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Foreword

A century ago John Wesley Powell—teacher, scientist, and veteran of the
Civil War—set out to explore the unknown reaches of the Colorado River. He
emerged from the forbidding canyons with a compelling interest in the nature
of the western lands and how they could be developed for the greatest benefit to
the Nation. A man gifted with imagination, yet always tempered by the scien-
tist’s appreciation for facts, Powell became one of the country’s most vigorous
proponents for the orderly development of the public domain and the wise use
of its natural resources.

Throughout his lifetime, Powell stood firm in his belief that science, as a
sound basis for human progress, should serve all the people, and he played
an important role in organizing and directing scientific activities of the U.S.
Government. His zeal led to the establishment of the Geological Survey in the
U.S. Department of the Interior and the Bureau of Ethnology in the Smith-
sonian Institution.

On this 100th Anniversary of the Powell Colorado River Expedition, the
U.S. Department of the Interior, Smithsonian Institution, and National Geo-
graphic Society (which Powell helped to found) have joined many organiza-
tions and individuals to recall the works of this man and to examine anew the
imprints of his mind. His prescient concepts for the Nation’s programs concern-
ing people and their environment have been enhanced through a century of

national development.

W. T. Pecora
Director, U.S. Geological Survey
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John Wesley Powell:
Pioneer Statesman of
Federal Science

By MARY C. RABBITT

THE COLORADO RIVER REGION AND JOHN WESLEY POWELL

GEOLOGICAL SURVEY PROFESSIONAL PAPER 669—A

T he exploration of the canyons of the Colorado in 1869
led to a career whose social and scientific significance
is perbaps more relevant today than ever before
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JOHN WESLEY POWELL: PIONEER
STATESMAN OF FEDERAL SCIENCE

By Mary C. Rassrrr

SCIENCE IN AMERICA, 1869

In the middle decades of the 19th century, American
science matured rather rapidly. The general scholar with
an interest in natural history gave place to the specialist
in a particular science, and the various sciences them-
selves became distinct from each other and from the
general body of knowledge.

The geological sciences made especially rapid progress
in America because of the opportunity and the necessity
to explore the vast western territories. Although
Clarence King later remarked * that before 1867 (when
Congress authorized both the Geological Exploration
of the Fortieth Parallel and the Geological and Geo-
graphical Survey of the Territories) “geology was made
to act as a sort of camp-follower to expeditions whose
main object was topographic reconnoissance,” and that
it amounted to “little more than a slight sketch of the
character and distribution of formations, valuable
chiefly as indicating the field for future inquiry,” Ameri-
can geologists had, in fact, established a professional so-
ciety, the Association of American Geologists, as early as
1840. Several years later this society became the Ameri-
can Association for the Advancement of Science. Several
State surveys were founded in the 18307, and by 1840,
courses in geology were regularly included in the curric-
ula of several colleges.

American scientists had been the most ready to ac-
cept Darwin’s theory of the origin of species when it
was proposed in 1859, perhaps in part because Asa Gray,
the great American botanist, had paved the way by a
series of articles so that evolution would not be charged
with atheism, but in part because American scientists

! See notes and references beginning on p. 20.

were able to contribute much to the documentation of
the theory. Darwin was elected to membership in the
American Philosophical Society in 1869, long before
receiving such honors elsewhere. By this time the Ameri-
can public was already becoming fascinated by the ex-
tension of the idea of evolution to fields other than
biology.

Geology’s sister science, geography, had gone through
an almost complete metamorphosis from a descriptive
and encyclopedic form to a quantitative and systematic
science, largely as the result of the work of two German
geographers, Karl Ritter and Alexander von Humboldt.
Although their methods and philosophic approach were
different, both stressed the interdependence of all phe-
nomena on the earth’s surface, and both looked for the
general laws underlying the diversity of nature.

Arnold Guyot had introduced some of the new ideas
to America in his Lowell Institute lectures in 1852, and
his book “The Earth and Man” did much to popularize
the new geography. In Guyot’s words, geography dealt
with “those incessant mutual actions of the different
portions of physical nature upon each other, of inorganic
nature upon organized beings, upon man in particular,
and upon the successive development of human
societies.”

George Perkins Marsh, the forerunner of American
conservationists, demurred. His “Man and Nature,”
published in 1864, was written to show that “whereas
Ritter and Guyot think that the earth made man, man
in fact made the earth,” and he was fast making it un-
inhabitable by his wanton destruction, waste, and ne-
glect. There was still, Marsh pointed out, “an immense
extent of North American soil where the industry and
folly of man have as yet produced little appreciable
change.” Hopefully, there, “with the present increased
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facilities for scientific observations, the future effects,
direct and contingent, of man’s labors can be measured
and such precautions taken in the rural processes we call
improvements, as to mitigate evils, perhaps, in some
degree, inseparable from every attempt to control the
action of natural laws.” A more exact knowledge of
the topography and climatic conditions of countries
where the surface was yet unbroken was urgently needed,
but the geological, hydrographical, and topographical
surveys already being made in civilized countries were
making such important contributions that within a
short time there should be enough facts from which “to
reason upon all the relations of action and reaction
between man and external nature.”

B. A. Gould, the retiring president of the American
Association for the Advancement of Science in 1869,
was not as optimistic. “The omens are less favorable for
science in our own land than elsewhere, since there are
peculiar obstacles to be encountered. These chiefly arise,
directly or indirectly, from that characteristic in our
national - development, which assigns an exaggerated

“value to immediate utility, and a low estimate to what
real utility is. It cannot be denied that the attainment
of riches is becoming with us more and more the chief
aim of existence.”

- Among other American failings, he observed that in-
stitutions of science were “dependent upon subsidies
and gifts from individuals” and that the “governance
and guidance of intellectual agencies” had been placed
“in the hands of men who are not well fitted for their
exercise.” More than that, it had been forgotten that “the
training of the school and the college is but a means, and
not an end.” Research was being neglected, and the
scientist compelled “to earn his bread independently of
his vocation, that is to say by work other than scientific
research.”

There were, however, he thought, hopeful signs for
the future. “Science has few stronger friends than
among the scholars of America,” and “where science
does have a foothold, her path is becoming smoothed
and the sphere of her influence extended as never
before.”

“The magnificent, the stupendous march of scientific
discovery in the recent past, leads to brilliant and almost
limitless aspirations for the future. The range of human
insight into the creation has been of late so wondrously

- expanded at each limit, that we are emboldened to ex-
pectations of scientific discovery, which at first seem
utterly extravagant.”

“What the future is to be,” he told his audience on a
hot August ni.ght at the annual meeting in Salem, Mass.,

“rests in great measure with the generation now upon
the stage.”

As he said these words, John Wesley Powell, who
would have a large hand in shaping American science a
decade or so later, might more properly have been de-
scribed as waiting in the wings for his entrance cue. As
Gould was delivering his address, Powell and eight oth-
ers, hungry, bedraggled, and weary, were struggling in
three small battered boats through the rapids in the
Grand Canyon, looking hopefully for the break in the
walls that would signify the end of the journey.

BEGINNINGS OF A SCIENTIST

In 1869 Powell was a relatively unknown professor
of geology in a small Ilinois college. He had been born
in Mount Morris, in the western part of New York
State, on March 24,1834, the fourth child of Joseph and
Mary Powell, who had emigrated from their native Eng-
land in 1830 to carry the gospel of Methodism to the
American frontier. He was named “John Wesley” in
the hope that he would follow his father into the min-
istry, and his early training had a strong religious
element.

The Powells moved to Jackson, Ohio, in 1838 and
established themselves on a small farm. Jackson was at
the crossroads of North and South, and feelings ran
very high on the slavery issue. Because the Powells were
strong abolitionists, the boy was unpopular with his
schoolmates, and for a time, after he had been stoned by
them, he was tutored by George Crookham, a successful
farmer, an abolitionist active in the underground rail-
way, and a self-taught naturalist. Crookham quickened
young Powell’s interest in nature, taking him on ex-
cursions into the fields and woods, sometimes with
William Mather, who had been State Geologist of Ohio.

Powell’s formal schooling was temporarily suspended
when he was 12. The family moved to Walworth County,
Wisc., and he had to take on the management of the
farm. After 4 years of this he turned the farm over to
his younger brother and left home in search of further
schooling, but a year later he came back to move the
family to Boone County, I1l.

In the fall of 1852, he obtained his first teaching posi-
tion in Jefferson County, Wisc., and made great progress
in his studies, especially in geography, as he endeavored
to keep ahead of his students. Again, however, he was
called home to help move the family, this time to Whea-
ton, I11., where a new Wesleyan college was being estab-
lished. His father promised to help him obtain a college
education if he would study for the ministry, but he was
already determined to become a scientist.
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For a brief time he studied at Illinois College at Jack-
sonville, where he became acquainted with Jonathan
Baldwin Turner, a well-known political liberal, who was
committed to the improvement of education and agricul-
ture, and to the advancement of the rights of the farmer.
Only a few years before, Turner had developed the fast-
growing osage orange as a means of fencing the prairie,
a problem in which he had become interested so that a
pattern of settlement could be established that would
permit a common-school system. Turner also gave direc-
tion to Powell’s development.

Except for a term at Illinois Institute at Wheaton and
a few months at Oberlin College, Powell had no further
formal education. His early twenties were spent in
teaching, exploring (much of it along rivers), and col-
lecting. Finally, he settled down to teaching at
Hennepin, Ill., and when, in 1860, he was made the
superintendent of schools, he set about organizing
classes and preparing to teach mathematics and science.

With his strong convictions on slavery and the Union,
Powell enlisted promptly when the Civil War began and
gave distinguished service as a military engineer and
artillery officer until January 1865, despite the loss of his
right forearm, amputated after the Battle of Shiloh.
He enlisted as a private and was discharged as Brevet
Lieutenant Colonel, though the title of Major clung to
him for the rest of his life.

After the war, he chose to become a professor of ge-
ology at Illinois Wesleyan University, a Methodist col-
lege at Bloomington. He was also curator of the Illinois
State Natural History Society and gave courses at Illi-
nois State Normal University. He was a popular teacher,
for his students learned not only from books but through
practical experience in the laboratory and in the field.

Some of the students accompanied him on his first trip
West in 1867. To arrange this trip, he had to persuade
the State legislature to provide a small endowment for
the museum of the State Natural History Society and to
be named curator by the trustees. Then, with his salary
as curator, an allotment of $500 from the museum, an
order for army rations from General U. S. Grant, rail-
road passes, and contributions from Illinois Industrial
University and the Chicago Academy of Sciences, he
equipped an expedition that spent the summer exploring
and collecting in Middle and South Parks in the Colo-
rado Rockies.

In 1868 he led a second expedition to Colorado. This
time he devoted most of his attention to the geology,
while the others, including his wife and his sister, Nell
Thompson, engaged in collecting and other natural
history studies. When fall came, the Powells moved over
into the valley of the White River and established a
winter camp. The winter was spent in exploring the

canyons of the White River, the Green River, and the
Yampa where it cuts through the Uinta Mountains.
Many hours were also spent with the Ute Indians, who
were camped nearby, while Powell learned their lan-
guage and customs and traded with them to obtain items
for the museums back home.

Finally, he made up his mind. The region to the south-
west was largely unexplored, represented on the Gov-
ernment maps as a blank. There were many and fabulous
stories about the Colorado River which flowed through
it, of explorers who had disappeared, of places where
the river disappeared underground, and of great falls.
The Indians were afraid of the river. They said that
long ago a chief, who was mourning the death of his
wife, had been taken by a god to visit her in the happier
land where she then dwelled so that he would cease to
mourn. The trail to this beautiful land was the canyon
of the Colorado. On their return, lest others who were
discontented with this life should attempt to reach
heaven before their appointed time, the god had rolled
a river into the gorge, a mad, raging stream that would
engulf anyone who tried. But, Powell said, “the thought
grew into my mind that the canyons of this region
would be a book of revelations in the rock-leaved Bible
of geology. The thought fructified, and I determmed to
read the book.”

THE BOOK OF REVELATIONS

In mid-March of 1869, the Powell party broke camp
and through deep snow made their way across the moun-
tains into Browns Park and thence to Fort Bridger,
Wyo. The Powells went east, while the rest of the party
remained in camp on Green River. Major Powell re-
turned on May 11. He had been to Washington and ob-
tained a renewal of the 1868 order authorizing Army
posts to issue rations; he had obtained funds from the
Illinois State Natural History Society, Illinois Indus-
trial University, and the Chicago Academy of Sciences;
he had arranged with a master boat builder in Chicago
to build four boats in accordance with his own design,
and he had had them shlpped by rail to Green River
City, Wyo.

As they made ready to leave Green River City on
May 24, Major Powell wrote to the Chicago Tribune
that the purpose of the trip was “to make collections in
geology, natural history, antiquities and ethnology”
and “to add a mite to the great sum of human knowl-
edge.” During the summer they would study the geogra-
phy and geology of the valley of the Colorado. They
would make a map showing the course of the river, de-
termining the directions of each bend by compass and
estimating the distances between bends, measuring alti-
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tudes by barometer, and determining astronomic sta-
tions every 50 miles. In addition, they would study the
rocks exposed along the river and prepare geologic
sections. :

Ten started out : four guides from the preceding sum-
mer, Jack Sumner, Oramel Howland, William Rhodes
Hawkins, and William Dunn; Walter Powell, the
Major’s youngest brother; Seneca Howland, Oramel’s
younger brother; George Bradley, whose release from
the Army had been arranged by the Major; Andy Hall,
18-year-old veteran mule driver, bullwhacker, and In-
dian scout ; and Frank Goodman, Englishman in search
of adventure. Major Powell had planned a leisurely trip.
They were equipped with 10 months’ rations, and with
guns, ammunition, and traps to add to their supplies,
ample clothing, tools to build cabins for the winter and
to repair the boats, and a variety of scientific instru-
ments. These supplies were divided among the four
boats, so the party would not be seriously crippled by
the loss of one boat.

There were minor mishaps at the start, but the men
soon settled down and moved down the river, naming
the features as they went. On May 30 they passed
through Flaming Gorge into the first series of canyons,
and on through the Canyon of the Rapids, Kingfisher
Canyon, and Red Canyon, by Ashley Falls, where they
had the first long portage, to Brown’s Hole. On June 8,
shortly after they entered the Canyon of Lodore, one
of the boats capsized and was dashed to pieces; with it
went the clothing of the crew, one-third of the rations,
and one-half the messkit, as well as some of the instru-
ments and the map of the river to that point. Nine days
later they lost most of the rest of the messkit in @ mad
dash to get away from a fire.

On June 18 they reached the junction of the Yampa
and the Green and rested for a bit in Echo Park; 10
days later they arrived at the junction of the Uinta
and the Green. A few supplies were obtained at the
Indian agency, and some mail, and the Major had a
chance to visit an old Indian chief and to inspect the
Indians’ fields. Frank Goodman left, having had
enough adventure.

They started down the river again on July 6, through
the Canyon of Desolation, and on the 16th arrived at
the junction of the Grand and the Green. Major Powell
had planned to stay at this point to observe the eclipse
on August 7, but the rations were in such poor condition
that they had to move on as soon as they determined the
latitude and longitude.

On July 28, after passing through Cataract and
Narrow Canyons, they came across the mouth of a
stream not shown on any of their maps, and named it
the “Dirty Devil.” It was, according to Jack Sumner,

“filthy as the washing from the sewers of some large,
dirty city.” The next day they took time to climb up
the cliffs to explore the ruins of some old Moqui (Hopi)
houses, high on the canyon wall, that had last been in-
habited perhaps a century or two before. On the last day
of July they arrived at the mouth of the San Juan. By
now, they were short of all rations except flour, coffee,
and dried apples, and there was much grumbling, so
after 2 days making observations, they pushed on,
through Monument Canyon (later renamed “Glen
Canyon”), past the Crossing of the Fathers, and the
mouth of the Paria, which they did not recognize.

They stopped to observe the eclipse on August 7, but
the weather was cloudy and it started to rain. The going
became increasingly difficult as they continued down
the river. About noon on the 10th the Major concluded
that they had already passed the Paria and were coming
to some other stream, and at 2 o’clock they reached it,
the Chiquito or Little Colorado. By now, everyone ex-
cept the Major was discontented. He was still happily
studying the geology.

