed pluton, or

(3) the age represents the time at which the terrane
was uplifted and passed through the critical biotite
isotherm for argon retention. Even though the meta-
morphic nature of these higher grade rocks is ap-
parently similar to that of the rocks recrystallized
during Miocene time, the radiometric age suggests
that their metamorphism may be unrelated to the
Miocene event.

In summary, the potassium-argon age data docu-
ment two major metamorphic events, one with a
minimum age of about 65 m.y. and one that occurred
about 20 m.y. ago. In one area, recrystallization ap-
pears to have occurred as recently as 4 m.y. ago. The
effects of any regional metamorphism prior to 65 m.y.
ago have not been recognized, although there is strong
reason to believe that pre-Cretaceous metamorphism
affected the Fairweather—-Art Lewis terrane, the St.
Elias block, and perhaps the Hubbard terrane.

Areas that may have been affected by metamorphism
prior to 65 m.y. ago are those known to be of at least
Jurassic age. The minimum ages of the older parts of
the Yakutat-St. Elias area are known from the ages
of the plutons that intrude them; the Fairweather-
Art Lewis terrane is intruded by Jurassic plutons,
the St. Elias block is cut by a pluton that is of at least
Triassic age, and the Hubbard terrane contains late
Paleozoic plutons (Hudson and others, 1976). To the
northwest in Canada, and farther west in the north-
ern Chugach Mountains, nonmetamorphosed Lower
Cretaceous strata overlie metamorphic and plutonic
rocks that are on strike with, and similar to, those in
the Fairweather-Art Iewis terrane (Sharp and
Rigsby, 1956, MacKevett and others, 1974).- In the
northern Chugach Mountains, the metamorphic rocks
are part of the Skolai Group of Pennsylvanian and
Permian age (Smith and MacKevett, 1970, Richter
and Dutro, 1975). As the Lower Cretaceous sedimen-
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tary rocks appear to have been deposited on the un-
derlying metamorphosed terrane, a pre-Early Cretace-
ous metamorphism must have affected the upper
Paleozoic rocks. If so, the same may be true for their
probable correlatives in the Yakutat-St. Elias area
which, in addition to the metamorphic rocks of the
Fairweather-Art Lewis terrane, includes the rocks of
the St. Elias block. This metamorphism probably ac-
companied a period of orogeny that took place in the
Jurassic Period throughout a large part of southern
Alaska (Plafker, 1969, p. 153).

During the reconnaissance study of the Yakutat—St.
Elias area, the effects of a pre-Early Cretaceous meta-
morphism have not been identified, possibly because
they were obscured by subsequent metamorphisms, but
detailed work in the areas of older rocks might un-
cover evidence of an earlier metamorphism. The
Paleozoic rocks of the Hubbard terrane may have
also been affected by the suspected pre-Early Cretace-
ous metamorphism, but this possibility cannot now be
substantiated because the timing and nature of the
structural juxtaposition of this terrane against the
distinctly different Fairweather—Art Lewis terrane
are unknown. '

GENERAL AREAS AFFECTED BY REGIONAL
METAMORPHIC EVENTS

The distribution of dated metamorphic rocks, com-
bined with the regional geologic relations, allows the
definition of the general areas that were affected by
the two recognized regional metamorphisms.

The Late Cretaceous metamorphic rock dates and
rocks with discordant ages in the 30-51-m.y. range
are in the Boundary-Fairweather block and the Fair-
weather-Art ILewis terrane. They clearly indicate
that this central area of greenschist- to amphibolite-
facies rocks, located on both sides of the Fairweather
fault, was affected by the Late Cretaceous metamor-
phism. Most of the metamorphic rocks elsewhere in
the Yakutat-St. Elias arvea are characterized by
penetrative deformation. As this is considered to be
indicative of the strongly dynamothermal Tate Cre-
taceous metamorphic event, it is concluded that near-
ly all the metamorphosed rocks in the Yakutat-St.
Elias area were affected by the Late Cretaceous re-
gional metamorphism.

The metamorphic rocks that have been dated in the
17-23-m.y. range are not as widely or uniformly dis-
tributed as those with older dates. The dated rocks de-
fine areas of Miocene greenschist- to amphibolite-
facies metamorphism east of Yakutat Bay in the
Boundary-Fairweather block and the Fairweather—
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Art Lewis terrane. In addition, they also occur in at
least part of the St. Elias block. Tt is difficult to iden-
tify other areas affected by the Miocene event because
of its dominantly thermal nature and the lack of su-
perimposed structures on rocks metamorphosed earlier.

However, as this metamorphism was accompanied
by widespread emplacement of igneous rocks, the dis-
tribution of Miocene plutons and dikes provides ad-
ditional data on areas affected by the Miocene thermal
influx. Miocene intrusive rocks include andesitic dikes
that intrude low-grade rocks of the Yakutat Group
in the Yakutat foothills, pegmatites and related finer
grained leucocratic dikes that intrude the Novatak
Glacier pluton (pluton J, fig. 2), and numerous small
granitic plutons that intrude greenschist-facies rocks
in the central Fairweather-Art Lewis terrane. The
hypabassal Mt. Owen pluton (pluton H, fig. 2) and
leucocratic dikes in the slate sequences north of the
St. Elias fault may indicate Miocene intrusion at
shallow depth from Hubbard Glacier west to loca-
tions of the dated metamorphic rocks (Nos. 12 and 13,
fig. 2, tables 1 and 2) in the St. Elias block. Although
no metamorphic rocks have been dated east of the Art
Lewis fault, leucocratic dike swarms in the vicinity
of the Art Lewis Glacier pluton (pluton D, fig. 2) and
the lamprophyre dikes near the Mt. Hubbard pluton
(pluton C, fig. 2) suggest that Miocene intrusive activ-
ity affected this area. Although the recognizable effects
of the Miocene resetting have a generally irregular and
spotty distribution in the Yakutat-St. Elias area, it is
probable that intrusive or metamorphic products re-
lated to it occur in all the principal geologic terranes.
The apparent discontinuity of the affected areas is
probably due to both the thermal nature of the meta-
morphic event and later tectonic displacements.