After 2 days in camp, on Friday, August 13, they
started into the Grand Canyon. They had about a
month’s rations left—flour, a little rancid bacon, a few
pounds of dried apples, and a large sack of coffee.
Almost immediately they encountered long and difficult
rapids. Then to make matters worse, it started to rain.
The sun came out briefly, enabling them to dry out, but
then the rain began again. The boats were leaking and
had to be calked often. The river turned toward the
northeast, and they feared they were headed back for
the starting point. After they had come 120 miles (the
Mormons had estimated the total distance as 70-80
miles) they began to wonder how much farther they
had to go. On Wednesday, the 25th, they opened the
last sack of flour.

On Friday, the 27th, after 2 weeks in the canyon, they
came to a rapids that was as bad as any they had seen.
All afternoon went by as they tried, and failed, to find
a way around it. And below it they could see three more.
There was food for only 5 days, and an unknown dis-
tance lay ahead of them. They had no choice but to try
to run the rapids. The Howland brothers and Dunn
refused to go on; the next morning, therefore, the guns,
ammunition, and the few remaining provisions were
divided, the small boat and the collections were cached.
The three who were leaving climbed up the cliffs to go
overland toward the settlements at the head of the Vir-
gin River. The rest piled into the two large boats, and
with all the courage they could muster dashed into the
boiling waters, rowing as long as they could, and came
out at the bottom of the rapids, soaked but right side
up.
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By 10 o’clock on Sunday morning they were out of
the granite, the country began to open up, and a little
after noon on Monday, August 30, they arrived at the
mouth of the Virgin River, where three white men and
a boy were fishing. The ordeal was over. The canyon
had been conquered.

The expedition officially disbanded 2 days later. Ma-
jor Powell and his brother left for Salt Lake City by
way of St. Thomas and St. George, seeking word of
the three who had left. The others continued down
the Colorado, which was well known from this point
to its mouth. The Major arrived in Salt Lake City on
September 15 to receive a hero’s welcome. By now, the
word of his exploits had been front-page news in the
newspapers of the country and the professor from
Illinois was a national figure. In Salt Lake City, he
learned that the Howlands and Dunn had been killed
by Shivwits Indians. He stayed long enough to lecture
to a large and appreciative audience about what he had
seen on the Colorado, and then left for the East. He
had already decided on a second expedition.

A third trip to Washington was more successful;
Congress appropriated $10,000 for the exploration of
the Colorado River and a strip of land along both sides
during the year ending June 30, 1871. More important,
Powell was assured that he could count on continued
support.

Preparations for the second expedition were more
thorough. First, Powell asked his brother-in-law, A. H.
Thompson, to be the chief topographer and left with
him notes from the first trip from which a preliminary
base map could be prepared. Then, with F. M. Bishop
and Walter Graves, who would be topographic assistants
of the second expedition, he went West. Instead of car-
rying all the rations in the boats, they would have sup-
plies brought down to the river. They knew of two points
at which the river could be reached from settlements in
Utah, but they were close together, and additional points
would be needed. Jacob Hamblin, a Mormon who had
spent many years in promoting peace with the Indians
‘and who knew the country as well as any man, except
perhaps the Indians, was hired as guide and interpre-
ter, and with his assistance a second route to the mouth
of the Paria was established. A council was held with
the chiefs and principal warriors of the tribes so Powell
could explain to them the purpose of the trip. All great
and good white men, he told them, are anxious to know
very many things; they spend much time in learning,
and the greatest man is he who knows the most. The In-
dians named in Kapurats, meaning “One-arm-off,” and
agreed to be friends, to share their food with him, and to
show him where to obtain water.

337429 0—69——2

Then, although another route to the river should be
found, the Major could not resist the opportunity to
learn more of the Indians. Hamblin was going to visit
the Moqui villages to the southeast and the Major went
with him. A fter several weeks among the Indians, learn-
ing their language and observing their ways, he returned
by way of Fort Defiance where he helped Hamblin es-
tablish a long-desired pact of friendship with the Nava-
jos. To Hamblin he left the task of finding a way to the
mouth of the Dirty Devil as the third supply point.

The second expedition left Green River on May 22,
1871. Except for Major Powell, none of the 1869 crew
went on the trip. The new crew included—in addition to
Thompson, Bishop, and Graves—E. O. Beaman, a pro-
fessional photographer; Fred Dellenbaugh, a young
man with artistic abilities; S. V. Jones, student of
mathematics and surveying; J. F. Steward, an army
acquaintance of the Major’s and amateur geologist; An-
drew Hattan, another army friend; Walter Clement
Powell, the Major’s cousin, and Frank Richardson, a
family friend. Jack Hillers of Salt Lake City was a
last-minute replacement for Jack Sumner who was
snowbound. The boats were new, but similar to those
that had served the first party. Rather than using a small
lead boat, as in the first expedition, the Major had ob-
tained an armchair which was lashed to the middle bulk-
head of the Zmma Dean, and from this perch he kept
a lookout for danger ahead.

Remembering the trials of the first trip, the Major
proceeded cautiously, and they reached the mouth of
the Uinta almost without incident. Now and then while
the current permitted, the three boats had even been
lashed side by side and allowed to drift as the Major
read to the men. At the Uintah Indian Agency came the
first hint of trouble. A message from Hamblin said that
it was not possible to take supplies to the mouth of the
Dirty Devil. The Major took off for Salt Lake City, re-
turned briefly to report that the river which Hamblin
had thought was the Dirty Devil was actually the San
Rafael, put Thompson in charge of the river party,
and then took off again, determined to find a route down
the Dirty Devil.

‘He rejoined the river party at Gunnison’s Crossing at
the end of August, without having found a practicable
trail to the mouth of the Dirty Devil. The supplies were
getting short, and the party again had to press on with-
out adequate time for observations. One boat was cached
at the mouth of the Dirty Devil, and they went on
through Glen Canyon in two boats, noting to the north-
west the “Unknown” Mountains, which were later
named the “Henry Mountains.” On October 6 they ar-
rived at the Crossing of the Fathers where rations were
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waiting. The Major left for Kanab to make prelimi-
nary arrangements for the winter’s work while the rest
went, on to the mouth of the Paria where they cached
the other two boats. ‘

As soon as they settled in winter camp, Thompson
began preparation for the topographic map of the Kai-
bab and Kanab Plateaus and was occupied until Feb-
ruary 21, 1872, measuring a 9-mile base line and setting
up monuments for triangulation. Meanwhile, Major
Powell and another party found a trail by which a pack
train could reach the Grand Canyon at the mouth of the
Kanab, thus assuring the food supply for the river party
of the following summer.

Early in February, the Major left for the East, osten-
sibly to seek a new. appropriation, but before leaving,
he secured Thompson’s promise to stay on even without
salary if necessary. During this trip he not only secured
the needed appropriation, but also made his first appear-
ance at the Philosophical Society of Washington, where
he presented an elaborate classification of valleys on the
basis of his studies in the Colorado region, purchased a
home in Washington, sold the home in Bloomington, and
resigned from the university. He had settled on his
life’s work—to understand the West, first the land, and
then those who inhabited the land.

While Powell was in the East, Thompson completed

the preliminary map of the Grand Canyon region and |

at the end of May started out with several others for
another try at the Dirty Devil route. He found the
headwaters of the stream that should be the Dirty
Devil, and the canyon was too steep to go down. Then
from a point on the ridge, he observed that this stream
turned east, cutting through the mountains, and then
southeast to join the Colorado just above the San Juan.
It was not the Dirty Devil. Both river parties had passed
by its mouth without noting it. Thompson named it the
“Escalante” in honor of the Spanish padre who had
led an expedition from New Mexico to the region of
Great Salt Lake and back in 1776. It was the last river
added to the map of the United States.

Several days later, they found the true course of the
Dirty Devil, and on June 22 passed down the long-
sought route to the Colorado. The river was 15 feet
higher than it had been the year before. Four of the
party took the boat they had cached down to Lees Ferry
at the mouth of the Paria while the rest went back to
- Kanab. '

Powell arrived in August and took command of the
party through Marble Canyon and into the Grand Can-
yon. Because of the greater height of the river, the boats
were almost impossible to control, so when they reached
Kanab Wash on September 7, Powell decided not to

go on, and the second expedition through the canyons
of the Colorado ended.

For the rest of the season Thompson continued the
systematic mapping of the lower canyons, but Powell,
after a brief study of Long Valley, went off riding
around the district with the new Indian agent. He had
already acquired a reputation for being able to deal
with the Indians.

During most of 1873, Thompson continued in charge
of the mapping while Powell was engaged in a study
of the Indians. He had been appointed a special com-
missioner to visit the Indians of Utah and eastern
Nevada and to help get them established on reservations.
Between July and November, he visited all the bands
known to live in the area, making a careful census of
their numbers and condition and adding to his store of
knowledge of their languages and customs.

The report of the special commissioners disclosed the
unexpected fact that there were only 5,500 Indians in
the whole territory. Because of the influx of white
settlers who had occupied the best areas, the Indians
had had to split into smaller and smaller bands in
order to obtain the barest subsistence, and they were on
the verge of extinction. Reservation sites were selected,
but the commissioners pointed out that a reservation was
not the whole answer. The reservation was not a pen
where a horde of savages was to be herded but should
be a school of industry and a home. The Indians should
be taught trades and skills, and they should also be
taught English, for the ideas and thoughts of civilized
life simply could not be communicated to them in their-
own language.

The commissioners’ recommendations of reservation
sites were accepted and acted upon, but the rest of the
report was ignored. The commissioners had really not
expected anything else. Congress and the American
public were not yet ready to accept responsibility for
Indian welfare. -

Once the Indian report was out of the way, Powell
concentrated on completing the report on the explora-
tion of the Colorado River. The competition for appro-
priations was keen, and becoming keener. Four surveys
were now operating in the West (six, if one counted the
Land Office surveys and the Coast Survey with its newly
authorized geodetic work in the interior), and Powell’s
was the smallest and newest. Both the King and Hayden
surveys had published substantial volumes, and the
Wheeler survey had published several preliminary re-
ports and maps.

The manuscript was completed and delivered to Sec-
retary Joseph Henry of the Smithsonian Institution in
June 1874. Its full title was “Exploration of the Colo-
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rado River of the West and Its Tributaries Explored in
1869, 1870, 1871, and 1872 Under the Direction of the
Secretary of the Smithsonian Institution.” The contents
included what was purported to be a journal of the ex-
ploration of the Green and Colorado in 1869, an account
of Powell’s land exploration of 1870, and a report by
Thompson on his trip to the mouth of the Dirty Devil.
A second part contained Powell’s geologic descriptions
and discussion. The book is exciting reading still, but the
journal of the exploration is actually a composite of the
two river trips, and events have been switched around
to heighten the drama, so it cannot be read as history.

The geologic discussion is another matter. In this,
and in the “Report on the Geology of the Eastern Por-
tion of the Uinta Mountains,” which was published a
year later, several important principles were first clearly
stated.

The Major delighted in classifying the facts he ob-
served. As he later explained, every stage in the progress
of knowledge is marked by a stage in the progress of
classification. He had proposed a classification of valleys
to the Philosophical Society in 1872, two orders with
three varieties in each, based on the relation of the stream
to the dip of the rocks. From this classification he went
on to a classification of valleys in relation to the stratig-
raphy or structural geology of the region, proposing
the term “antecedent,” for drainage established before,
or antecedent to, the folding and faulting; “consequent,”
for valleys whose directions were dependent on the
“corrugation”; and “superimposed,” for those valleys
whose present courses were determined by conditions
in rocks that had since been removed by erosion.

The classic description of an antecedent stream is that
of the Green River cutting its way through the Uinta
Mountains: :

“To a person studying the physical geography of this
country, without a knowledge of its geology, it would
seem very strange that the river should cut through the
mountains, when, apparently, it might have passed
around them to the east, through valleys, for there are
such along the north side of the Uintas, extending to the
east, where the mountains are degraded to hills, and,
passing around these, there are other'valleys, extending
to the Green, on the south side of the range. Then, why
did the river run through the mountains?

“The first explanation suggested is that it followed a
previously formed fissure through the range; but very
little examination will show that this explanation is
unsatisfactory. The proof is abundant that the river
cut its own channel; that the cafions are gorges of cor-
rasion. Again, the question returns to us, why did not
the stream turn around this great obstruction, rather
than pass through it? The answer is that the river had

the right of way; in other words, it was running ere

the mountains were formed; not before the rocks of
which the mountains are composed, were deposited, but
before the formations were folded, so as to make a moun-
tain range.

“The contracting or shriveling of the earth causes the
rocks near the surface to wrinkle or fold, and such a
fold was started athwart the course of the river. Had
it been suddenly formed, it would have been an obstruc-
tion sufficient to turn the water in a new course to the
east, beyond the extension of the wrinkle; but the emer-
gence of the fold above the general surface of the coun-
try was little or no faster than the progress of the cor-
rasion of the channel. We may say, then, that the river
did not cut its way down through the mountains, from
a height of many thousand feet above its present site,
but, having an elevation differing but little, perhaps,
from what it now has, as the fold was lifted, it cleared
away the obstruction by cutting a caflon, and the walls
were thus elevated on either side. The river preserved its
level, but mountains were lifted up; as the saw revolves
on a fixed pivot, while the log through which it cuts is
moved along. The river was the saw which cut the moun-
tain in two.” ‘

Although there are some differences of opinion now
whether the Green isan antecedent stream, later genera-
tions of geologists have used and developed this concept.

The second fundamental concept for which Powell
must be credited is that of the “base level of erosion.”
In discussing the agencies and conditions that produced
the more important topographic features in the valley
of the Colorado, he pointed out that the primary agency
is “upheaval” and the second is erosion. The latter de-
pended on the character of the displacement in the up-
heaval, the texture and constitution of the rocks, and the
amount and relative distribution of the rains. The higher
the region the greater the amount of rainfall, and hence
the eroding agency increased in some well-observed ratio
from the low to the high lands. Moreover, the power of
running water in eroding and transporting material in-
creased with the velocity of the stream so that the degra-
dation of the rocks increased with the inclination of the
slopes.

“We may consider the level of the sea to be a grand
base level, below which the dry lands cannot be eroded ;
but we may also have, for local and temporary purposes,
other base levels of erosion, which are the levels of the
beds of the principal streams which carry away the
products of erosion. (I take some liberty in using the
term level in this connection, as the action of a running
stream in wearing its channel ceases, for all practical
purposes, before its bed has quite reached the level of
the lower end of the stream. What I have called the base
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level would, in fact, be an imaginary surface, inclining
slightly in all its parts toward the lower end of the prin-
cipal stream draining the area through which the level
is supposed to extend, or having the inclination of its
parts varied in direction as determined by tributary
streams.) Where such a stream crosses a series of rocks
in its course, some of which are hard, and others soft,
the harder beds form a series of temporary dams, above
which the corrasion of the channel through the softer
beds is checked, and thus we may have a series of base
levels of erosion, below which the rocks on either side
of the river, though exceedingly friable, cannot be de-
graded. In these districts of country, the first work of
rains and rivers is to cut channels, and divide the coun-
try into hills, and, perhaps, mountains, by many mean-
dering grooves or water-courses, and when these have
reached their local base levels, under the existing condi-
tions, the hills are washed down, but not carried entirely
away.”

William Morris Davis, who called Powell “one of
the bolder explorers on the high seas of theory,” said
that this idea of base level had been more or less con-
sciously present in the minds of geologists, but its
actual definition was of the greatest service to
physiographers.

A SURVEY PROPER

Before Powell completed the manuseript on the ex-
ploration of the Colorado, Congress had taken note of
the rivalry among the four surveys. The immediate
cause was the encounter between the Hayden and
Wheeler surveys during the summer of 1873, as both
prepared to map the same area, but the underlying
issue was one of civilian scientist versus military man
in the mapping of the West. In April 1874, the House
of Representatives asked President Grant to inform
them about the surveys operating west of the Mississippi
and the practicability of consolidating them, or of de-
fining the geographic limits to be embraced by each.