DISTRIBUTION OF METAMORPHIC FACIES UNITS

The facies boundaries within geologic terranes and
structural blocks are transitional. In all the terranes,
except the foothills belt, the easterly- and southeaster-
ly-increasing metamorphic gradients are in dynamo-
thermally metamorphosed rocks and appear to have
developed during the Late Cretaceous metamorphism.
Miocene recrystallization has locally decreased these
gradients, as in the southern part of the Fairweather—
Art Lewis terrane (Nos. 6 and 7, tables 1 and 2), but
generally the results of this metamorphism are local
increases in metamorphic grade (Nos. 3, 12, 13, and
14, tables 1 and 2). The boundaries between facies
units in adjacent geologic terranes or structural blocks
are the major faults (fig. 2), and the discontinuities
of the facies units across these faults provide some
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evidence concerning both the sense and relative
amounts of vertical displacements between adjacent
geologic terranes and structural blocks, and the post-
Miocene displacements along the historically active
Fairweather fault.

Within the mobile belt east of the Art Lewis fault
there is evidence for differential uplift within and be-
tween the major structural blocks. Assuming that the
grade of regional metamorphism can be roughly cor-
related with depth in the Earth’s crust, it is apparent
that the foothills belt, the Boundary-Fairweather
block, and the Fairweather—Art Lewis terrane have
all been uplifted, but by different amounts. In gen-
eral, uplift in the foothills belt is less than within
the Boundary-Fairweather block and Fairweather—
Art Lewis terrane. The last two terranes have some-
what similar uplift histories, but the Boundary-Fair-
weather block appears to have been uplifted more
along its south end. Uplift within each terrane is not
nniform, and a general feature of each structural
block within the mobile belt west of the Art Lewis
fault is that the metamorphic grade, and by implica-
tion the vertical displacement, increases along the
structural grain in an easterly or southeasterly direc-
tion. In other words, each block appears to have un-
dergone a variable but significant amount of tilting
toward the northwest.

The epizonal plutons within the Fairweather-Art
Lewis terrane allow a crude estimate of the amount
of regional uplift within it. These plutons, ranging
in age from 19 to 31 m.y., are now exposed at eleva-
tions between 300 and 3300 m (Hudson and others,
1976; Plafker, 1976). This snggests that uplift in
this block was on the order of several kilometers and
may have been as much as 10 km or more since the
plutons were emplaced. '

The Fairweather fault has been historically active

and recent movement along it has been dominantly
right lateral strike slip (Tocher, 1960; Page, 1969). In
the Yakutat-St. Elias area rocks that were recry-
stallized during Miocene time are close to each other
on opposite sides of the Fairweather fault (Nos. 8, 9,
14, 5, and 7, fig. 2). This suggests that large-scale
strike-slip movements since Miocene time are not re-
quired to account for the distribution of facies units
across the fault, and that it can be adequately ac-
counted for by dominantly vertical displacements.

DISCUSSION AND SUMMARY

This study of the metamorphic rocks exposed in the
Yakutat-St. Elias area, although general in nature,
has revealed the following relations and characteristics
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of the metamorphic history of this part of the con-
tinental margin:

1. Metamorphic rocks in the Yakutat—St. Elias area
are dominantly products of zeolite- to lower
amphibolite-facies regional metamorphism. Late
Cretaceous or Cenozoic plutonism has caused lo-
cal thermal recrystallization, and dynamic meta-
morphism is associated with major faults.

2. The results of potassium-argon dating of selected
metamorphic rocks provides evidence of a Late
Cretaceous (minimum age about 65 m.y.) re-
gional metamorphism that was characterized by
penetrative deformation and widespread but ap-
parently spotty thermal recrystallization during
the Miocene Epoch. This Miocene recrystalliza-
tion was accompanied by the intrusion of many
small basaltic and granitic plutons and dikes.
A relatively small and apparently thermally
recrystallized area within the late Mesozoic
flysch sequence yielded a very young potassium-
argon age of 4 m.y. Parts of the area, most not-
ably the Fairweather-Art Lewis terrane, St.
Elias block, and perhaps the Hubbard terrane,
may have undergone a pre-Early Cretaceous
metamorphism, but evidence of this has not been
found, possibly because of the extensive over-
printing by the younger metamorphic and plu-
tonic events.

3. The recognized regional metamorphisms are quite
different, but some general characteristics of the
overall metamorphic environment of the area
have been identified. Throughout the area the
metamorphic grade does not exceed the lower
amphibolite facies, and the lack of blueschist-
facies assemblages suggests that the area has
only undergone low-pressure-facies series meta-
morphism. Many relatively sharp facies gradi-
ents are present, but there are many sharp tex-
tural gradients as well. For example, it is com-
mon for thinly banded and strongly schistose
amphibolite sequences to be intercalated with
texturally lower grade metasedimentary rocks in
which primary sedimentary features can still be
recognized. An important aspect of the radio-
metric ages of crystalline rocks in the area is
the striking discrepancy between some of the po-
tassium-argon ages of the metamorphic rocks
and those of apparently older plutons that in-
trude them. For example, within the Fair-
weather-Art Lewis terrane, Jurassic plutons are
emplaced in host metamorphic rocks that yield
Late Cretaceous and Tertiary ages. Evidently
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the layered rocks are texturally and composition-
ally more susceptible to recrystallization than
are the plutons.

4. The mapped distribution of facies units shows
many discontinuities as a result of tectonic dis-
placements along major faults. The facies dis-
tribution indicates variable but major uplift
within a strongly deformed mobile belt west of
the Art Lewis fault. The mobile belt contains
several structurally bound crustal blocks that
have been uplifted differentially with respect to
each other and have been tilted parallel to their
general structural grain in a westerly or north-
westerly direction. The deepest structural levels
of each of these blocks are now exposed along
their eastern or southeastern edges. The meta-
morphic facies distribution and the metamorphic
ages across the Fairweather fault do not require
large strike-slip displacements during the last
20 m.y.
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GEOLOGY AND Rb-Sr AGE OF PRECAMBRIAN W
PURITAN QUARTZ MONZONITE, NORTHERN MICHIGAN

By P. K. SIMS, Z. E. PETERMAN; and W. C. PRINZ, Denver, Colo.; Reston, Va.