President Grant, as an old Army man, was naturally
sympathetic to the military cause. There was no ques-
tion, he said, that surveys for sectioning the public lands
should be under the control of the Interior Department,
but where the objective was to complete the map of the
country or to collect information on the unexplored
parts of the country, it mattered little which depart-
ment had control. The choice should depend first on
which could do the work best and then on which could
do it most expeditiously and economically. However, as
exploring expeditions needed military escorts, and as
the Engineer Corps was composed of scientific gentle-

men who had to be paid whether exploring or not, he
thought his conditions could be best fulfilled by having
the Army make the surveys.

The President also transmitted the views of officers
of the War Department and the Interior Department.
The Secretary of the Interior included opinions from
both Professor Hayden and Major Powell. Professor
Hayden highlighted the issue by pointing out that
“much greater efficiency has always been gained-where
the leader of the survey is himself an ardent worker
in geology and science generally.” Major Powell took
a different approach: “There is now left within the ter-
ritory of the United States no great unexplored region,
and exploring expeditions are no longer needed for
general purposes * * *. A more thorough method, or
a survey proper, is now needed.”

The House Committee on Public Lands held hearings
which lasted the better part of 2 weeks and became ex-
tremely acrimonious, particularly in exchanges between
Lieutenant Wheeler and Professor Hayden. Major
Powell was called as the hearings went into the second
week. His concern was chiefly with the methods of
mapping, or rather, with the efficiency of the mapping.
He had brought along a blackboard on which he could
draw diagrams, and proceeded to instruct the com-
mittee. The meander method, used by the Army, he
dismissed as not accurate enough for geological pur-
poses. There were two methods based on triangulation
from a base line. Clarence King had used a base line
determined by astronomic methods in the early part of
the Fortieth Parallel survey but had abandoned it as
not sufficiently accurate. The better method was tri-
angulation from a measured base line. This had been
King’s final method and Powell’s method in his work
in northern Arizona and southern Utah, and Hayden
had adopted it in the past year. Powell disagreed po-
litely with the President; military escorts were not al-
ways necessary. They were in fact a hindrance, for the
presence of troops always aroused the hostility of the
Indians. All surveys for scientific and economic pur-
poses he thought should be in one department, the In-
terior Department, and should be made by civilians.

In stressing the need for a general survey, or “a sur-
vey proper,” Powell made a special plea for determining
the areas that could be redeemed by irrigation. “All of
the country west of the 100th or 99th meridian, except
a little in California, Oregon, and Washington Terri-
tory, is arid, and no part of that country can be
cultivated, with the exceptions I have mentioned; no
part of it can be redeemed for agriculture, except by
irrigation. When every spring, and stream, and body of
water in all that region of country is taken out and used,
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less than three per cent of the entire area will be under
cultivation, so that, under the best circumstances, I be-
lieve that of more than two-fifths of the whole area of
the United States not more than three per cent can
eventually be cultivated. Now, the extent and position of
those areas that can be redeemed should be known.”

Then he warned them: “Already the land surveys
are being extended over broad districts of country which
can never be settled, on which no drop of water can be
had. Over the country which I have surveyed I have
carefully noted the extent of the streams and the extent
of the valleys that can be redeemed, and I have the data
necessary for the construction of a map showing these
facts.”

Only a few months before, George Perkins Marsh
had told the Congress that irrigation, far from being
a panacea, was the source of many problems. Knowledge
of western climates and soils was virtually nonexistent.
No one knew how much land was irrigable, or whether
enough water was available to make irrigation profita-
ble. Before embarking on major irrigation works, the
country required a comprehensive hydrographical
survey.

The committee considered all the testimony, and the
memorials submitted from college faculties and leading
scientists, all favoring civilian control of the scientific
surveys. It concluded that the surveys under the War
Department, insofar as they were necessary for mili-
tary purposes, should be continued, and that all other
surveys for geographic, topographic, and scientific pur-
poses should be placed under the Interior Department.
The Powell survey was transferred from the Smith-
sonian Institution to Interior and was given a larger
appropriation than ever before. Nothing was done about
the problems of irrigation.

Powell’s warning about the extent of the irrigable
lands was repeated by the Commissioner of the Gen-
eral Land Office in his report for 1875. West of the
100th meridian, he said, were very limited areas where
irrigation made agriculture possible, and throughout
most of the area, title could not be obtained honestly
under the homestead laws. Vast areas were. suitable
for grazing, but limiting acquisition to a quarter sec-
tion, and requiring cultivation, made such use imprac-
ticable. Congress responded this time by passing the
Desert Land Act on the last day of the last session
of the Grant administration. This act made it possible
to purchase 640 acres of public land for $1.25 an acre,
25¢ down and $1 in 3 years. Part of the acreage, how-
ever, was to be irrigated within the 3 years, and no pro-
vision was made for bringing water to the claims or
even ensuring that water was obtainable.
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A few weeks after passage of the Desert Land Act,
Major Powell told the spring meeting of the National
Academy of Sciences that the land system of the coun-
try, with regard to purchase, preemption, or home-
stead plans, was not suitable for the arid region. In
that region, land as mere land was of no value. The
water privilege was what was valuable. Rich men and
stock companies had already appropriated all the
streams and were charging for the. use of water. There
was very little land left that a poor man could turn into
a farm.

Carl Schurz, a reform-minded senator from Wiscon-
sin, became Secretary of the Interior when Rutherford
B. Hayes became President in March 1877, and by fall
he had several recommendations for legislative action:
for forest conservation, for leasing lands west of the
100th meridian for pasturage where they were not
suitable for agriculture, for amending the Desert Land
Act so the desert character and quality of the land were

“established before entry was permitted, and for estab-

lishing the office of Surveyor-General, and abolishing
the contract system of surveying the public lands.

The Schurz recommendations received scant support
in Congress, though the House Committee on Public
Lands held hearings in the spring of 1878 on a bill “to
provide a more economic and accurate survey of the
public lands.” Major Powell was the first witness and
seemingly was credited with being the author of the
bill. He told them that the system of parceling the pub-
lic lands into townships and sections and the method
of measuring these parcels and determining their posi-
tion had been devised more than 80 years before for
the great valley of the Mississippi. They were well
suited to that region, but in the great mountain region
of the West, some modifications were needed.

His studies indicated that about 2.8 percent of the
Territory of Utah was irrigable, in patches along the
streams, and that Utah was perhaps slightly below
the general average. In Utah, 23 percent of the land
was valuable for timber and of no value for agricul-
ture; this percentage was probably a fair average for
the arid region as a whole. The timber lands were high
on the plateaus and mountains. In between the timber
lands and the agricultural lands were those valuable
for pasturage only, and as the growth of grass in an
arid climate was scant, pasturage farms had to be large,
not less than 2,560 acres. Pasturage farms should be
laid out with waterfronts on the springs and little
streams to prevent a monoply of the water, and each
should have a small tract of irrigable land near the
home of the resident. If the pasturage farms were laid
out with waterfronts, the homes could be grouped so
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that schools, churches, and other social institutions
would be possible. '

The system of surveying should be adapted to the
type of land. It was unnecessary to survey timberlands
in parcels as small as 160 acres, so-a combination of
chaining and triangulation would be suitable. Pastur-
age lands should be laid out in irregular tracts, so
triangulation should be used. Mineral claims could be
surveyed by chain or tape, but claims should be con-
nected by triangulation. Surveying is properly a ques-
tion of scientific engineering, and a man so qualified
should have charge of the work to protect the inter-
ests of the Government and the people alike. '

The bill did not get very far. It was drawn to change
the method of surveying the public lands, and that was
bad enough, but there was a suspicion that it would
change the system of parceling the public lands as well,
and that idea was anathema. »

In his testimony, the Major had given the commit-
tee a preview of parts of his “Report on the Lands of

the Arid Region of the United States.” Two days later |

he delivered the manuscript to the Commissioner of
the General Land Office.

The Major had intended to write a work on the Public
Domain, including the swamps of the southeast Atlantic

and Gulf coasts, the Everglades, the flood plains of the |

great southern rivers, and the lake swamplands of the
north-central region. All these lands required drainage
or protection from overflow. The problem of the arid
lands was more pressing, however, as thousands were
migrating there every year; he had therefore decided to
publish first that part of the whole report that dealt
with the arid lands.
It was more than a report;’it was a program, includ-
ing proposed legislation, for orderly development of
the West. Within the arid region, which constituted
about 40 percent of the country, the annual rainfall was
not enough to sustain an economy based on the tradi-
tional patterns of the humid regions. Only a small part
was irrigable, and cooperative labor or capital was neces-
sary to develop irrigation. Reservoir sites should be se-
lected and reserved so there would be no problem later
in increasing irrigation by storage of water. Timber-
lands could not be used as farmlands; they were val-
uable for forests only and must be protected from fire.
Pasturage lands were of value only in large quantities,
and the farm unit there should not be less than 2,560
acres. Pasturage farms needed small tracts of irrigable
land and waterfronts; the plots, therefore, should- be
shaped by the terrain, and residences should be grouped
to secure the benefits of local social organizations.

The first edition of the Arid Lands report was printed
in August 1878, and a second edition was ordered very

soon thereafter, but the reforms called for in the book.
were controversial and too far in advance of the times
to be acted on. v

That same spring the Committee on Appropriations,

-in the face of the continuing depression after the finan-

cial crisis of 1873 and the continuing rivalry of the west-
ern surveys, had again asked the Secretaries of Interior
and War for an accounting of the cost of the surveys and
opinions about consolidating them. Secretary Schurz re-
plied with letters from Professor Hayden and Major
Powell. The Hayden Survey had received appropria-
tions amounting to $615,000 in the 10 years of its exist-
ence. Appropriations for the Powell survey had been
only $209,000, but in addition, he had had Army rations
for 25 men and the assistance of two Army officers, Cap-
tains Clarence Dutton and Garrick Mallery. With his
reply, Powell included a map showing the atlas sheets
established by the Department of the Interior and the
overlap among the various surveys. The Army also sub-
mitted a map showing its proposed atlas, on a different
basis from that proposed by the Department of the In-
terior. Of the two Army surveys, the Exploration of
the Fortieth Parallel under Clarence King had cost
$383,711.85, and the Wheeler survey had cost
$368,770.55. '

In the ensuing discussions over appropriations for the
coming year, during which drastic cuts were proposed,
Hayden’s friends rose to his defense, and in the closing
days of the fiscal year, the Sundry Civil Expenses bill
was passed with funds included for both the Powell
and the Hayden Surveys. The Wheeler Survey funds
came from the Army appropriations. On the final day of
the session, Congressman Abram Hewitt of New York
inserted in the Sundry Civil Expenses bill an amend-
ment asking the National Academy of Sciences to
advise the Congress on a “plan for surveying and
mapping the Territories of the United States on
such general system as will, in their judgment,
secure the best results at the least possible cost.” Con-
gressman Hewitt, a wealthy iron manufacturer and for-
mer chairman of the Democratic National Committee,
was one of the founders of the American Institute of
Mining Engineering and its president in 1876. He was
also a close friend of Clarence King, and it is likely that
the idea of asking the Academy’s advice had come from
King.

The Academy was without a president at the time.
Joseph Henry, its distinguished president of many
years, had died on May 13, 1878, and it was not
until August when the Acting President, Professor
0. C. Marsh of Yale, returned from Europe that a com-
mittee was appointed. The committee included no mem-
ber of the existing surveys but was composed of a
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“distinguished group of scientists who would judge mat-
ters objectively”: Professor James D. Dana of Yale,
Professor William Barton Rogers of the Massachusetts
Institute of Technology, Professor J. S. Newberry of
Columbia, Professor W. P. Trowbridge of Columbia,
Professor Simon Newcomb of the Nautical Almanac,
and Professor Alexander Agassiz of Harvard. Such a
committee was sure to favor civilian control of the sur-
veys and to call for high standards of scientific work.

The committee, in turn, asked the Secretaries of War
and Interior for information and opinions. The Secre-
tary of the Interior sent to the committee, without com-
ment, reports from the Commissioner of the General
Land Office, who thought that combining a geological
and geographical survey with the survey of the public
lands might be both beneficial and economical but who
went on record as opposed to any change in the rectangu-
lar system of surveying; from Professor Hayden, who
thought that combining the geological and geographical
surveys with the public land surveys would be fatal to
the former; and from Major Powell who said:
“The prosecution of the work by a number of auton-
omous organizations is illogical, unscientific, and in
violation of the fundamental law of political econ-
omy * * * The work should be unified or integrated
by placing it under one general management, and the
division of labor should have a scientific basis; that is,
it should be differentiated so that there shall be a divi-
sion for geographical work embracing all methods of
mensuration in latitudes, longitudes, and altitudes, ab-
solute and relative; and the representation of the results
in appropriate charts. There should be a department of
geology embracing all purely scientific subjects relating
to mining and agricultural industries. If ethnology,
botany, and zoology are to be embraced in the general
scientific survey, each subject should have but a single
organization, with a single head subordinated to the
general plan * * * The present multiplication of or-
ganizations for all of these purposes is unscientific, ex-
cessively expensive, and altogether vicious; preventing
comprehensive, thorough, and honest research, stimu-
lating unhealthy rivalry, and leading to the production
of sensational and briefly popular rather than solid and
enduring results.”

The Major pleaded for a change in the Land Office
surveys which had produced a vast mass of material
that was “of imperfect value in the parceling of the
lands, of little or no value in the consideration of eco-
nomic questions, and absolutely valueless for scientific
purposes.” He went on—*“A proper scientific survey
embracing the geography of the public domain with
the parceling of the lands, and the geology with all the
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physical characteristics connected with it is necessary
for the following reasons: First, to secure an accurate
parceling of the public lands and enduring boundary
lines. Second, for the proper administration of laws
relating to the public lands. Third, for a correct and full
knowledge of the agricultural and mineral resources of
the lands. And fourth, for all purposes of abstract
science.”

The Coast Survey already had a transcontinental
triangulation survey in progress and had a large num--
ber of persons trained in geographical science. As two
systems of triangulation were unnecessary, “the one
now in progress should be made the basis of all future
geographical work in the United States.” He thought
it would be inadvisable for the Government to sustain
and endow research in the various branches of zoology
and botany, except in a limited way and for special pur-
poses. Ethnology, on the other hand, should be sup-
ported by the General Government, for the work was of
great magnitude and the opportunity was fast disap-
pearing because of the rapid change in the Indian
population.

The committee’s report, approved at a special meet-
ing on November 6, 1878, contained several recom-
mendations. Existing surveys could be grouped under
two heads: surveys of mensuration and surveys of geol-
ogy and economic resources of the soil. The Coast and
Geodetic Survey was best prepared to undertake the
complete surveys of mensuration; in view of the para-
mount importance of the public lands, the Coast and
Geodetic Survey should be transferred to the Depart-
ment of the Interior and renamed the “Coast and Inte-
rior Survey.” An independent organization, to be called
the United States Geological Survey, should be estab-
lished in the Department of the Interior to provide a
thorough knowledge of the geological structure, natural
resources, and products of the public domain, and a
classification of the lands of the public domain. The
existing surveys should be abolished. The contract sys-
tem of surveying the public lands should be dis-
continued. A commission should be formed to consider
codification of laws relating to the survey and dispo-
sition of the public domain.

The report was submitted to the Congress on the open-
ing day of the session and was referred to the House
Committee on Appropriations. Hayden, King, Powell,
and the Engineers began lining up support or opposi-
tion. Powell prepared material for the newspapers, lob-
bied with Senators and Congressmen, and needled others
into action. Legislation embodying the Academy plan
was incorporated into the Legislative, Executive and
Judicial appropriations bill which was introduced on
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February 10, 1879. To Chairman John D. C. Atkins of
the House Committee on Appropriations, the practical
question was whether the plan proposed by the Academy
promised the best results at the least cost, or whether
a modified version of the plan that had been in use de-
served approval. On the basis of cost alone, he thought
that the new scheme might be justified, though it seemed
scarcely necessary to plead for a system that so admi-
rably combined the scientific with the practical and
useful.

Major Powell had supplied background material to
General James A. Garfield, who spoke in favor of the
legislation on the following day. As a general principle,
Garfield said, that the United States ought not to inter-
fere in matters of science but should leave its develop-
ment to the people themselves. The obvious exceptions to
this principle were the scientific inquiries necessary to
intelligent exercise of the Government’s functions, in-
vestigations concerning whole classes or all classes of
people, and those which could not be successfully made
by private individuals because of their great magnitude
and cost.