Abstract.—The Puritan Quartz Monzonite, in the western
part of the Upper Peninsula of Michigan, composes a batholith
at least 50 kilometres long and as much as 20 km wide on
the south side of the Gogebic iron range. It is associated with
subaqueous metavolcanic rocks assigned to the Precambrian
W Ramsey Formation and with a complex gneissic unit of
the same age. The quartz monzonite has a Rb-Sr isochron age
of 2,710+140 million years and an initial ¥Sr/*Sr of
0.7016+0.0017. The scatter of data points in excess of analy-
tical error is interpreted as indicating that minor cataclasis
and retrograde metamorphism produced slight open-system be-
havior in Precambrian X (circa 1,800 m.y.) time. The Puritan
Quartz Monzonite and associated voleanic rocks are equated
with similar Precambrian W greenstone-granite complexes in
northern Minnesota, and clearly are a part of the Precambrian
W greenstone terrane, as defined previously for the Lake
Superior region.

Recent geologic mapping in Gogebic County in the
western part of the Upper Peninsula of Michigan by
the U.S. Geological Survey has shown that granitic
rocks of similar mineralogical and chemical affinity
compose a batholith at least 50 kilometres long and as
much as 20 km wide on the south side of the Gogebic
iron range. The batholith extends from the vicinity of
Lake Gogebic, on the east, westward into Wisconsin
for at least 6 km (fig. 1) (Dutton and Bradley, 1970).
East of Ironwood, Mich., the granitic rocks are over-
lain unconformably by the Precambrian X Ironwood
Iron-formation and associated sedimentary rocks; ac-
cordingly, the granitic rocks have been considered as
Precambrian W in age. The southern margin of the
batholith is poorly defined because of sparse exposures,
but it is overlapped by and possibly is in fault contact
with metasedimentary and metavolcanic rocks and
intercalated lenticular iron-formations of Precambrian
X age. Allen and Barrett (1915) referred to this belt
of iron-formation and associated rocks as the Marenis-
co range.

The main purposes of this paper are to establish the
time of emplacement of the granitic rocks and, indi-
rectly, to define a minimum age for the older volcanic

rocks that are intruded by the granitic rocks. Also, we
discuss briefly the probable relationship of these rocks
to the granite and associated metavolcanic and meta-
sedimentary rocks that form the basement in northern
Minnesota. Preliminaiy data indicated an age of about
2,600 million years for the granitic rocks at the eastern
end of the batholith, north of Marenisco (Sims and
Peterman, 1976).

The samples for this study were collected by Prinz
and Sims in 1975 and by C. E. Fritts and V. A. Trent
in 1965 and 1967. Petrographic descriptions of the ana-
lyzed samples are given in table 1.

Acknowledgments—We thank G. T. Cebula and J.
W. Groen for preparation of the samples, and Kiyoto
Futa and Robert Hildreth for the chemical and mass
spectrometric analytical work.

GEOLOGY

The granitic rocks composing the batholith are here-
in referred to as Puritan Quartz Monzonite, following
the formal designation of these rocks in the Ironwood
area by Schmidt (1976). Prinz and Hubbard (1975)
extended this terminology to the granitic rocks in the
Wakefield quadrangle, 20 km east of the type locality.
Previously, the granitic rocks at the eastern end of the
batholith were named Presque Isle Granite by Allen
and Barrett (1915, p. 50-54) and this term was used by
Trent (1973) and by Sims and Peterman (1976). How-
ever, the term Presque Isle is not used in this report
because it also was applied previously to gneissic rocks
associated with the granite, some of which are now
known to be country rocks older than the granite. The
granitic rocks at the extreme eastern end of the batho-
lith were called granite near Nelson Creek by Fritts
(1969).

Steeply dipping mafic lavas, which commonly are
pillowed, and felsic to intermediate pyroclastic rocks
are intruded by the Puritan Quarz Monzonite and are
in contact with it from the vicinity of Wakefield east-
ward almost to the eastern end of the batholith (fig.
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Froure 1.—Generalized geologic map of western part of Upper Peninsula of Michigan. Compiled by W. C. Prinz from
Fritts (1969), Prinz and Hubbard (1975), Schmidt and Hubbard (1972), and Trent (1973).

1). The volcanic rocks have been assigned to the Pre-
cambrian W Ramsay Formation (Schmidt, 1976; and
Prinz and Hubbard, 1975). The metamorphic grade of
the volcanic rocks increases generally from chlorite
grade (greenschist facies) to garnet grade (amphibo-
lite facies) toward exposed granitic rocks (Prinz and

others, 1975), suggesting that the metamorphism is re-
lated both spatially and genetically to intrusion of the
Puritan Quartz Monzonite. '

A complex gneissic unit is in contact with Puritan
Quartz Monzonite south and east of Ironwood and west
of Lake Gogebic. Near Ironwood, this unit has been
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TABLE 1.—Petrographic descriptions of samples
[Sample localities are shown in fig. 1]

Sample No.

Lab.

Field

Collector Sample locality
and year Sec. T. N. R. W.

Description

Puritan Quartz Monzonite

D1044

D1729

D1730

D1731

D1732

D2492

D2493

D2495

65-M~-14

VT-67-10

VI-67-11

VI-67-25

VT-67-97

M54

M55

M57

Fritts, 1965 ________ 7 46 42 Pinkish-gray, medium-grained, weakly foliated,
equigranular, leucocratic quartz monzonite
has allotriomorphic granular texture. Per-
thitic microcline (31 percent) embays and
corrodes larger anhedral grains of moderate-
ly altered plagiocase (33 percent). Plagioclase
has rims of albite and, locally, myrmekite ad-
jacent to microcline grains, Biotite (3 per-
cent) occurs in stubby aggregates associated
with microcline and muscovite; these min-
erals are later paragenetically than plagio-
clase. Modal quartz is 33 percent.