Representative Peter Wigginton of California - had
also obtained material from Major Powell. He was par-
ticularly interested in a radical change in the land sur-
vey system. Representatives from the public lands
States, however, were opposed.

The climactic speech was that of Representative
Abram Hewitt, who urged all to read carefully Major
Powell’s letter included with the Academy report in
order to learn all the advantages of the bill. He then
went on to make an eloquent appeal for a survey of the
mineral wealth of the country to aid American industry.
The geological survey, though, was not the point of con-
tention. It was not until an amendment was proposed
making: the Coast and Interior Survey responsible for
all surveys of position and mensuration, except the
public-land surveys, that the bill was acceptable.

The House was concerned with many controversial
subjects, pensions and civil rights among them, and did
not pass the bill until February 25, 1879. Other appro-
priations bills were passed more readily, including the
Sundry Civil Expenses bill which contained appropria-
tions for the, as yet, unestablished Geological Survey.
In the closing hours of the session, both bills came to
conference; but as the day went on it became clear that
it would be difficult, if not impossible, to obtain agree-
ment on the Legislative, Executive, and Judicial bill,
which contained a provision to end Federal supervision
of elections on which the House and Senate held oppos-
ing views. Representative Hewitt, who was one of the
conferees, added to the Sundry Civil Expenses bill the

pertinent clauses from the Legislative, Executive, and
Judicial bill that would establish the Geological Sur-
vey and provide for its publications, abolish the existing
western surveys, and create a commission to codify the
public-lands laws. This bill was accepted and passed by
both houses, and President Hayes signed it into law on
March 3, 1879. The third and final session of the 45th
Congress came to an end without passing the bill in
which the enabling legislation was originally included.
The transfer of the Coast Survey to the Department of
the Interior and the plan to discontinue the contract
system of land-parceling surveys died with the bill.

Once the Survey bill was passed, the appointment of
the director became an important issue, for the new
director would be a member ex officio of the Commission
to Codify the Land Laws. There was considerable senti-
ment in favor of Hayden, who had been longest in the
field, so Powell wrote to Congressman Atkins “If Dr.
Hayden is appointed all hope of further reform of the
system of land surveys is at an end or indefinitely post-
poned.” Powell himself was not a serious candidate for
the office. He had been the principal proponent of change
in the land-parceling surveys, and that provision had
been eliminated from the bill. His interest in geology
was primarily in landforms and land use rather than
in the mineral-resource studies that were emphasized
in the final legislation; moreover he was very much
interested in his ethnological studies, for which an ap-
propriation had also been made in the Sundry Civil
bill that included the Survey legislation. Hence, he
threw his support to Clarence King, and King was ap-
pointed the first director of the United States Geological
Survey.

Powell was made a member of the Commission to
Codify the Land Laws when it was established on July 1,
1879, and both Captain Clarence Dutton and Joseph
Stanley-Brown, who had been the Major’s secretary,
were made members of the staff. The commission spent
the last 5 months of 1879 traveling throughout the West,
gathering evidence and opinions, The Arids Lands re-
port was widely distributed, and questionnaires were
published in journals and newspapers. The majority of
those on the commission accepted Powell’s thesis that
most of the West was too dry for agriculture without
irrigation and too dry to profit from any features of a
land system suited to the more humid conditions of the
East. They were unwilling, however, to set the system
aside and preferred an attempt to adjust it to the special
conditions of the West. Powell himself could think of
no way of carrying out his plan without halting settle-
ment at least temporarily, and the commission would
not sponsor changes that would impede settlement. The
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legislation that they proposed included a system of
classifying the public land, reducing the price of unsold
land, and providing for the pasturage homestead that
Powell had proposed. The Congress accepted the report
and authorized its printing. That was as far as it went.

‘While Powell was busy with the commission, organiz-
ing the Bureau of American Ethnology, and other
activities, King set about organizing the Geological
Survey. There were ambiguities in the Survey legisla-
tion. The Director was charged with responsibility for
“classification of the public lands, and examination of
the geologic structure, mineral resources, and products
of the national domain.” What kind of classification of
the public lands did Congress have in mind? And what
was the national domain—the whole United States, or
only the public lands? When the difficulty was pointed
out, the House passed and sent to the Senate a resolu-
tion extending the field of the Geological Survey to the
entire United States; but action.in the Senate. was
deferred by a technicality, and eventually the resolu-
tion was defeated. Discouraged by the restrictions on
the Survey’s field of activity, King resigned as soon as
James A. Garfield became President in 1881, and John
Wesley Powell became the second Director of the
Geological Survey.

Powell made no immediate change in the plan of
operations or methods of investigation established by
King, but in the “Second Annual Report,” his first as
Director, there was one substantial contribution that
was his own. A large amount of material was ready for
publication, and in the Director’s words, “it seemed wise
to adopt a common system of general nomenclature, a
uniform color scheme for geographic geology, a system
of conventional characters for diagrams, and a form for
geologic and topographic charts and atlases.” The adop-
tion of nomenclature, he pointed out, was to an impor-
tant extent an attempt to establish the categories of
classification, and every stage in the progress of knowl-
edge is marked by a stage in the progress of classifica-
tion. There was no attempt to fix permanent categories,
for that would be futile in a “nascent” science, but on the
other hand, diverse terms for the same classes and dis-
tinctions should be eradicated. “A multiplication of
means for like purposes in the presentation of scientific
subjects is a characteristic of low development, in the
same manner as is the multiplication of organs for like
purposes in a living being. Economy of time and thought
is the goal to be obtained.”

The color scheme should represent common ‘usage,
should not commit the geologist to distinctions and cor-
relations not warranted by the facts, should be com-
posed of easily distinguishable colors, should be
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obtainable with the greatest economy in printing, should
provide for distinctions needed in different parts of the
country, and should make use of all parts of the color
scale.

Lithologic characters were also to be shown by con-
ventional signs. “Cartographic colors and diagrammatic
characters constitute the geologic alphabet, and its
value will depend, first, on simplicity; second, on sys-
tematic consistency ; third, on general usage.” The value
of the system described in the Second Annual Report is
shown by the fact that, although it has been modified in
detail since its adoption, basically it is still in use.

The problem of the field of operations of the Geo-
logical Survey was solved the following year. In his
first budget, submitted in April 1882, the Director asked
for an increase of $100,000 for the work in the Western
States and an additional 100,000 to extend the work
into the Mississippi Valley and the Appalachian re-
gion. The items were not approved in the report of the
Committee on Appropriations, but when the bill was
submitted to the House in July, Mr. Atkins, who had
helped steer through the Survey legislation in 1879,
moved to amend the item for the Geological Survey
by adding “and continue preparation of a geological
map of the United States.” When he was challenged
that this was an attempt to extend operations, he ad-
mitted it, and the amendment was changed to read “of
the national domain of the United States.” When the
Sundry Civil bill was passed on August 7, the addi-
tional phrase had been deleted from the amendment,
and the Survey’s appropriation for the year was nearly
$258,000. Demurely, the Director announced in his
annual report: “Prior to the beginning of the present
fiscal year it was doubted whether the Geological Survey
was authorized by law to extend its operations into the
eastern portion of the United States, but in the act mak-
ing appropriations for the fiscal year 1882-°83 the
Survey was required to make a geologic map of the
United States. Authority, therefore, was given to extend
the operations of the Survey over the entire country to
the extent necessary for that purpose. The preparation
of a geologic map necessitates the preparation of a
topographic map, as topography is the basis of geologic
representation.”

The Major had, at long last, achieved his “survey
proper.” A. H. Thompson who had been the chief topog-
rapher of the Powell Survey, was promptly added to
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" the Survey staff, and the seven districts planned by

King came into being. Topographic work was begun in -
the South Atlantic and South Mississippi districts and
three western districts before the end of August 1882.



14 THE COLORADO RIVER REGION AND JOHN WESLEY POWELL

THE MOST COMPREHENSIVE SCIENCE

Almost as soon as he became Director, Powell added
paleontology to the Survey program. Lester Ward was
appointed paleontologist, though the appointment was
also intended to encourage him to continue his socio-
logical writing. O. C. Marsh was persuaded to join
~ the Survey staff, though he kept his laboratory at Yale;

C. D. Walcott and C. A. White were placed in charge
of still other laboratories. Separate chemical and physi-
cal laboratories were set up, and the programs were
expanded from their modest beginnings under King.
A library was begun, and the publications program
was organized. Once the field of the Survey was clearly
defined and the topographic work underway, prepara-
tion of a preliminary geologic map was begun by W J
McGee, and a thesaurus of American geologic forma-
tions was started, as well as a bibliography of North
American geology. (The classification scheme for the
bibliography bore the Powell imprint, all its adjec-
tives ending in “ic”: Volcanic, Diastrophic, Hydric,
Glacic, Eolic, Biotic, Anthropic, Lithic, Petromorphic,
Geochronic, Choric, Geomorphic, and Economic
Geology and Geologic Technology.)

Survey appropriations increased steadily, and by fis-
“cal year 1885 were close to the half million that King
had considered the ideal. Other scientific agencies were
growing as well. By 1884 the trend had become so pro-
nounced that Congress was prompted to charge a joint
commission of the Senate and House of Representatives
“to consider the present organization of the Signal Serv-
ice, Geological Survey, Coast and Geodetic Survey, and
the Hydrographic Office of the Navy Department with
a view to secure greater efficiency and economy of ad-
ministration of the public service in said Bureaus.”

The Coast Survey, the oldest of the four bureaus,
was first authorized in 1807. Although its first super-
intendent had insisted that it be civilian controlled and
truly scientific, time and again transfer to the Navy
had been proposed and more than once accomplished.
Now such a transfer was again being proposed. The
original function, a survey of the coast, was not yet ac-
complished, but the bureau had taken on others, includ-
ing hydrographic studies and geodetic surveys in the
interior. The. Navy had also been collecting hydro-
graphic information since the 1840’s and had set up a
separate Hydrographic Office in 1865. The Signal Serv-
ice was really the weather bureau, as the meteorological
observations that had been authorized in 1870 had been
expanded into research as well. In 1881 a departmental
task force had concluded that there was no natural con-
nection between the military and the weather bureau,

but a bill to transfer the function to the Interior Depart-
ment had remained in committee. The Geological Sur-
vey was only 5 years old, but under Powell’s aggressive
leadership it had already become a broadly based and
truly national scientific agency and was engaged in an
extensive topographic mapping program. Potentially, if
not in fact, there was overlap with the Coast Survey
mapping.

The Joint Commission, usually called the Allison
Commission after its chairman, Senator William Alli-
son, called upon the National Academy of Sciences for
advice. A new Academy committee was named, but its
report rather pointedly observed that Congress’ failure
to carry out the Academy’s recommendation for two
surveys within the Interior Department had inevitably
resulted in a defect in cooperation between the Coast
Survey and the Geological Survey. The Signal Service,
they thought, could be divided between civilian and
military. The Coast Survey and the Hydrographic Office
should not be combined, though consolidation of the
hydrographic work might be reconsidered after the
survey of the coast had been completed.

The Academy Committee sought to establish a general
principle on the relation of science to government. The
Government should not undertake any work that could
be equally well done by the enterprise of individual in-
vestigators, and it should confine itself to the increase
and systematization of knowledge tending to promote
the general welfare. Management of a scientific bureau
required a combination of scientific knowledge and ad-
ministrative ability'; they therefore proposed that a de-
partment of science be established to direct and control
the purely scientific work of the Government. However,
recognizing the improbability that Congress would take
such action, they proposed alternatively that the scien-
tific work he reorganized into four bureaus which would
be placed in one department, the work to be coordinated
by a permanent commission.

The commission hearings opened in December 1884,
with Major Powell as first witness. He was questioned on
the Survey’s authority to do geodetic work and to extend
its work into the “old” States; even about the necessity
for topographic maps as a basis for geologic maps.

In presenting his views on the organization of the
scientific work of the Government, Powell recognized
two types of scientific investigations: construction based
on scientific principles, and investigations designed to
furnish information to the people. The latter investiga-
tions, he pointed out, could not be planned and executed
according to plan. If they could, this would mean that
the facts were already known, and if the facts were
known, the investigations would be unnecessary. He
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agreed with the Academy that all scientific work should
be under one management, and that it should be led hy
scientists, but personally he would prefer to have the
Smithsonian Institution in charge.

A few days later Major Powell was back to present
Interior Department’s argument against transferring
the topographic work of the Geological Survey to the
Coast Survey. There is an ideal order, he told them in
which the various kinds of surveys—topographic, geo-
graphic, geologic, geodetic, cadastral, and parceling—
should be undertaken, but practically speaking, the
ideal cannot be followed because the land is usually oc-
cupied before governments are established. In the
United States, experience had shown that topographic
mapping under the control of geologists was better and
less expensive than if done by some other organization.
“Geology is the most comprehensive science studied by
man. It draws on all other sciences for its materials. Its
most fundamental connection is with topography, be-
cause geology in all its branches has for its purpose,
either directly or remotely, the explanation of the
topography.”

He went on to discuss coordination among scientific
bureaus. It would be possible to start with any bureau
and show its relation to the rest and by so doing make
it appear to be the center about which the others gath-
ered. “Science is a fabric of complex structure, and scien-
tific research is by multifarious lines. Many are the ways
to interrogate nature and discover her laws.” A central
organization would have many advantages. It could
serve as the Government’s scientific authority to which
legislative and administrative questions could be ad-
dressed. It could also serve to coordinate and stimulate
work done by other organizations or by private enter-
prise, though it could not control the work of others.

- The Major noted that “scientific men, competent to pur-
sue original research, are peculiarly averse to dictation
and official management,” but are “anxious that their
several labors may be filled into the grand system of
scientific operations for the development of knowledge.”

Major Powell came out of the hearings with a greatly
enhanced reputation, but the hearings had not been com-
pleted when Congress adjourned on March 3, and on
March 4, 1885, there was a new administration, the first
Democratic administration in 25 years. There were
investigations of bureaus, rumors of changes, and in-
numerable seekers after office.

Some evidence of inefficiency was found in the Coast
Survey, and the Superintendent was forced to resign.
The investigators of the Geological Survey, however,
concluded that it was efficiently run and that its accounts
were well kept. President Grover Cleveland appointed
the head of the investigating team as the new Super-

intendent of the Coast Survey, dismaying both the
career service and the scientific community at large, and
Major Powell’s success, in contrast, led to some feeling
of bitterness.

When the commission reopened its hearings it was
with an entirely new tone. Alexander Agassiz, the head
of Harvard’s Museum of Comparative Zoology, a man
of great wealth, who had had a long association with
the Coast Survey, had come to the defense of the Coast
Survey and had raised certain fundamental questions
about the relation of government to.science. He con-
cluded that the centralization of science in Washing-
ton would lead to disaster. His thesis was typical of
the laissez-faire attitude of the day: “Competition is
the ideal of scientific activity, and the government
should limit its support of science to such work as is
within neither the province nor the capacity of the
individual or of the universities, or of associations and
scientific societies.”

Congressman Hilary Herbert wrote to Agassiz in-
quiring whether the work of the Geological Survey
could be brought within proper bounds. It seemed to
the Congressman that Major Powell was transcending
the rule that Agassiz had laid down about the Govern-
ment’s role in science.- He asked specifically about the
various studies of the Comstock Lode, about paleontol-
ogy, and about topography. Agassiz replied that the
mining industry studies all seemed to him to fall with-
in the limits of private investigation. Paleontology was
one of those things that private individuals and learned
societies could do just as well as the Government. They
would, in fact, do it more cheaply. As for topography, a
geologic map without it was impossible; but if the
States did not want a topographic map enough to pay
for it, it seemed plain that they did not want the Gov-
ernment to pay for it either!

When Agassiz’s letter was made a part of the record
of the commission, Powell prepared a reply. He gave
credit to Agassiz for the work he had done. But, he
said, a hundred millionaires could not do the scien-
tific research work now done by the General Govern-
ment, and it was questionable whether scientific
research and the progress of American civilization
should wait until the contagion of Agassiz’s example
inspired a hundred millionaires to do likewise.