Trent, 1967 _ . ______ 7 46 43 Pink, medium- to coarse-grained, leucocratic
quartz monzonite with megacrysts of white
and pink feldspar; has typical mortar struc-
ture; sodic plagioclase (43 percent), K-feld-
spar (22 percent), quartz (31 percent), and
biotite (4 percent) are partly granulated and
recrystallized ; retrograde metamorphism, in-
dicated by partial alteration of biotite to
green chlorite, epidote, and opaque iron
oxides, accompanied cataclasis. K-feldspar is
perthitic microcline; it is poikilitic and in-
cludes sodic plagioclase with albite rims,
quartz, and biotite; it embays and replaces
plagioclase. Plagiocase is moderately altered
to sericite and clay minerals.

Trent, 1967 __________ 7 46 43 Pink, inequigranular leucocratic quartz mon-
zonite; in part pegmatitic; moderate granula-
tion. Similar to D1729. Quartz, 31 percent;
sodic plagioclase, 40 percent; K-feldspar, 26
percent; biotite, 3 percent. K-feldspar is
slightly perthitic microcline; it embays and
poikilitically includes sodic plagioclase with
albite rims. Biotite partly altered to chlorite
and epidote.

Trent, 1967 __________ 9 46 43 Pink, medinm-coarse-grained granite pegmatite ;
has moderate granulation. Quartz, 30 percent;
sodic plagioclase, 18 percent; K-feldspar, 50
percent; biotite, 2 percent. K-feldspar is
slightly perthitic microcline; it poikilitically

. includes plagioclase. )

Trent, 1967 __._______ 9 46 43 Pinkish-gray, fine-medinm-grained, foliated bio-
tite quartz monzonite. Texture is allotrio-
morphic granular. Quartz is highly strained.
Similar to D1729. Quartz, 31 percent: sodic
plagioclase, 31 percent; K-feldspar, 34 per-

) cent ; bhiotite 4 percent.

Prinz and Sims, 1975__ 24 47 47 Pale-red. medinm- to coarse-grained. inequi-
granular, massive quartz monzonite, Has
hypidiomorphic grannlar texture. Perthitic
microcline (28 percent) and quartz (30 per-
cent) emhay blocky, subbedral crystals of
moderately altered pagioclase (36 percent).
The plagioclase has oscillatory concentrie
zoning and albitic rims adiacent to miecro-
cline. Biotite (5 percent) is largelv altered to
chlorite, muscovite, epidote, caleite, and
opaque oxides. Quartz has strong strain
shadows.

Prinz and Sims, 1975__ 5 46 45 Grayish-pink, medium-grained. massive grano-
diorite. Similar petrographically to 1D2492.
Quartz occurs partly as large amoeboid
grains: it is locally fractured. Plagioclase, 52
percent; microcline, 23 percent; quartz, 20
percent ; biotite, 5 percent.

Prinz and Sims, 1975__ 28 47 46 Very light gray, fine- to medium-grained, in-
equigranular, foliated biotite quartz mon-
zonite. Similar petrogranhically to D2492 but
finer grained and less altered. Plagioclase, 49
percent; microcline, 12 percent; quartz, 33
percent; biotite, 6 percent.
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TABLE 1.—Petrographic descriptions of samples—Continued

Sample No.

Collector Sample locality M
Lab. Field and year Sec. T.N. R.W. Resisipston,
Whiskers Creek Gneiss
D2494 M56 Prinz and Sims, 1975__ 14 46 Pinkish-gray, mottled, medium- to coarse-
grained, foliated hornblende granodiorite.

Foliation given by alined aggregates of horn-
blende. Composed principally of sausseritized
plagioclase (43 percent); green hornblende
(22 percent) ; microcline (20 percent); and
quartz (14 percent). Microcline and quartz
are later interstitial minerals that embay
and replace plagioclase.

called Whiskers Creek Gneiss (Schmidt, 1976) ; west of
Lake Gogebic, it has been referred to informally as
gneiss near Mount Kimberly (Fritts, 1969). The gneiss
consists of two rock types, a layered phase and an in-
trusive phase. The layered phase consists of quartz-
feldspar-hornblende gneiss, with or without biotite,
and quartz-feldspar-biotite schist, and represents high-
ly metamorphosed volcanic rocks of the Ramsay IFor-
mation. The intrusive phase consists of medium- to
coarse-grained, pink to red, hornblende-rich quartz
diorite. The quartz diorite is weakly to strongly foli-
ated parallel with the foliation and layering in the host
gneiss and schist. The intrusive phase contains inclu-
sions of the gneiss and schist, and both are cut by dikes
of typical Puritan Quartz Monzonite. The intrusive
phase probably formed at an early stage of the mag-
matic episode that produced the Puritan batholith.

Puritan Quartz Monzonite consists predominantly of
light-gray to buff to pale-red, medium- to coarse-
grained, generally massive, leucocratic quartz monzo-
nite. Both equigranular and porphyritic phases are
present. The quartz monzonite in the eastern part of
the batholith has a weak foliation or primary flow
structure, defined mainly by biotite alinement.

The average modal composition for the major min-
erals of the Puritan Quartz Monzonite is 39 percent
plagioclase, 25 percent microcline, and 31 percent
quartz. Although the range in composition is large (19
to 60 percent plagioclase, 0 to 40 percent microcline,
and 18 to 46 percent quartz), more than half the sam-
ples studied fall within 5 percent of the average. Com-
positionally, most of the unit is quartz monzonite with
subordinate granodiorite. Puritan Quartz Monzonite
contains 0 to 10 percent biotite or its alteration prod-
uct, chlorite, and a few percent muscovite. Epidote and
(or) clinozoisite are common accessory or alteration
minerals, and most samples also contain accessory zir-
con, apatite, and, less commonly, allanite and opaque
oxides. The texture of the rock is typically hypidio-
morphic granular.

The plagioclase in Puritan Quartz Monzonite is sub-
hedral or anhedral oligoclase, which is weakly to
intensely altered to sericite, clay minerals, and clino-
zoisite (fig. 2). Most crystals show a conspicuous con-
centric zoning that is generally oscillatory or normal
with more calecic cores; reversed zoning is less common.
Some grains are rimmed by clear, unaltered albite.