Again Powell affirmed his stand on what scientific re-
search the Government should undertake. First, the
Government should not promote research in those fields
where private enterprise could be relied on for good
and exhaustive work, especially while vast fields where
private enterprise could not work were still unoccupied
by agents of the Government. In the geologic field, some
individuals, notably some able college professors, had
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made contributions to the geologic surveys, but their
contributions, in comparison with those of the official
surveys, were small. Historically speaking, Government
had had an important share in geology.

The Government should promote the welfare of the
people by providing for investigations in those fields
most vitally affecting the great industries in which
people engaged. Not only mining but agriculture pro-
fited from Geological Survey investigations.

Then there was the problem of efficiency. “The results
of local investigation are of general value to many
districts, and a knowledge of the geology of one
locality must be derived from an examination of many
other localities.” Thus, a survey “should be organized
on the broadest territorial base possible” for one such
organization could accomplish more than 20 with the
same amount of money spread among them.

In conclusion, Powell took a firm stand against
Agassiz’s idea of competition. “Possession of property
is exclusive; possession of knowledge is not exclusive;
for the knowledge which one man has may also be the
possession of another. The learning of one man does
not substract from the learning of another, as if there
were a limited quantity of unknown truth. Property
may be divided into exclusive ownership for utilization
and preservation, but knowledge is utilized and pre-
served by multiple ownership. That which one man gains
by discovery is the gain of other men. And these mul-
tiple gains become invested capital, the interest on which
1s all paid to every one, and the revenue of new discovery
is boundless. It may be wrong to take another man’s
purse, but it is always right to take another man’s
knowledge, and it is the highest virtue to promote an-
other man’s investigation. The laws of political economy
do not belong to the economics of science and intellectual
progress.”

A minority report proposed that the Geological Sur-
vey should expend no money for paleontology, except
for the collection, classification, and proper care of
fossils, and should publish only an annual report. Au-
thors of other works might publish them at their own
expense. The Survey would no longer need its physical
plant, which the Secretary of the Interior was therefore
to sell. The Coast Survey was to be transferred to the
Navy because the “real scientists on this subject of nauti-
cal maps are educated sailormen, naval officers.” Al-
most the entire scientific community rose to do battle.

The majority report required that the Geological
Survey itemize the publication costs for which money
was to be appropriated. The majority of the commission
expressed themselves as having “no doubt of the wisdom
of a geological survey of the whole country; the ques-

tion of the propriety of its being done by the General
Government they considered as settled by existing legis-
lation.” Moreover, they were of the opinion that “the
administrative part of the Bureau is well conducted, and
with economy and care, and discloses excellent adminis-
trative and business ability on the part of its chief.” The
Coast Survey was left in civilian hands, a tacit acknowl-
edgment that scientific bureaus should be administered
by scientists. Although no action was taken at the time
about the Signal Service of the Hydrographic Office,
and no department of science was established, the Gen-
eral Government had accepted a role in scientific
research.

At the end of fiscal year 1885, in the midst of the Al-
lison Commission hearings, the Director was able to
announce that at last a plan had been developed for
publishing the topographic map of the United States
that was reasonably economic and met other require-
ments as well. The map was being made primarily for
representation of the geology, but it would be useful for
many other purposes was well: “in the study of drain-
age systems; in the study of the regimen of rivers; in
the study of the great subject of irrigation; in the study
of the distribution of forests; in the study of catchment
areas for the supply of water to cities; in the study of
the drainage of swamps and overflowed lands; in the
study of soils and the classification of lands for agricul-
tural purposes; and in the laying out of highways, rail-
roads, and canals.” The maps would also be useful in
the event of war, but there was no demand more exact-
ing than that of the geologist, and “if properly made to
meet his want they will subserve all the purposes of the
civil engineer, the agriculturist, the military engineer,
and the naturalist.” It would not be long before an
opportunity would develop to test the usefulness of
the maps.

By 1888 many were ready to admit that Powell had
been right when he had said that the land laws were
not suited to the lands of the arid region, that they
worked to the advantage of the land speculator and the
large landlord rather than the individual settler. An
effort was made to repeal the Desert Land Act, the Tim-
ber Culture Act, and the Preemption Act, but it failed.

Moreover, a series of dry years had had disastrous
effect on the east edge of the arid region, and those who
had disregarded the warnings about irrigation were now
seeking sources of water to supplement the deficient
rainfall. On February 13, 1888, the Senate asked the
Secretary of the Interior whether the Geological Survey
should be asked to survey and segregate irrigable lands
and reservoir and canal sites in the arid regions. This
was the opportunity for which Major Powell had been



JOHN WESLEY POWELL: PIONEER STATESMAN OF FEDERAL SCIENCE 17

waiting, and planning, for 10 long years. He had found
no reason to change the conclusions of his report on the
Lands of the Arid Region, though he had seen the prob-
lems become increasingly aggravated. By now, the
smaller streams were mainly utilized, so the only course
open was to concentrate on the larger streams. Utiliza-
tion of the large streams would require cooperative en-
terprise. Still, that was no reason to delay the survey
of irrigable lands.

During the 10 years, the Major had added to his plan.
He now knew that by taking out water for irrigation in
the upper reaches of streams, the amount of! water and
debris reaching the lower regions during floods would be
reduced, and land there could be reclaimed as well.

In March 1888 the Congress called on the Secretary
of the Interior to examine “that portion of the United
States where agriculture is carried on by means of
irrigation, as to the natural advantages for the storage
of water for irrigation purposes with the practicability
of constructing reservoirs, together with the capacity of
streams, and the cost of construction and the capacity
of reservoirs and such other facts as bear on the
question.”

Powell’s program was transmitted to the Joint Com-
mittee on March 29. He had interpreted the area covered
by the request as every place beyond the 20-inch-rain-
fall line, thus taking in two-fifths of the United States.
To accomplish what was asked, he proposed first a topo-
graphic survey, which would permit a preliminary des-
ignation of irrigable lands; then a hydrographic survey
to measure streamflow and plot catchment basins to
make the designation more precise; and finally a pre-
liminary engineering survey to determine the feasibility
of construction. If appropriations were available, the
job could be done in 6 or 7 years; he estimated that
the total cost would be 5.5-7 million dollars. ‘

The Irrigation Survey was authorized in the appro-
priations bill passed on October 2, 1888. In order to pre-
vent speculation, the House added an amendment that
all the lands that might be irrigated by the reservoirs
and canals to be located by the survey should be with-
drawn from entry. Lest this be too drastic, an additional
amendment authorized the President, at his discretion,
to restore any or all lands to entry. '

Powell was ready. Captain Clarence Dutton was
placed in overall charge of the Irrigation Survey, and
A. H. Thompson was in charge of the topographic
work. Fieldwork began without delay in New Mexico,
Colorado, Nevada, and Montana, and a training camp
was established on the Rio Grande at Embudo, N. Mex.,
where a group of men was instructed in the methods of
measuring the flow of rivers and other hydrographic

techniques. In March 1889, Congress appropriated an-
other $250,000 for the survey, and in April, the Major
was ready to certify the first reservoir site.

Powell accompanied the Senate Committee on Irriga-
tion on its inspection tour of the arid regions in the
summer of 1889 at the invitation of its chairman, Sen-
ator Stewart. During the trips he addressed two consti-
tutional conventions meeting in preparation for admis-
sion of territories to statehood. To the North Dakota
convention, he made a plea for State control of water
rights. In the eastern part of the State, he reminded
them, there was sufficient, rainfall and in the western a
permanent dependence on irrigation. The danger was in
the middle region. “Years of abundance will come and
years will come of disaster, and between the two the
people will be prosperous and unprosperous, and the
thing to do is to look the question squarely in the
face. * * * There’s almost enough rainfall for your
purposes, but one year with another you need a little
more than you get. * * * There are waters rolling by
you which are quite ample to redeem your land and you
must save these waters. * * * Don’t let these streams
get out of the possession of the people. * * * Fix it in
your constitution that no corporation—no body of men—
no capital can get possession of the right of your
waters.”

To the Montana Constitutional Convention he pre-
sented a still more radical proposal, speaking, he said,
“as an old pioneer, not as a statesman,” that the county
boundaries should be drawn on the basis of geography.
“In the western half of America, the local, the state, the
territorial county governments, and the regulations and
the national government are in no sense adapted to the
physical conditions of the country.”

There were 35 million acres of land in Montana that
could be redeemed by irrigation, but only if every drop
of water falling on the land remained within the State.
A man in any given drainage basin must be interested in
every part of it because the entire drainage basin gathers
the water that he needs. The primary unit of organiza-
tion in the arid lands should be the drainage basin which
would practically have a county organization.

Although his eloquence had little effect on the con-
stitutional conventions (only Wyoming wrote into its
constitution the principle that water rights were tied
to the land), he continued in a barrage of speeches,
magazine articles, innumerable letters, and meetings
to explain his points. The best and safest agriculture,
and the oldest, was irrigation agriculture. Perhaps 20
percent of the western lands could be reclaimed by irri-
gation, but that 20 percent added up to more land than
had been tilled so far in the Nation. The water to reclaim
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that 20 percent would have to come from the large
rivers. Dams on the large rivers, if properly engineered,
would provide protection from floods and permit a con-
trolled flow that would prevent wasteful runoff and
allow the reclamation of arid lands at the headwaters
and swamplands near the river mouths.

Laws governing the ownership or use of interstate or
international rivers must be worked out and a plan
devised to obtain the means to construct the enormous
engineering works necessary for development of the
great rivers; such construction was beyond the capabil-
ities of an individual or a company. The first step, how-
ever, was a systematic and careful survey, and that,
without question, was a proper function of the Govern-
ment’s scientific bureaus.

The times were not ready for Powell’s kind of plan-
ning. At first, the General Land Office continued to
issue patents on claims, and speculators kept track of
the Government surveying parties in order to stake
claims promptly on prospective reservoir and canal
sites. The Commissioner of the Land Office on August 5,
1889, ordered the local offices to cancel all claims filed
after October 2, 1888, In the ensuing furor, the Land
Office, for a time, was forced to issue patents again, but
with the warning that they might be invalidated. In
April 1890 the Solicitor General ruled that as soon as
Congress had appropriated money for the Irrigation
Survey, all irrigable lands were reserved; as no one
would know which were the irrigable lands until the
Survey should certify them, all claims filed after Octo-
ber 2, 1888, had to be invalidated. The amendment
designed to prevent speculation had, in effect, repealed
the land laws and closed the public domain. The Presi-
dent could reopen it, but the President did not. There
was immediate and mounting pressure on Congress to
do so.

The public, and the lawmakers, wanted a quick answer
to the irrigation problem, not a slow, careful survey and
the preparation of topographic maps before the irriga-
tion works could be certified.

In April 1890 Powell submitted his plan of operations
for the coming year with a request for an appropriation
of $720,000. Before the House Appropriations Com-
mittee could open hearings, the Senate passed a resolu-
tion demanding to know how much, if any, of the money
appropriated for irrigation surveys had been diverted
to topographic work, and, if so, by what authority the
money appropriated by Congress for one purpose could
be diverted and used for another purpose for which an
appropriation was also made.

The Senate hearings were prolonged and bitter. They
began by questioning the propriety of Powell’s being

the source of information for Presidential proclama-
tions that would sometime return the land to settlement.
But he had not asked for these powers—Congress had
given him a job to do. Where would such a survey as he
was conducting lead ? Was the Government to take over
the whole business of irrigation ? Major Powell pointed
out that by the Desert Land Act a homesteader had to
irrigate before he could obtain title, and he could not
irrigate without knowledge or money. The least the
Government could do would be to assure a homesteader
that irrigation was possible. But how could the Govern-
ment say that irrigation was possible, if the Govern-
ment did not control the water? And could the Govern-
ment control water without building dams and canals?
The Major thought that the Government could simply
refuse to sell or release lands unless they were irrigable.
No sane settler would take a chance far from the moun-
tains or from actual or proposed irrigation works. “Do
you conceive that there is any risk or doubt in the Gov-
ernment’s assuming that relation and undertaking to
deal with the flow and use of water in the great streams?
Do you think 1t is better than to leave it to nature and
the common incidents of human life?” asked Senator
Hale. “I think it would be almost a criminal act to go
on as we are doing now, and allow thousands and hun-
dreds of thousands of people to establish homes where
they cannot maintain themselves,” the Major replied.
This was the crux of the matter. Did the Government
have the right, or the duty, to protect the people’s wel-
fare? Or should nature take its course? Congress was
not yet ready to admit that the Government had this
right, or this duty. The appropriation was cut to $162,-
500, all power of reserving irrigable land was elimi-
nated, and the hydrographic survey was cut out.
Powell’s - hope that science could provide for orderly
settlement of the West had again come to naught.

HARVESTTIME OF SCIENCE

Despite the loss of the Irrigation Survey, the Survey
appropriation that year was so large that the Survey
was not seriously crippled. Despite a devastating per-
sonal attack on Powell when the long-standing feud be-
tween paleontologists O. C. Marsh and E. D. Cope was
aired in the public press in January 1890, his stand-
ing remained high. The following year, however, the
Survey appropriation was cut. More serious than the
cut itself was the fact that salaries and programs were
specified. In 1892 came a more drastic cut. Several of the
principal scientists had to be discharged; others con-
tinued at reduced salaries or no salary in order to com-
plete the work. Not only the Survey suffered. The Coast
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and Geodetic Survey, the Fish Commission, the Smith-
sonian Institution, all were cut. The blow was actually
against science generally, and Powell and the Survey
as the leading scientist and scientific bureau were treated
most severely.

In 1894, as soon as a successor, C. D. Walcott, was
ready, Powell resigned as Director. The nerves in the
stump of his right arm had regenerated, causing great
pain, and he had to undergo surgery for the third time.
Thereafter he devoted himself to the Bureau of Ameri-
can Ethnology and to writing. For many years he had
planned to write a survey of man’s knowledge and phi-
losophy from savagery to the age of enlightenment. It
was never finished. He died at Haven, Maine, on
September 23, 1902.

At a meeting of the Geological Society of America not
too long before he decided to resign, Powell reflected
on the work of the Geological Survey. In describing the
work of a scientific institution, he said that it is necessary
to distinguish two stages in development, a “prelim-
inary, or experimental, or preparatory stage, and
the final or effective stage. During the first stage
methods are devised, experiments are conducted, scien-
tific apparatus is invented and subjected to trial, and
the plan for the work is formulated ; during the second
stage the methods and apparatus are practically em-
ployed and the plans carried out.”

The first stage he characterized as research, the sec-
ond as applied science “and since it is the highest func-
tion of systemized knowledge to promote human wel-
fare, the first stage represents the seed-time, the second
the harvest-time of science.”

John Wesley Powell’s own career might be considered
in the same terms. During his lifetime, though he was
the leading scientist and the director of the leading
scientific bureau in Washington, he only achieved the
full realization of his ideal of science in the service of
man for the brief instant of the Irrigation Survey.

Before Powell died, however, he had the satisfaction
of knowing of the passage of the Newlands Act, estab-
lishing the Reclamation Service. Its first chief, and the
first chief of the Bureau of Reclamation which succeeded
it in 1907, was F. H. Newell, one of the first members
of the Irrigation Survey. Powell’s nephew, Arthur
Powell Davis, was one of the first irrigation engineers
and later Director of the Bureau of Reclamation. The
Geological Survey continued under the able direction
of C. D. Walcott in an ever-widening endeavor. The
Bureau of American Ethnology continued fundamental
studies in anthropology and ethnology as part of the
Smithsonian Institution.

The conservation movement, which began with
George Perkins Marsh, Carl Schurz, and John Wesley
Powell, achieved full status at the time of the White
House Conference of 1908, sparked by Gifford Pinchot,
of the Forest Service, F. H. Newell, of the Reclamation
Service, and W J McGee, whom Pinchot called the
brains of the conservation movement. McGee had been
one of Powell’s closest associates in both the Geological
Survey and the Bureau of Ethnology. The Major had a
bet with McGee that his brain was larger than McGee’s.
(According to the autopsies, the Major won.)

G. K. Gilbert, who had joined the Powell Survey
in 1874, became one of the world’s leading geologists
and continued to serve the Geological Survey until
his death in 1918. Lester Ward, whose social philosophy
was so like Major Powell’s that it is difficult to decide
who influenced the other, eventually left the Survey
to become a professor of sociology. Forgotten for many
years, like his friend Major Powell, he is now being
recognized as one of the founders of the modern welfare

_ state.

The reform of the land surveys, and the abandon-
ment of the contract system of surveying, for which
Powell fought so persistently, finally came about in
1910; but it was not until 1936, after a series of years
of drought, that the public domain was finally closed.
Then in 1950, the National Science Foundation was
established, embodying some of Powell’s ideas on a
centralized administration of government science.

Major Powell throughout most of his life had a great
vision of science as a means of progress for the human
race. In one of his more flowery perorations to a talk
at the Darwin memorial meeting in Washington in
1882, he said, “Let us not gird science to our loins as
the warrior buckles on his sword. Let us raise science
aloft as the olive branch of peace and the emblem of
hope.” It was in that same speech that he characterized
the gift of science to man as hope. “Had philosophers
discovered that the generations of living beings were
degenerating they would have discovered despair. Had
they discovered that life moves by steps of generations
in endless circles—that what has been is, and what is
shall be, and there is no progress, the gift of science to
man would have been worthless. The revelation of sci-
ence is this: Every generation in life is a step in prog-
ress to a higher and fuller life, science has discovered
hope.”

“With the students of the Corcoran School of Science
at its inauguration in 1884, he left an equally profound
thought for our time, that science has enkindled charity.
Not eleemosynary charity, as he called it, but philo-
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sophic charity. “It has at last been discovered that the
world has always been full of error, and we are begin-
ning to appreciate how much man has struggled through
the ages from error to error toward the truth. We now
know that false opinions are begotten of ignorance, and
in the light of universal truth all men are ignorant, and
as the scholar discovers how little of the vast realm of
knowledge he has conquered he grows in philosophic
charity for others. The history of the world is replete
with illustrations to the effect that the greater the
ignorance, the greater the abomination of unconform-
ing opinion, and the greater the knowledge, the greater
the charity for dissenting opinions.”

NOTES AND REFERENCES

In preparing this account of John Wesley Powell,
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gressional hearings in 1874, found in the 43d Congress,
1st session, House of Representatives Executive Docu-
ment 240 and Report 612 ; the testimony before the Com-
mittee on the Public Lands in March 1878 (45th
Congress, 2d session, House of Representatives Miscel-
laneous Document 55) ; the documents pertaining to the
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STRATIFIED ROCKS OF THE GRAND CANYON

By Epwin D. McK:E

Abstract

The record of the earth’s history in the walls of the Grand
Canyon has been deciphered through hard work by many people
during the past 100 years. Much still remains unsolved. John
Wesley Powell’s contributions were of a pioneering type, though
he was not the first to discuss the rocks of the Grand Canyon.
Far more important than his own observations and deductions
in the field of stratigraphic geology was his tremendous influence
upon the work of his associates and his successors. This chapter
traces the evolution of thought concerning the stratified rocks of
the Grand Canyon and summarizes present concepts of strati-
graphic history as recorded in the walls of the canyon. A brief
summary of available data and conclusions on each of the
principal sedimentary units is presented.

INTRODUCTION

On the centennial of the epic boat trip down the
Colorado River by Maj. John Wesley Powell and his
party in 1869, it is appropriate that recognition be
given to various phases of Powell’s many scientific ac-
complishments, especially those related to his journey
through the Grand Canyon. Accordingly, this chapter
reviews one feature of the geology—the record of the
stratified rocks—that was of great interest to Major
Powell.

Our knowledge of the earth’s history recorded in the
walls of Grand Canyon is the result of hard work by
many people during the past 100 years, yet much re-
mains unsolved. Powell’s contributions were of a
pioneering type, though he was not the first to discuss
the rocks of Grand Canyon. Far more important than
his own observations and deductions in the field of
stratigraphic geology was his tremendous influence upon
the work of his associates and his successors. The objec-
tive of this chapter is to trace the evolution of thought
concerning the stratified rocks of Grand Canyon and
to show how our knowledge has increased since the time
of Powell’s epic journey.

This chapter also summarizes present concepts of
stratigraphic history as recorded in the walls of Grand
Canyon and thereby indicates the status of investiga-
tions at present. To accomplish this objective, a brief
summary of available data and conclusions on each of
the principal sedimentary units in Grand Canyon is
presented.

The region discussed in this chapter is largely re-
stricted to the area that includes Marble Canyon and
Grand Canyon (fig. 1), though Powell’s explorations
of the Colorado River took him through a much larger
area. These canyons are in the southwest corner of the
Colorado Plateau and are entirely within the northern
part of Arizona. As was recognized by Powell (1875, fig.
73), the Colorado Plateau is divided in this region by
major faults and monoclines into a series of flat-lying
blocks or steps. These blocks consist (north of the Col-
orado River, from east to west) of the Marble Platform
and the Kaibab, Kanab, Uinkaret, and Shivwits Pla-
teaus and (south of the river) the Coconino and Hual-
apai Plateaus.

Grand Canyon National Park, the area seen by most
visitors to the region, includes only the eastern half of
Grand Canyon or the part within the Kaibab Plateau
and the eastern part of the Coconino Plateau (fig. 1).
The Grand Canyon National Monument, less frequently
visited but equally scenic, is mostly on the north side
of the Colorado River within the Uinkaret and Kanab
Plateaus.
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PIONEER STRATIGRAPHIC WORK—
THE PRE-POWELL ERA

The earliest studies of Grand Canyon geology were
made by Jules Marcou in 1853-54 and by J. S. Newberry
in 1857-58. Marcou was a member of Lt. Amiel W.
Whipple’s expedition, which crossed northern Arizona
while exploring for the U.S. Pacific Railroad; he ex-
amined strata similar to those of the Grand Canyon but
in an area farther south (Marcou, 1856). Newberry, as
geologist for a War Department expedition under Lt.

J. C. Ives, recorded the Grand Canyon sections at Dia-
mond Creek, along “Cascade River” (Havasu), and on

F16URE 1.—Grand Canyon and environs, showing localities cited in text.

west of Seligman (Newberry, 1861). Both Marcou and
Newberry attempted to classify and correlate the forma-
tions of the region; their conclusions were remarkable,
considering the difficult conditions under which they
worked and the state of general knowledge at the time.
The uppermost formation exposed in the canyon, now
known as the Kaibab Limestone, was correlated by
Marcou (1856, p. 170) with the European Magnesian
Limestone of Permian age because of the high
magnesium content in the rock where examined; this
same limestone was correlated with the Upper Carboni-
ferous by Newberry (1861, p. 70-73) on the basis of cer-
tain “known Carboniferous fossils.” Subsequently,
Marcou has been proved correct, although his evidence

“mesa at Camp 70” which was at Aubrey Cliffs north-

was not valid (that is, the chemical composition of the
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rock is insufficient basis for correlation), whereas New-
berry was in error, though his reasoning was correct
(that is, the fossils, including numerous productids,
that he discovered were later shown to be Permian and
rot Carboniferous forms).

The Redwall Limestone, which forms a sheer cliff
midway in the walls of the Grand Canyon, was con-
sidered in the 1850’s as it is today, a  stratigraphic
marker to which less readily identified units both above
sud below could be referred. The Redwall was correlated
correctly, as has since been demonstrated, with the
“mountain limestone” of England (“lower Carbonifer-
ous” age) by both Marcou and Newberry. Evidence for
this conclusion included brachiopods (listed as Spiri-

fers), corals, and other fossils, as well as lithologic
resemblances.
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F1oURE 2.—Stratigraphic section of the Grand Canyon
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Resting on granite and underlying the “Mountain
limestone” of Marcou in an area east of Picacho Moun-
tain, south of Grand Canyon, is a reddish-brown sand-
stone (the Tapeats Sandstone of Cambrian age) which,
probably because of its color and lithology, Marcou
correlated with the “Old Red” or Devonian sandstone
of England. This same unit farther north in Grand
Canyon is mostly brown to purple. Newberry correlated
it on the basis of lithology and stratigraphic position
with the “Potsdam sandstone” (Cambrian age) of New
York; thus, he was correct and Marcou was wrong in
the age assignment.

Between the basal sandstone and the Redwall are
strata that Newberry (1861, p. 55-56) referred to the
“Silurian?” and “Devonian?” in his figure 12 (1861,
p- 42; reproduced as fig. 2 in this publication). New-

ABMBAD A

Above
sca level.
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5,600 feet.

4,600 feet.
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1,300 fect.

in high plateau along “mesa at Camp 70” which

was near Aubrey Cliffs, northwest of Seligman. From Newberry (1861, fig. 12).
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berry seemed very uncertain of the age of these strata,
especially because recognizable fossils were not found.
He was influenced in his correlations by lithologic
character “much like that of some of the Chemung
rocks” (Devonian of New York State) (1861, p. 56),
and he noted the resemblance of certain structures to
the “intermingled branches of Chaetetes which cover
the surfaces of some of the Silurian strata” (1861, p.
56). The upper rocks in this sequence, which apparently
were included with the Redwall by Marcou, have indeed
proved to be of Devonian age, although even today
little is known about them. The lower rocks that New-
berry assigned to the Silurian? are absent in the area
examined by Marcou; in Grand Canyon, where repre-
sented, they are now classed as Cambrian (Muav
Limestone).

Newberry must also be credited for his attempts to
reconstruct the history of deposition in the Grand
Canyon area. He offered suggestions on paleoge-
ography, genesis of gypsum, and some features of
ecology, which, although elementary and in some cases
incorrect as seen in the light of modern information,
represent pioneer efforts of considerable significance.

JOHN WESLEY POWELL'S COLORADO
RIVER TRIPS OF 1869 AND 1871-72

During two trips by boat down the Colorado River
and through the Grand Canyon, Maj. John Wesley
Powell not only explored unknown territory, but he
also made many significant observations of little known
features, especially in the field of geology. In his re-
port on these explorations, Powell (1875) recorded
many aspects of erosion and developed certain basic
concepts of land destruction such as base level and
stream antecedence. In addition, he described and
classified the major types of structure, such as mono-
clines and faults, responsible for segmentation of the
uplifted plateau. His original contributions to the
youthful science of geology were numerous, and most
of his concepts have proved to be valid.

In view of Powell’s great interest in geology and
keen powers of observation, the general lack of refer-
ences in his report to the stratigraphy of Grand
Canyon—the open book of earth history where stratifi-
cation dominates the view——seems, at first, very sur-
prising. Only the Carboniferous rocks were referred
to by name, and the correlations suggested in the re-
ports of earlier geologists were not mentioned; nor
were ideas concerning the genesis of these strata dis-
cussed in detail. Perhaps the answer is that Powell was
so beset with difficulties and so occupied with matters

of survival when in the Grand Canyon that he could
give little thought to these matters; however, a more
likely reason for the omission was his lack of any
formal training in geology. At this stage in his career
he had little knowledge of details of stratigraphy, and
i1f he was familiar with the earlier work in the Grand
Canyon area by Marcou and Newberry, there is nothing
to indicate it. He was a self-trained and self-made man.

Despite the lack of general stratigraphic data in
Powell’s report, he must be credited with making the
first reference to a very significant feature in the record
of Grand Canyon history. His discussion of the two
great unconformities, between early and late Precam-
brian and between Precambrian and Paleozoic strata, is
classic. He not only correctly analyzed the sequence of
events, but he showed in forceful language its meaning
in terms of deposition, mountain building, volcanism,
and erosion. Unfortunately his illustration of the three
great rock sequences (reproduced as fig. 3 of this pub-
lication) is incorrectly drawn. (Note the relation of
dipping upper Precambrian strata to the erosion sur-
face on the underlying schists and granites.) In a later
publication (Powell, 1876, table, p. 43), the correct
relationships are shown. (See fig. 4 of this publication.)
Nevertheless, he recognized that in the upper Precam-
brian or middle rock sequence, a topographic thickness
of only a few hundred feet represents 10,000 feet of
stratigraphic thickness, and he apparently visualized
the tremendous amount of erosion that was required to
bring about this base leveling or wearing away of
mountains.

STRATIGRAPHIC WORK DURING THE
EARLY DAYS OF THE U.S. GEOLOGI-
CAL SURVEY

During the years immediately preceding the establish-
ment of the U.S. Geological Survey, and for several
decades thereafter, extensive studies were made of the
stratified rocks of Grand Canyon by John Wesley
Powell and a small group of his Washington, D.C., col-
leagues. Especially prominent in this connection are the
names of G. K. Gilbert, A. R. Marvine, C. E. Dutton, and
C. D. Walcott. Gilbert and Marvine actually did their
early work while serving as geologists on the Wheeler
Survey, but those studies were continued under auspices
of the U.S. Geological Survey.

Between 1870 and 1890, contributions to an under-
standing of the stratified rocks in Grand Canyon were
largely in the form of information on distribution,
thickness, and lithology of various units, the collection
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FI6URE 3.—Section in the north wall of the Grand Canyon illustrating the unconformity between (A)
lower Precambrian schists and (B) steeply dipping upper Precambrian beds and the unconformity
between (B) upper Precambrian and (C) Paleozoic strata. From Powell (1875, fig. 79).
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0 Base of Red Wall Group.
. Sandstones and shales, with a few limestones; uncon-
800 | Tonto forn;,ablo by extensive plication and erosion on the
next.

2, 000
4, 000

10,000 | Grand Cafion. | Sandstones, shales, and a few limestones. On further

6, 000 study this gronp will probably be subdivided.

8, 000
10, 000
12, 000

. Hornblendic and micaceous schists and slates, with

Glgzgigzﬁon beds and dikes of granite. Thickness unknown.

. Found at the bottom of the Grand Cafion.

14, 000

F16URE 4.—Base of stratigraphic section in the Grand Canyon. From Powell (1876, p. 43).

and study of fossils from several formations, refinement The first formal names to be given Grand Canyon
of rock subdivisions and age assignments, and the appli- | rock units were the Tonto group, Redwall group, and
cation of local names for many of the rock units. Still | Aubrey group, applied by G. K. Gilbert (1874; 1875a,
lacking were any notable advances in the interpretation | p.184) and later illustrated in graphic section (Marvine,
of depositional environments and in solving problems of | 1875, fig. 82) as shown in figure 5 of the present report.
genesis. According to Gilbert (1875a, p. 177), “it was found con-
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Argillaceous Shales, with thin Sandstones, mostly red.

Dark-red Sandstone, heavy bedded ( forming low and narrow bench)

FI6URE 5.—Stratigraphic section at the mouth of the Grand Canyon. From G. K. Gilbert (in Marvine, 1875, fig. 82).

venient by Mr. Marvine and myself, to attach local
names to the more important subdivisions [on the
Colorado Plateau].” A short time later, Powell (1876,
p. 60) presented a similar but more complete list of rock
units, as follows: Upper Aubrey Group, Lower Aubrey
Group, Redwall Group, Tonto Group, Grand Cafion
Group, Grand Cafion Schists. Still later, rocks of
Devonian age were recognized by Walcott (1883, p.
438) and named Temple Butte Limestone (Walcott,
1890, p. 50), as shown in his charts reproduced as figures

6 and 7 of this publication. Meanwhile, rocks of late
Precambrian age belonging to Powell’s Grand Cafion
Group were studied in detail by Walcott (1883, p. 440;
1890, p. 50; 1894, p. 503; 1895, p. 329), who, after
various revisions in classification and terminology, ulti-
mately proposed (fig. 8) the adoption of Grand Canyon
Series for the entire sequence and Unkar and Chuar for
lower and upper subdivisions, called terranes by him
(currently classified as groups).

Age assignments for most of the Grand Canyon for-
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F1auRre 6.—Classification of Paleozoic strata in the Grand
Canyon. From Walcott (1880, p. 222).

Sy S
Cretaceous - ___________ .
Jurassic (identified) ..
Jura-Trins . __________
(Pcrmmn

. | Upper Aubrey Limestone.. .

Oarbeniferous . g\‘;cr " 4 Sandstone ...
Red Wall Limestone
Devonian -....  Temple Butte Limestone .. _____
Cambrian { Tonto (caleareous and aren
""" “ (sandstone) ____________

jChunr (shales and limestones) _
. Grand Caiion (sandstones, with lava flows
Algonkian._. upper part) ' -

lVlshnu (bedded quartzite and schists) ... ._ ...