FIGURE 2.—Photomicrograph of Puritan Quartz Monzonite
from locality D1044 (fig. 1). Moderately altered plagioclase
grains with albite rims are surrounded by finer grained

microcline. Note strain shadows in quartz.
nicols.

X 31, crossed
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Myrmekitic textures are common. Perthitic microcline
and quartz are interstitial to plagioclase and appear to
have crystallized relatively late. The microcline is gen-
erally unaltered and poikilitic, containing small inclu-
sions of plagioclase. Quartz shows conspicuous strain
shadows but is rarely broken.

Granite pegmatite is widespread in Puritan Quartz
Monzonite, mostly as dikes, schlieren, or irregular
masses that may have either sharp or gradational con-
tacts. Most bodies are only a few centimetres to several
tens of metres in size, but at places large areas as much
as 600 m across are entirely pegmatite (Prinz and Hub-
bard, 1975). Most of the pegmatite probably formed
during the final stages of the magmatic cycle that pro-
duced the Puritan Quartz Monzonite, but as the follow-
ing points out, some pegmatite is much younger.

Puritan Quartz Monzonite locally contains inclu-
sions of quartz-feldspar-biotite schist, probably de-
rived from the Ramsay Formation. The inclusions are
generally less than 10 m long and are in sharp contact
with the quartz monzonite,

Migmatitic gneiss, called Van Buskirk Gneiss by
Schmidt (1976), occurs locally in Puritan Quartz Mon-
zonite in T. 46 N., Rs. 46 and 47 W., and consists of an
originally layered rock, now biotitic gneiss, which
forms screens or inclusions in an igneous phase. The
layered rock may have been derived either from the
Ramsay Formation or from another unit. The igneous
phase of the migmatite consists of medium- to coarse-
grained quartz monzonite, identical to that in the main
batholith, and of fine- to medium-grained granodiorite.
The granodiorite is finer grained than the quartz mon-
zonite and contains more biotite and less X-feldspar.
Much of the igneous phase is concordant with layering
in the host gneiss and is locally contorted with it. The
granodiorite forms angular inclusions in the quartz
monzonite, and wherever the two are in contact the
coarser grained quartz monzonite cuts the finer grained
granodiorite. This finer grained phase is moderately
abundant in the western part of the batholith, even
away from the gneissic patches. Like the quartz diorite
in the Whiskers Creek Gneiss, it probably formed at
an early stage of the magmatic cycle.

Cataclastic textures, expressed mainly by local mor-
tar structure and bent or broken plagioclase crystals,
are widespread in Puritan Quartz Monzonite, but are
abundant only at the eastern end of the batholith east
of the Sunday Lake fault. The cataclastic texture in
this particular area was interpreted by Sims and Peter-
man (1976) as having resulted from reactivation of

the granitic body in Precambrian X time, and probably

was concomitant with doming of the overlying Pre-
cambrian X sedimentary rocks. At least some pegmatite
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was developed during reactivation, to account for scat-
tered small bodies of granitic material in Precambrian
X sedimentary rocks adjacent to the granitic body. One
sample of pegmatite in this body has an apparent Rb-
Sr age of 1,860 m.y. (Sims and Peterman, 1976).

Diabasic and gabbroic dikes of at least two ages cut
the Puritan Quartz Monzonite and associated Precam-
brian W rocks. Precambrian W dikes are abundant in
the area near Ironwood (Schmidt and Hubbard, 1972).
The most abundant dikes in the eastern part of the
batholith are Precambrian X in age, and provide evi-
dence that the Puritan batholith was mildly and re-
gionally metamorphosed (Prinz and others, 1975). The
dikes cut units as young as Ironwood Iron-formation
and are particularly abundant in the Puritan Quartz
Monzonite in the eastern part of the batholith and in a
belt extending from the southeastern part of T. 47 N,
R. 45 W., west-southwestward across the northwestern
quarter of T. 46 N., R. 45 W., and the northern half of
T. 46 N., R. 46 W. The dikes contain typical green-
schist-facies mineral assemblages that were formed
during regional metamorphism in late Precambrian X
(Penokean orogeny) time. The Precambrian W rocks
intruded by the dikes, including Puritan Quartz Mon-
zonite, must also have undergone low-grade regional
metamorphism at this time. Abundant retrograde min-
erals were formed in amphibolitic rocks of the Ramsay
Formation, but the only mineral changes in the Puri-
tan Quartz Monzonite attributable to this metamor-
phism were the alteration of biotite to chlorite and the
development of clinozoisite in plagioclase.

ANALYTICAL DATA AND DISCUSSION

Whole-rock samples weighing between 2 and 5 kilo-
grams were collected from the Puritan Quartz Monzo-
nite for Rb-Sr dating (table 2). Data for four of the
samples used to develop the isochron were reported
previously (Sims and Peterman, 1976), and these sam-
ples are identified in table 2. Isotope dilution tech-
niques that pertain to the earlier data are described by
Peterman, Doe, and Bartel (1967). The remaining data
represent new samples that were analyzed in order to
define more precisely the age of the Puritan Quartz
Monzonite. Analytical techniques are similar to those
previously described except that separate splits were
used for Rb and St determinations. Sr concentrations
and isotopic compositions were determined on the same
split using an ® Sr spike. Analytical uncertainties at
one standard deviation are estimated at =1 percent for
8 Rb/% Sr and 0.04 percent for 87 Sr/% Sr. The decay
constant” for *?Rb used in the age calculation is
1.39X 10—t yr—2 The regression method of McIntyre,
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TABLE 2.—Analytical data

[Sample D2494 is Whiskers Creek Gneiss; all others are Puritan Quartz Monzonite. Samples D1044, D1729, D1730, and D1732 were re-
ported in Sims and Peterman (1976) where rock was designated as Presque Isle Granite. Samples D2492-D2495 were analyzed by Kiyoto
Futa (chemistry) and Robert Hildreth (mass spectrometry). ppm, parts per million]

Sample Rb (ppm) Sr (ppm) §TRb /ST *87Sr /4981
D1044 ____ 237 50.9 13.50 1.2033
D1729 __ o __ 119 180 1.93 7793
D1730 118 174 1.97 775
D1732 e __ 54.4 79.7 1.99 7816
D2492 ____ - 233 158 413 .8503
D2493 _ 104 640 .469 7194
D2494 ______ o ___ 124 864 417 7172
D2495 __ oo 127 245 1.51 7591

*Normalized to %8Sr /58Sr=0.1194.

Brooks, Compston, and Turek (1966) was used to
determine the slope and initial intercept of the iso-
chron. Uncertainties in the age and »; (initial #Sr/
#Sr) are given at the 95-percent confidence level.

Regression of the data points (fig. 3) shows that
some scatter exists in excess of that which can be ex-
plained by the assigned analytical uncertainty. Results
of the regression follow:

Model Age (m.y.) T
) 2,700+39 0.7017+£0.0006
) § S 2,706 +144 0.7015+0.0017
Iy e 2,607+85 0.7039+0.0042

Had the points fit an isochron within analytical un-
tainty, the regression program would have stopped
with the model-I fit of McIntyre and others (1966)
but, instead, the program proceeds to increase the vari-
ance on the points until a fit is obtained. Model II
increases the variance on 8 Sr/®¢ Sr values in propor-

1.300 ———— — T
D1044
1.200 E
T=2,710£140 m.y.
1.100 r;=0.7015+0.0017 .
5 ]
?
S 1.000 -
%]
- | -
©
0.900| . .
- D2492 ]
D1732 .
0.800 .
D17294,D1730
D2495
D2493 ]
0.700 A024194 L | . | L ! . L L I
0 2 4 6 8 10 12 14

87Rb/%¢sr

Ficure 3.—Rb-Sr isochron plot for samples of Whiskers Creek
Gneiss (D2494) and the Puritan Quartz Monzonite, north-
ern Michigan. 7, age; 7, initial ¥Sr/% Sr.

tion to the (Rb/Sr)?, whereas model ITT increases the
variance independently of the Rb/Sr ratios. It must be
emphasized that these are only statistical manipula-
tions which attempt to compensate for slight open-
system behavior or conditions of nonuniform »; values
among the samples. Nevertheless, these calculations
are useful in treating data that scatter slightly in ex-
cess of analytical error. The statistical assessment of
the two models did not result in a clear choice between
the two regressions, but we favor the model-1I age for
the following reasons: (1) The data points are rather
unequally distributed along the isochron with sample
D1044 being significantly removed from the other data
points; model 1T, by increasing the variance in propor-
tion to (Rb/Sr)*, tends to minimize the influence of
D1044 in determining a best fit, and (2) excluding
D1044 from the regression results in a model-II fit
with an age of 2,730 m.y. and an 7; of 0.7012.

The scatter of the data points in excess of analytical
error probably results from the superimposed low-
grade metamorphism and resultant mineralogical
changes. Some samples show minor cataclasis and re-
crystallization, and nearly all show some retrograde
alteration of plagioclase and biotite. Although miner-
als from the Puritan Quartz Monzonite have not been
analyzed to determine the time of this metamorphism,
it probably occurred about 1,800 m.y. ago, when older
basement rocks to the south were reactivated and Pre-
cambrian X sedimentary rocks and mafic dikes were
metamorphosed. Rb-Sr data for a pegmatite from the
Puritan Quartz Monzonite gives a model age of about
1,860 m.y. (Sims and Peterman, 1976).

The possibility that the Rb-Sr isochron age may
have been substantially reduced by the low-grade meta-
morphism is raised by the open-system behavior ex-
hibited by some of the samples. Gross redistribution of
radiogenic 5 St would likely have resulted in signifi-
cant dispersion of the data points from a linear array
as well as a lowered age and a raised 7;, such as ob-
served in data for the highly deformed and recrystal-
lized tonalitic gneiss at Watersmeet (Sims and Peter-
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man, 1976). This possibility can be evaluated by deter-
mining an average total-rock point from the data and
by estimating an age for this point using a minimum
7 of 0.700. This calculation results in an “age” of
2,770 m.y. for the average total-rock point. We con-
clude that the isochron age is probably correct within
the assigned error.

Both the 7; and the age of the Puritan Quartz Mon-
zonite are similar to those determined for granitic
rocks in northern Minnesota and adjacent Ontario
(Hanson and Goldich, 1972; Peterman and others,
1972; and Prince and Hanson, 1972).

CONCLUSIONS

1. The Rb-Sr data indicate that the Puritan Quartz
Monzonite was emplaced approximately 2,700
m.y. ago. It intruded metabasalt and associated
felsic to intermediate volcanic rocks of the Ram-
say Formation. The low 7 of the granitic rocks
argues against derivation from significantly older
crustal rocks, and the Puritan Quartz Monzonite
probably was derived directly or indirectly from
the mantle.

2. The radiometric data support the field and petro-
graphic data In indicating that the Puritan
Quartz Monzonite was mildly metamorphosed
and altered subsequent to its emplacement, proba-
bly at about 1,800 m.y. ago.

3. On the basis of these data, it seems certain that
there are no granitic plutons of Precambrian X
or younger age (Presque Isle Granite of Allen
and Barrett, 1915) in the area encompassed by
the Puritan batholith.