FIGURE 7.—Terminology and thickness of stratigraphic units
in the Grand Canyon. From Walcott (1890, p. 50).

mations continued to fluctuate during this period as one
worker after another obtained new fossil evidence or
reinterpreted old correlations. Not until many years
later did the geologic periods that were determined for

CAMBRIAN. { Tonto.
————— Unconformity ——  —
5 Chuar.
ALGONKIAN. { Grand Canyon.
1 Unkar.

——— Great Unconformity —————

ALGONKIAN (?) g Vishnu.
F16URE 8.—(lassification and age of lower rock units in the
Grand Canyon. From Walcott (1895, p. 317).

various rock units finally become established, and not
until relatively recent times have reliable data per-
mitted assignment of rocks to smaller time units (geo-
logic epochs) that could be accepted with confidence.
For example, the Aubrey Limestone that had been con-
sidered Permian by Marcou and Carboniferous by New-
berry, was classed as Permo-Carboniferous by Gilbert
(1875a, p. 177) and by Marvine (1875, p. 213). Then,
however, a detailed study of its fauna caused C. A.
White (in Powell, 1876, p. 80) to state “* * * I there-
fore regard it as not improbable that the time of the
Permian period may be represented in the Plateau
Province by the Upper Aubrey Group * * *”; the age
assignment, therefore, was changed back to the Permlam
where it remains today.

Other age assignments that changed repeatedly were
those of the Tonto Group and the Grand Canyon Series.
The Tonto was changed from Devonian (“Old Red”)
to Cambrian (“Potsdam”), to Primordial Silurian, to
Carboniferous, and finally back to Cambrian, where it
has remained since the middle 1880’. Assignment of its
stratigraphic position within the Cambrian, however,
continued to be changed until recent years, as shown in
McKee and Resser (1945, p. 12), reproduced as figure 9
of this publication. Stratified rocks of the Precambrian
Grand Canyon Series, first recorded by Powell (1875,
p- 212) but not assigned an age, were later variously
considered as Silurian (Powell, 1876; Dutton, 1882),
Lower Cambrian (Walcott, 1883), and finally Precam-
brian (Walcott, 1886, p. 41). Today they are established
as late Precambrian.

The most detailed stratigraphic work done in Grand
Canyon during the last part of the 19th century was by
Walcott. Not only did he measure numerous sections
of various formations and make systematic collections
of fossils that he later (1897-1925) described in 15 pa-
pers, but he also made many suggestions concerning
paleogeography, sedimentology, and paleoecology.
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Freure 9.—Changes in age assignment of Tonto Group. From McKee and Resser (1945, p. 12).

Among his most significant contributions to sedimen-
tary stratigraphy are:

1. (Walcott, 1880). A description of the channeling and
extensive erosion surface formed on Cambrian
limestones before deposition of the Devonian.

2. (Walcott, 1883). An interpretation of the environ-
ment of deposition during late stages in develop-
ing the great pre-Paleozoic unconformity and a
description of the buried knolls and ridges of Pre-
cambrian rocks projecting into the basal Cambrian
strata that illustrate “the sea breaking off and
burying with drifting sand, fragments of the rocky
islands” (p. 439).

3. (Walcott, 1890). A detailed study of the fault move-
ment that occurred after cessation of Precambrian
sedimentation and before Cambrian sedimentation
along the line referred to as the East Kaibab dis-
placement. He pointed out that the downthrown
side was to the west, rather than to the east, as in
later movements, and that the movement in Pre-
cambrian time ranged from 400 to 4,000 feet.

4. (Walcott, 1894). A record of the volcanic history
of late Precambrian time. True fissure eruptions
were shown to be represented in the Unkar Group
by dikes and by a series of lava flows interbedded
with red sandstones. The dikes had been first noted

by Powell (1875, p. 81) on his river trips.

5. (Walcott, 1895, p. 329). Recognition that the Grand
Canyon Series, with its long history of “oro-
graphic movement and subsequent erosion” after
deposition, must have formed in Precambrian time,
as these events would have exceeded the time inter-
val recognized as necessary for Lower Cambrian
sedimentation in other regions.

6. (Walcott, 1895). The first detailed stratigraphic sec-
tions of upper Precambrian rocks in the Grand
Canyon and measurements of the succession total-
ling 12,000 feet.

EXPANDED STRATIGRAPHIC STUDIES,
1900-1935

During the first third of the present century, studies
involving the stratified rocks of Grand Canyon greatly
increased, and many new geologists appeared on the
scene. Probably some of the acceleration in geological
activity was directly related to opening of the Bright
Angel and El Tovar Hotels in 1896 and 1905, respec-
tively, and to the construction of a branch line of the
Santa Fe Railroad to the South Rim in 1901. This made
the Grand Canyon much more accessible than before.
Also, a general increase in the number of geologists and
the spreading fame of the Grand Canyon probably con-
tributed to an expansion of interest.
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Many of the studies during this period were of local
areas, were limited in scope, and merely added to the
sum total of general knowledge. Among the contribu-
tors were such eminent geologists as F. L. Ransome
(1908, 1916), N. H. Darton (1910, 1925), H. H. Robin-
son (1913), Charles Schuchert (1918a, 1918b), J. B.
Reeside, Jr., and Harvey Bassler (1922), R. C. Moore
(1925), and C. R. Longwell (1928). New descriptive
data and, in some cases, detailed sections for various
rock formations were recorded. Ideas concerning paleo-
geography, especially the probable locations of positive
elements in neighboring regions, and the sources of sedi-
ments were suggested by Ransome (1916), Schuchert
(1918a), and Darton (1925). Many paleontological pa-
pers by 'C. D. Walcott (1897-1925) were published, al-
though his Grand Canyon fieldwork had been finished
before 1900. Many Cambrian fossils from Grand Can-
yon were described by him, and one paper (Walcott,
1918) was devoted to the tracks and trails of trilobites
and other invertebrates. Other trace fossils, consisting
of reptilian footprints in the Permian Coconino Sand-
stone and probable amphibian tracks in the Supai
Formation of Pennsylvanian and Permian age, were
studied by Gilmore (1926, 1927, 1928).

Some new formation names were given and some type
sections were selected during this period, and termi-
nology was being stabilized. The names Supai For-
mation, Coconino Sandstone, and Kaibab Limestone
were proposed by Darton (1910, p. 25-28) for units of
the Aubrey Group. Likewise, Tapeats Sandstone,
Bright Angel Shale, and Muav Limestone were pro-
posed by Noble (1914, p. 41, 61) for divisions of the
Tonto Group; Hotauta Conglomerate, Bass Limestone,
Hakatai Shale, Shinumo Quartzite, and Dox Sand-
stone were proposed for units in the Unkar Group.
(Noble, 1914, p. 41). A new formation, the Hermit
Shale, was created from the upper part of the Supai
(Noble, 1922, p. 64). Thus, most of the Grand Canyon
formations as we know them today had been recognized
and named by 1935.

The contributions of one geologist—Levi Noble—
during the period 1900 to 1935 were outstanding. A
very large fund of factual data, which has stood the
test of subsequent checks was accumulated by Noble;
furthermore, he attempted a considerable amount of
thought-provoking interpretation. Like Newberry in
the earliest days and Walcott somewhat later, he ad-
vanced ideas, using all the evidence at hand, to interpret
the genesis of the various stratified rocks and to ex-
plain the missing intervals. Perhaps the most important
feature of Noble’s work, however, was the pattern of
stratigraphic study that he promoted and that has

strongly guided much subsequent investigation in the
region.

Noble (1914, p. 60) recognized that although “the
distribution and broader character of the [stratified]
rocks of the Grand Canyon are familiar to every geol-
ogist * * *7 details of stratigraphy were still very
imperfectly known. He stated (p. 60) that “a close and
accurate comparison and correlation of the thickness
and character of the Paleozoic formations from place
to place in the Grand Canyon must therefore depend on
the results of future detailed work at many points.”
Noble (1922) then proceeded to follow his own advice;
he produced a classic paper on detailed stratigraphy in
which trends and changes in all Paleozoic formations of
eastern Grand Canyon were described and analyzed for
a distance of about 30 miles. This work set the stage for
most subsequent studies, especially those involving
paleogeography, the distribution of life, environment of
deposition, paleoclimate, and other interpretive sub-
jects.

One of the earliest attempts to analyze in detail
available data bearing on the environment and history
of the entire sequence of stratified rocks in Grand
Canyon was presented by Noble (1914, p. 80-88). In his
synthesis, he described his concepts of the genesis of
each successive formation from bottom to top of the can-
yon walls and discussed for each unit such features as
climate, advances and retreats of the sea, agents of
sediment transport, and sources of sediment. An ex-
cellent illustration of Noble’s (1914, p. 62) skill in
describing and interpreting environmental features is
seen in the following quotation :

Within the Tapeats sandstone is a record of marine planation
that in these vertical sections, which include no soil, is pre-
served with a clearness that is almost beyond belief. The long
southwestern face of the Unkar island monadnock was undercut
by the waves of the sea in which the sandstone was deposited,
and a cross section of this old sea cliff preserved in the Tapeats
sandstone in the southern wall of Hotauta Canyon near the
Colorado reveals clearly every detail of the structure; at the
base of the cliff huge angular blocks of Shinumo quartzite are
incorporated in the Tapeats sandstone in the places where they
fell and lodged ; farther out lie masses of bowlders, worn and
rounded by the pounding of the waves; and these bowlders run
into lenses of fine pebbly conglomerate, representing the shingle
of the ancient beach, dragged out by the undertow. No more
striking example of a fossil sea cliff can be imagined.

RECENT STUDIES (SINCE 1935) AND
THEIR INTERPRETATION
The greatly increased number of geological investi-

gations and the accelerated pace at which new data on
Grand Canyon stratified rocks have become available
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since 1935 are impressive. One trend has been toward
specialization as new techniques in field and laboratory
work have been developed and as new information has
become available from related fields or from surround-
ing regions. A second trend has been toward broad
regional generalizations made possible by the large
amount of comparative data accumulated and compiled
and by the application of statistical methods of study.

In order to summarize the results of recent studies in
the Grand Canyon area, each of the specific phases of
geology involved is considered below. Within this
framework, the principal contributions, including in-
terpretations, are presented in chronological sequence,
from oldest to youngest formation.

Rock Classification—Revisions And Additions

Few major changes in the nomenclature of the Grand
Canyon stratigraphic column have been proposed since
Noble’s definitive work of 1922. Principal additions to
the list of formations and groups are the Nankoweap
Group of Van Gundy (1934), Pakoon Limestone and
Queantoweap Sandstone of McNair (1951), Callville
Limestone, and Toroweap Formation. The name Rama
Formation was suggested (Maxson, 1961) for intrusive
rocks of late Precambrian age in the Bright Angel quad-
rangle, but because farther east these igneous rocks in-
clude basaltic flows that are interbedded with strata of
the Dox Sandstone, the desirability of applying this
name is questionable.

Nankoweap Group is the term applied by C. E. Van
Gundy (1934; 1951) to sandstones and shales formerly
assigned by Walcott to the lower part of the Chuar
Group and the upper part of the Unkar Group of late
Precambrian age. It is described as having erosional
unconformities both above and below and as having a
thickness of about 300 feet.

The Callville Limestone (Longwell, 1921, p. 47;
1928) and the Pakoon Limestone (McNair, 1951, p. 524—
525) (fig. 10B, this publication) are names originally
given to rock units outside the Colorado Plateau but
subsequently recognized in the walls at the west end of
Grand Canyon. Both units are dominantly limestones
that are laterally equivalent to parts of the Supai For-
mation in the eastern Grand Canyon area. Where the
boundary between the Supai Formation and its car-
bonate equivalents should be drawn still is not knownj
clarification of this problem awaits further detailed
work.

The Queantoweap Sandstone was described by A. H.
McNair (1951, p. 525-526). It is the upper cliff mem-
ber of the Supai Formation in western Grand Canyon
and has long been known as the Esplanade Cliff unit.

337—429 0—69——4

Throughout most of the canyon area, this unit is con-
sidered the upper part of the Supai Formation.

The name Toroweap Formation (fig. 104) was pro-
posed by McKee in 1938 (p. 12-28) for lower members
of the Kaibab Limestone of Darton (1910) ; the name
Kaibab was restricted to the original upper units. This
revision serves to emphasize dual transgression as repre-
sented by the limestone members of each formation and,
in addition, gives recognition to the unconformity be-
tween these units and to differences in faunas of the two
limestones.

Most of the recent revisions and additions to the clas-
sification and nomenclature of stratified rocks in

Grand Canyon have involved units of member status.

In the Cambrian, Mississippian, Pennsylvanian, and
Permian rocks, such subdivisions have been recognized,
and names have been applied to most of them.

In the Cambrian strata of Grand Canyon, key beds or
marker beds of various types have been traced for many
miles along canyon walls; these beds make feasible the
recognition of intervening stratigraphic units, most of
which have been given formal names (McKee and Res-
ser, 1945, p. 80-110). These units consist of eight mem-
bers and seven tongues, as illustrated in figures 11 and
12 of this report. Members are recognized within the
carbonate rock sequence by virtue of certain marker
beds, considered to be essentially time planes, that form
bounding surfaces. Tongues of dolomite extend laterally
from the limestone members into a sequence of shales,
siltstones, and fine-grained sandstones. Thus, although
the formation boundaries cross time planes because of
transgressions and regressions, the members within
these Cambrian strata do not.

The Redwall Limestone has been divided into four
members, first tentatively designated by numbers and
then by letters, as indicated in figure 13. The members
were later given the formal names, in ascending order,
of Whitmore Wash, Thunder Springs, Mooney Falls
(fig. 14C), and Horseshoe Mesa (McKee and Gut-
schick, 1969, chap. 2). These well-defined units are
based on distinctive lithologic features and are believed
to represent two periods of marine transgression, each
followed by a period of regression. They apparently are
independent of time units as shown by faunal zones,
especially those of foraminifers, that are abundant in
these rocks.

Subdivision of the Supai-Hermit red-bed sequence is
necessary if progress is to be made in unravelling the
history of these rocks; however, difficulties are posed
by the lack of extensive fossil zones that can be used
as markers and by the similarity of different rock units.
Fortunately, because datable limestones and dolomites
intertongue with the red beds on the west and south, the
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FF1eure 10.—Stratified rocks of Grand Canyon. A, View west from Twin Springs Canyon: (S,e) Supai Formation, Espla-
nade cliff unit; (H) Hermit Shale; (C) Coconino Sandstone; (T) Toroweap Formation; (K) Kaibab Limestone. B,
View north from head of Pigeon Wash: (R) Redwall Limestone; (8,1) Supai Formation, lower cliff unit; (S,m)
Supai Formation, middle cliff unit; (P) Pakoon Limestone of McNair (1951).
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and distribution of facies from east to west. (Time planes are horizontal ; actual thxckness ranges from 1,500 feet in west to

800 feet in east.) From McKee and Resser (1945, fig. 1).

dating of major rock units in some areas has been ac-
complished. Furthermore, several thin conglomerate
units (Fig. 144 ) have been shown to be widespread and
probably mark hiatuses between natural divisions
within the rock sequence. In any event, faunal evidence
from the limestones shows that the Pennsylvanian Sys-
tem is represented by rock equivalents of the Morrow,
Des Moines, and Virgil Series and that a series equiva-
lent (Atoka, Missouri) is missing between each two of
these. Furthermore, rocks of Wolfcamp age of the Per-
mian rest unconformably on rocks of Virgil age. Thus,
although no formal names are as yet proposed and
boundaries are not recognized in many areas, available
evidence suggests that at least four definite subdivisions
(members) occur with in the Supai-Hermit sequence.

Classification of the Kaibab Limestone (fig. 15) has
been changed several times during the past half cen-
tury. Three members (A, B, C) were recognized by
Noble in 1922 (p. 68-70), but in a later, more detailed
study, he (Noble, 1928, p. 52-54) included five members
(A-E) in which the designations of individual units
did not correspond with the earlier ones. When still
another change in assignment became necessary because

of the designation of the Toroweap Formation (McKee,
1938, p. 18) (fig. 16, this report), the Greek letters «, 83,
and y were used (descending order) for the members
of each formation to avoid confusion with either of the
earlier systems. The y member is believed to represent
the time of advancing seas, the 8 member the time of ex-
tended seas, and the « member the time of receding
seas.