REGIONAL GEOLOGIC RELATIONSHIPS

Morey and Sims (1976) have shown that there are
two markedly different, discrete sequences of Precam-
brian W rocks in Minnesota, a greenstone-granite ter-
rane (circa 2,700 m.y. old) in northern Minnesota and
a gneiss terrane (circa 3,500 m.y. old) in southern
Minnesota, and they suggested that the same two se-
quences exist in northern Michigan and Wisconsin, on
the east side of the Keweenawan rift system, marked
by the Midcontinent gravity high. They proposed that
the boundary between the two sequences in northern
Michigan and Wisconsin is located a short distance
south of the Gogebic iron range and that it projects
eastward into Lake Superior about midway between
the northern tip of the Keweenaw Peninsula and Mar-
quette. Further studies have verified the existence of
the two terranes in Michigan and Wisconsin and pro-
vide more specific information on the location of the
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boundary between the two Precambrian W terranes
(Sims, 1976b). The new data indicate that the bound-
ary is about 2.5 km south of the Puritan batholith at
the longitude of Marenisco (see fig. 1) and that it pro-
jects eastward beneath the Marquette iron range, near
Marquette, Michigan. '

The association of 2,700 m.y.-old Puritan Quartz
Monzonite and older subaqueous volcanic rocks of low-
and intermediate-metamorphic grade, described in this
study, is closely comparable to Precambrian W rock
associations in the greenstone terrane of northern
Minnesota (Sims, 1972; 1976a) and adjacent areas in
Ontario, Canada (Peterman and others, 1972; Goldich,
1972). Accordingly, we interpret the greenstone-gran-
ite sequence in northern Michigan as being a part of
the same greenstone terrane that occurs in northern
Minnesota. Prior to the Precambrian Y (Keweena-
wan) rifting the two greenstone terranes (in Michigan
and Minnesota) would have been in juxtaposition.
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ELECTRICAL SOUNDINGS NEAR YELLOW CREEK,
RIO BLANCO COUNTY, COLORADO

By DAVID L. CAMPBELL, Denver, Colo.

Abstract.—Ten vertical electrical soundings were made in
the Piceance Creek Basin in October 1974—5 along Yellow
Creek, 2 in Big Duck Creek, and 1 each along Corral Gulch, on
the hill in sec. 20, 1 kilometre northwest of 84 Ranch, and
along the White River between the mouths of Yellow and
Piceance Creeks. Interpretations of these soundings indicate
that the anisotropy of the upper oil shales decreases from 2 in
the basin center to 1 at a location on its flank., This decrease
could result from a greater number of vertical water-filled
fractures in the upper shales near the edge of the basin. On
the other hand, the anisotropy coefficient for the lower shales
increases from 2 to around 9 along the same section, indicating
the presence of an increasing number of isolated horizontal
aquifers in the lower shales on the basin flank. It is speculated
that this trend for the lower shales reverses nearer the basin
edge in the area of recharge of these splintered horizontal
aquifers.

In October 1974, 10 vertical electrical soundings
(VES) were made by the U.S. Geological Survey in
the region of Yellow Creek in the Piceance Creek
Basin, Rio Blanco County, Colo. (fig. 1). The study
area occupies the center and western flank of Piceance

Creek Basin, a broad structural basin named after its

major drainage system, Piceance Creek. In Eocene
time the Piceance Creek Basin contained part of Lake
Uinta; the bodies of the organisms deposited on Lake
Uinta’s floor yield the kerogen that makes the area im-
portant today for oil shale deposits. Besides kerogen,
many stringers and vugs of alkali salts were precipi-
tated within the marly layers of the lake floor. Abun-
dant deposits of two such salts, nahcolite (NaHCO,)
and dawsonite (NaAl(OH).CO,), may also prove to
be of economic importance someday.

During the past 20 years or so, many wells have been
drilled in the Piceance Creek Basin to evaluate its eco-
nomic potential. Thus, much is already known about
the subsurface geology and hydrology of the region.
Donnell (1961), Trudell, Beard, and Smith (1974),
Dyni (1974), and Hail (1972) describe the geology,
and Weeks (1974) and Weeks, Leavesley, Welder, and
Saulnier (1974) describe the hydrology of the Pice-

ance Creek Basin. The following summary is based on
these publications.

There are three Eocene formations in the basin. The
lowest is the Wasatch Formation, consisting of clay-
stones, shales, and mudstones. The middle formation,
the Green River, contains the oil shale in seven se-
quences designated R-1 through R-6 and Mahogany
zone. Overlying the Green River Formation is the
Uinta Formation, its sandstones and shales extending
to the surface. These formations and their subunits
show a high degree of lateral continuity throughout
the basin, thinning toward the basin’s edges. Only a
minor amount of faulting, generally of normal dip-slip
type, has been mapped in the basin. However, a major
graben trending across Dudley Bluffs with some 75
metres of dip slip was mapped by Donnell (1961)
where it crosses Piceance Creek and Ryan Gulch. This
graben, herein called the Dudley graben, trends toward
the study area, but its surface expression ends about
10 kilometres southeast of Yellow Creek.

There are two aquifers in the Piceance Creek Basin
(Weeks, 1974). The upper aquifer, which extends from
the water table through the Uinta Formation, contains
freshwater and is perched on the relatively imperme-
able Mahogany zone. The lower aquifer contains water
which is much saltier than that of the upper aquifer,
and, in this zone, the water is actively leaching alkali
salts from the Green River Formation. The boundaries
of this leached zone may cut the stratigraphic units.
The leached zone is thickest in the center of the basin
and disappears near its edges. Below it, at least in the
center of the basin, are zones (nahcolite and halite
zones) of unleached salts (Dyni, 1974).

ANISOTROPY COEFFICIENTS

Bedded formations such as oil shale are often found
to be electrically anisotropic; that is, the longitudinal
resistivity ; (along the beds) often differs from the
transverse resistivity p. (across the beds). When meas-
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F16URE 1.—Index map showing locations of VES 1 through
VES 10, locations of electrically logged wells sec. 14, T.
2 8, R. 99 W.,, C-34, and C-35, lithologically logged wells
C-199 and C-155, line of section A-A’, and geologically
mapped Dudley graben. Base from U.S. Geological Sur-
vey, Colorado State map, scale 1:500,000, 1969. From
Campbell (1975).

ured by a VES, such a sequence of beds will appear to
be an isotropic layer with a thickness A (the “aniso-
tropy coefficient”) times its true thickness (as meas-

ured, for example, on a well log). As seen by the VES,
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its apparent resistivity will be the geometric mean

pm = \/;t;’

whereas the apparent resistivity measured on a well log
will be only

Plog= pm/ A= p1y
as stated in the section “Paradox of Anisotropy”
Keller and Frischknecht (1966, p. 103).

A given sequence of beds may have both microaniso-
tropy (due to thin layering within a given lithologic
unit—the layering usually can be seen in hand sam-
ples) and macroanisotropy (due to interbedding of
contrasting lithologies—bed thicknesses are larger than
hand-sample size but too small to be distinguished by
surface VES). To check for microanisotropy, I meas-
ured resistivities on an approximately 3-centimetre
cubical prism of oil shale obtained from an outcrop on
the Juhan prospect, Roan Cliffs, in a very rich part of
the Mahogany zone. The measurement was made using
the technique and apparatus described by Scott, Car-
roll, and Cunningham (1967). Three readings were
taken, and the averages are

pn=0.384%0.030X10° @-m (ohm-metres),
pt=1.74+0.10X10° Q-m.

The microanisotropy factor for this sample is
A= \/pt/Pl =2.13.

These measured values of py, p; are two orders of mag-
nitude higher than those inferred for in situ oil shales,
possibly because the sample was very dry; natural
shales are water saturated. The microanisotropy factor,
on the other hand, is thought to be roughly correct.
This impression is borne out by the Water Content
Chart (Scott and others, 1967, fig. 6), which indicates
that the sample contained about 0.1-percent water
when measured and that a water content of 2 to 3 per-
cent may lower the resistivity of the sample by the
requisite two orders of magnitude.

Figure 2 shows macroanisotropy coefficients calcu-
lated for a sequence of alternating high- and low-
resistivity beds. In such a sequence of beds, electric
current will be channeled horizontally along the con-
ducting (water-bearing, for example) zones and so the
net p; exceeds the net p; for the total sequence of beds.
The anisotropy coefficient A for the sequence depends
on the fraction, f, of its total thickness which is con-
ducting and on the ratio of resistivities of the two
types of beds p./p:, Where p, is the higher resistivity.
Figure 2 shows that very large values of A may result
1f p,/p: 1s large. These values are upper limits because
the insulating beds in any real bedded sequence usually
contain vertical water-filled cracks which will help

and



CAMPBELL

195

100 T T T

10

PR L A |

MACROANISOTROPY COEFFICIENT, A

1 Ll

10,000

Py/ Py

F1eUurReE 2.—Macroanisotropy coefficient, A, for a sequence of interbedded layers of resistivities, p1 and p.. The parameter, f,
represents either f;, the fraction of total thickness having resistivity pi, or f,, the fraction of total thickness having re-

sistivity p.. From Campbell (1977).

electric current to flow vertically and will partially

destroy the macroanisotropy calculated for this theo-

retical case (Campbell, 1977).

DATA COLLECTION AND PRELIMINARY
_INTERPRETATION

All 10 VES used the Schlumberger configuration
(Keller and Frischknecht, 1966). In this symmetrical,
four-electrode, in-line configuration, electric current, /7,
is fed into the ground via the outer electrodes, A and B,
and the resulting voltage, V, is measured between two

closely spaced inner electrodes, M and N. The spacing
AB

is successively increased between readings and the

Vv . .
apparent resistivity pa=K‘7~, where X is a factor in-

volving the electrode spacings, is calculated for each
spacing. Apparently resistivity values versus electrode
spacings were plotted on log-log paper to give an ap-
parent resistivity curve. All apparent resistivity curves
were calculated and plotted in the field so that opera-
tional and instrumental errors could be promptly de-
tected and corrected. To ensure measurable voltage
readings at all spacings, the center to potential elec-

. MN .
trode distance, — had to be expanded from time to

MN . '
time. At changes of —5 “clutches,” readings for both
MN
old and new ~5 values were usually taken for two

. AB
successive —— values to make sure the curve segments

were tracking each other. The current cables were
placed along the road to prevent entanglement in the
sagebrush, and the apparent resistivities were corrected
for road curvature before interpretation.

By using a standard computer program by Zohdy
(1974), the apparent resistivity curves were corrected
for jumps due to clutches, smoothed via a spline proc-
ess, and sampled at a rate of six evenly spaced points
per logarithmic cycle. By using another Zohdy pro-
gram, the smoothed curves were then inverted to give a
possible geoelectric section (PGS). That is, for each
VES, a model of formation resistivity versus depth
was determined; a VES made over a section of flat-
lying, isotropic layers having the resistivities and
thicknesses specified by the model would resemble the
original VES to within characteristic experimental
errors.

Original data points (corrected for road curvature),
the smoothed VES curve, the PGS found by the Zohdy
program, and the calculated sounding curve which
would result from that PGS are given for all 10 VES
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by Campbell (1975). An example showing these steps
for VES 10 is given in figure 3. The geoelectric section
for VES 10 involves some 6 m of low-resistivity surfi-
cial layers and several deeper, thick layers of moderate
resistivity, 9 to 30 Q-m.

VES 10 differs from all the other VES reported here
in that it was made along the White River, on an out-
crop of the Wasatch Formation. VES 10 therefore
investigates the electrical character of the rocks below
the oil shales.Excépt near the outcrop surface, all these
sedimentary rocks are presumably water saturated:
The proximity of VES 10 to the White River, and
hence, to a shallow water table, should yield resistivity
values representative of the deeper buried locations as
well.

By using the method described by Keller and Frisch-
knecht (1966, p. 124-5), I calculated that the deepest
layer detected by VES 10 must be at least 9,260 ft
(2,820 m) thick. Hence, assuming all these layers are
electrically isotropic, the minimum depth to (electric;
that is, insulating) basement must be 11,630 ft (3,545
m) in the region of VES 10. Given the high degree of
lateral continuity of Piceance Creek Basin sediments, I
conclude from VES 10 that a very thick sequence of
rocks having resistivities near 20 Q-m underlies the
Green River Formation in the study area. These rocks
of the Wasatch and underlying formations are much
more conductive than oil shales; therefore, a VES that
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penetrates the entire Green River Formation should
end with a descending branch.

The PGS for VES 10 has been assumed to be cor-
rect in the absence of contradictory geologic informa-
tion. When such information is available, however, the
PGS must be modified to reflect actual conditions. The
method used requ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>