Refinements In Age Determination

Since 1886, rocks of the Grand Canyon Series have
been considered Precambrian in age (Walcott, 1886, p.
41), and in 1890, they were referred to the “Algonkian”
on the basis of stratigraphic position (Walcott, 1890,
p. 50, 52). No fossils of diagnostic age have yet been
found in these rocks, and no direct dating by potassium-
argon, rubidium-strontium, or lead-uranium measure- .
ments has yet been reported, but new data have strength-
ened the stratigraphic evidence. Discovery that the
Tapeats Sandstone is of Early Cambrian age, at least in
western Grand Canyon, and that it is a continuous
transgressive sand body across the region from west to
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F16URE 12.—Correlation of Cambrian formations and members in the Grand Canyon. From McKee and Resser (1945, fig. 2B).

east (McKee and Resser, 1945, p. 11-15) shows that the
Grand Canyon Series is clearly older than earliest Cam-
brian. Unconformably underlying the series, moreover,
are metamorphic rocks intruded by pegmatites that
have a minimum age of 1,540 m.y. on the basis of rubid-
ium-strontium measurements (Giletti and Damon,
1961). These measurements indicate that rocks immedi-
ately below the Grand Canyon Series either are to be
correlated with the Mazatzal revolution (Damon and
Giletti, 1961) or are younger, as argued by Wasserburg
and Lanphere (1965, p. 755). In either case, the Grand
Canyon Series must be considerably younger than the
dated pegmatites. .

Correlation between the Grand Canyon Series and
certain other rocks long suspected to be of similar age—
especially the Apache Group of southern Arizona and
the Belt Supergroup of Montana and Idaho—involves
many uncertainties. Nevertheless, recent studies of the
Apache Group by Shride (1967, p.80-81) have
prompted him to suggest, on the basis of similar se-
quences of distinctive features, a correlation between
parts of this group and lower units of the Unkar. He

believes that stratigraphic equivalents of the Dox Sand-
stone and the Chuar Group are absent in southern Ari-
zona because of erosion prior to Cambrian deposition.
Further progress in the matter of correlation probably
must await the determination of absolute ages.

Today, the age of the Cambrian rocks of Grand
Canyon seems to be well established, on the basis of
extensive fossil collections. These collections consist
mostly of trilobites and brachiopods and include some
gastropods, Conchostraca, cystids, and sponges, de-
scribed for the most part by C. E. Resser (in McKee
and Resser, 1945, p. 185-220). Systematic collecting of
these fossils has demonstrated that they occur in well-
defined zones ranging from late Early Cambrian to
approximately the middle of Middle Cambrian time
(McKee and Resser, 1945, p. 29-33). Although many
of the fossil genera have considerable vertical range,
extending through much of the Cambrian of the area
studied, the' species are mostly very limited in range,
being restricted to single members or rock units 150
feet thick or less. Three principal faunal zones in the
Grand Canyon occur within a rock thickness of slightly
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F1eURE 13.—Development of stratigraphic subdivision of the Redwall Limestone. From McKee and Gutschick (1969, table 1).

more than 1,000 feet, and because of the widespread dis-
tribution and abundance of some species, these fossils
form excellent horizon markers, as shown in figure 17.

Little more is known today, concerning the age of
Grand Canyon rocks assigned to the Devonian System,
than was known in 1879 when Walcott (1880, p. 225)
discovered “placoganoid fishes” in the walls of Kanab
Canyon, a few miles above its junction with the main
canyon. Additional fish specimens were found by Noble
(1922, p. 51, 52) at Sapphire Canyon, and these were
assigned to the genus Bothriolepis by Gidley; none,
however, have been reported since. The early specimens
from Grand Canyon are discussed in a restudy of
Devonian fresh-water fishes from the Western United
States by Denison (1951, p. 221, 230) who concurs in
the generic identification and states that the genus is “a

characteristic element of Late Devonian fresh-water
faunas throughout much of the world” (1951, p. 223).
In the most recent stratigraphic report on the Devonian
of Arizona (McKee, in Poole and others, 1967, p. 887),
the Temple Butte Limestone of Grand Canyon is shown
as probably representing much of the Frasnian stage
or lower part of the Upper Devonian Series. A sugges-
tion is made that the Temple Butte is approximately
correlative with the fossiliferous and well-dated Jerome
Member of the Martin Formation in central Arizona,
the fossils of which have been reported on by Teichert
(1965).

In the Redwall Limestone, determination of fossil
zones and consequent age assignments for various parts
of the formation have resulted from extensive syste-
matic fossil collecting within recent years (McKee and
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Ficure 14.—Some sedimentary features in stratified rocks of Grand Canyon. A, Conglomerate containing chert
and jasper pebbles; forms key bed in lower part of Supai Formation, Whitmore Wash. B, Channel at top
of thin-bedded carbonate rock of Cambrian age filled with poorly-bedded Devonian dolomite, Lone Tree
Canyon. ¢, Massive limestone cliff formed by Mooney Falls Member of Redwall Limestone, Parashant Can-
yon. D, Cambrian-late Precambrian unconformity. Tapeats Sandstone resting on beveled surface of diabase
in Dox Sandstone, Cremation Canyon. B, Cyclothem of (1) red bed, (2) aphanitic limestone, and (3) bedded
gypsum (ascending order) in Toroweap Formation, Wolf Hole. F, Beds of (c¢) earthy chert, alternating with
beds of (s) calcareous sandstone, Kaibab Limestone, near south Kaibab trail. G, Bedded chert (dark bands)
alternating with aphanitic limestone (light bands) in Thunder Springs Member of Redwall Limestone,
Iceberg Canyon.
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Btatus

Environment—locality

Character

Other names—fauna

a member (upper)

Time of receding seas

Western area, i. e. Toroweap and

Thin-bedded limestones, chemical pre-
cipitates, red beds, local cross-bedded
sandstones

Bellerophon limestone of Powell; Super
Aubrey of Huntington and Gold-
thwait; Harrisburg gypsiferous mem-~
ber of Reeside and Bassler; subdivi-
sion A of Noble, 1928

Facies1............ Alternating red beds, gypsum deposits, | Fauna mostly molluscan, some brachio-
westward and thin-bedded limestones pods
Facies 2............| Middle, eastern area, i. e. Hilltop to | Alternating thin-bedded limestones and | Fauna molluscan
Little Colorado red beds
Facies 3............ Southern and southeastern areas, i. e. | Thin-bedded limestones in great thick- | Fauna not well known but probably like
Sycamore Canyon east over Mogol- [  ness; locally sandstones, cross-bedded | preceding .
lon Plateau and flat-bedded, mostly light-colored
Facies4............ Apparently restricted to area of | Massive magnesian limestone Fauna molluscan, mostly gastropods
lgimey Jim Ranch between Flag- )
staff and Cameron
Facies5............ San Rafael Swell, along Fremont | Thin-bedded, magnesian limestone Fauna not well known; mostly mollus-
River, Circle Cliffs can; correlation tentative
B8 member (middle). . . .| Time of extended seas Massive crystalline limestone, sandy | Subdivision A of Noble, 1922; subdivi-
limestone, and sandstone; in part sion B of Noble, 1928
: with bedded and concretionary cherts
Facies1............ Western area, i. e. from Hermit and | Largely crystalline limestone, becoming | Fauna of molluscoids, corals, and
Aubrey Cliffs west sandy toward eastern border, concre- |  sponges
tionary chert abundant
Facies2............ East, central area, near Kaibab Trail | Sandy limestone and sandstone beds al- | No fauna except on borders, where
and Sycamore éanyon ternating with bedded cherts species of adjoining facies appear
Facies3............ Middle, eastern area, i. e. Point Im- | Fine, uniform-grained, non-calcareous | Fauna molluscan
perial, Desert View Point sandstone, brown
Facies4............ Eastern, southeastern, and southern | Dolomitic limestones, in places sandy or | Fauna mostly molluscan
areas, esp. on Mogollon Plateau, alternating with sandstones
Little Colo. and Marble Canyons
Facies 5............ San Rafael Swell, along Fremont | Sandstones, sandy limestones, and | Fauna largely of molluscoids
River, Circle Cliffs limestones correlation tentative
~ member (lower)..... Time of advancing seas Massive and thin-bedded, impure lime-
stones
Facies1............ Southern and southeastern area, i. e. | Magnesian limestones with sandy lime- | Fauna of large mollusks
on Mogollon Plateau stones confined to Mogollon Plateau
Freure 15.—Classification of rock units in the Kaibab Formation. From McKee (1938, table 4).
Status Environment—locality Character Other names—fauna

WESTERN PHASE

a member (upper red) . .
Facies 1

Facies2............

B member (limestone). .
Facies 1

Facies2............

v member (lower red). .

Time of receding seas

Western area, i. e. from Hilltop west-
ward

Eastern area, i. e. from Fossil Mtn.
to Hance Trail

Time of extended seas

Western area, i.e. Toroweap and
westward

Eastern area, i.e. Hilltop east to
Desert View

Time of advancing seas

Red beds, gypsum, chemical limestones

Red beds, thin-bedded limestones, gyp-
sum deposits .
Red beds

Massive limestones

Massive, crystalline and dense, marine
limestones

Massive, impure, brackish-water lime-
stones

Red beds, other sandstones and shales,
gypsum in west

Subdivision B of Noble, 1922; subdivi-
sion C of Noble, 1928

No fauna except in one pelecypod lime-
stone

No fauna except in one pelecypod lime-
stone

Subdivision C of Ndble, 1922; subdivi-
sion D of Noble, 1928
Fauna of molluscoid types

Fauna of mollusks

Subdivision E of Noble, 1928

Facies1............ Throughout area Red beds and other sandstones. Gyp- | No fauna
sum reported in west, new facies?
TRANSITION PHASE
Intertongued type..... Transition area, i. e. Hance Trail, Des- | White cross-bedded sandstones finger- | No fauna
ert View, Sycamore Canyon ing into red beds
EASTERN PHASE
Sandstone type....... Eastern area, i.e. Little Colorado, | White cross-bedded and gnarly-bedded | No fauna

Oak Creek Canyon

sandstones

Fiaure 16.—Classification of rock units in the Toroweap Formation. From McKee (1938, table 2).
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Ficure 17.—Principal key beds and horizon markers considered to be approximate time planes in

Cambrian deposits of the Grand Canyon: “(a) Olemellus-Antagmus horizon. (b) Tincanebits tongue,
boundary beds. (c) Meriwitica tongue, boundary beds. (d) Glossopleura-Alokistocare horizon. (e)
Rampart Cave member, basal beds. (f) Rampart Cave member, top beds. (g) Sanup Plateau member,
boundary beds. (h) Spencer Canyon member, boundary beds. (i) Lower conglomerate beds. (j) Peach
Springs member, basal beds. (k) Kanab Canyon member, basal beds. (1) Kanab Canyon member,
middle beds. (m) Gateway Canyon member, basal beds and conglomerate. (n) Upper conglomerate
bed. (o) Solenopleurella horizon. (p) Havasu member, top beds. (q) Top of Noble’s ‘Mauv C.”” From

McKee and Resser (1945, fig. 8).

Gutschick, 1969, chap. 4). Foraminifers, brachiopods,
and certain genera of corals occur in distinct zones;
most other faunal groups seem to owe their distribution
patterns to facies control. The foraminifers form six
zones, two of which are divided into two subzones each,
and this zonation represents an almost continuous faunal
succession through the formation (Betty Skipp, in Mc-
Kee and Gutschick, 1969, chap. 5). Among the corals,
many forms are long-ranging, so they are not useful in
zonation; but two species, Dorlodotia inconstans and
Michelinia expansa form very distinctive widespread
zones (W. J. Sando, in McKee and Gutschick, 1969,
chap. 6). Brachiopods likewise seem to be useful as
zone indicators, but details of their distribution and
significance have not yet been published.

In the Redwall Limestone, rather good agreement
has been attained in age determinations based on inde-
pendent studies of the main faunal groups (McKee and
Gutschick, 1969). Zones of foraminifers show an age
range from late Kinderhook to middle? Meramec.
Brachiopods from several localities confirm the Kinder-
hook age in the basal parts of the sections involved;
brachiopods range upward through Osage and into
Meramec forms in many sections. Corals likewise indi-
cate a Meramec age for the uppermost beds in many
places. In one locality (Bright Angel trail), a thin
remnant of strata of Chester age, dated both by brachi-
opods and by foraminifers, has been preserved. In gen-
eral, age determinations and the character of the faunas
upon which these are based indicate a close relationship
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between the Redwall and other Mississippian Rocky
Mountain formations such as the Madison, Leadville,
Escabrosa, and Lake Valley Limestones.

The age assignment of the Supai-Hermit red-bed se-
quence, which has for a long time fluctuated between
Pennsylvanian and Permian, seems finally to be sta-
bilizing, as more and more diagnostic fossils are uncov-
ered in various parts of the area and at different hori-
zons. The age of the Hermit Shale was determined as

“upper Lower Permian” by David White (1929, p. 38) .

on the basis of plant species in its relatively large flora.
The Pakoon Limestone—a carbonate tongue extending
into the upper part of the Supai Formation from the
west—has been shown by McNair (1951, p. 525) to be
Permian also, for it contains an abundance of diagnostic
Wolfcamp fusulinids. More recently, numerous collec-
tions of invertebrate fossils, mostly brachiopods and
fusulinids, have been made by the writer (unpub. data)
from limestone tongues lower in the Supai, showing
that Pennsylvanian rocks of Virgil, Des Moines, and
Morrow age are also represented in the Supai.

Both the Coconino Sandstone and the Toroweap For-
mation, between the Hermit Shale and Kaibab Lime-
stone, have long been assigned to the Permian System
because of stratigraphic position. Virtually the only
fossils that have been found in the Coconino are tracks
considered reptilian, and although these are scarcely
reliable for precise correlation on the basis of present
knowledge, it is significant that some of the same forms
occur also in the Lyons Sandstone of Permian age.in
Colorado (Gilmore, 1926, p. 5, 13). The fauna of the
Toroweap is relatively small and nondiagnostic, but in
general it is similar to that of the Kaibab, which has
been correlated with the standard Permian of Texas.
Thus, the Leonard age of the Toroweap seems well
established.

The Kaibab Limestone that forms the rim of Grand
Canyon and constitutes the youngest Paleozoic forma-
tion in northern Arizona is now believed almost cer-
tainly to be of late Leonard age (McKee and Breed,
1969). Correlation with the standard Permian sequence
of Texas has been established on the basis of brachio-
pods (McKee, 1938, p. 170), mollusks (Chronic, 1952,
p. 111), siliceous sponges (Finks, 1960, p. 36), and nau-
tiloids (Miller and Youngquist, 1949, p. 9). Although
these faunal groups do not all suggest correlation with
the same rock unit in Texas, the youngest probable cor-
relative in the Texas sequence is the Road Canyon For-
mation, formerly the “First Limestone member” of the
Word Formation, which has been shown by Cooper and
Grant (1966, p. E6) to belong to the Leonard Series.

Fossils of the Kaibab Limestone, especially the bra-
chiopods, make possible rather firm correlations between

it and Permian strata of surrounding areas. The typical
brachiopod assemblage of the Kaibab occurs in the Con-
cha Limestone of southern Arizona (Gilluly and others,
1954, p. 31; Bryant and McClymonds, 1961, p. 1329).
This assemblage also is found in the section in the Con-
fusion Range, western Utah, so the name Kaibab has
been extended to that area (Hose and Repenning, 1959,
p- 2178-2179). Farther east in Utah, all marine Permian
strata seem to be of Guadalupe age and therefore are
younger than the Kaibab (McKee, 1954, p. 21; Yochel-
son, 1968, p. 625).

Paleogeography And Paleotectonics

Many attempts have been made within recent years
to reconstruct the geographic and tectonic features of
various ages in the Grand Canyon region. Paleogeo-
graphic maps prepared by Stoyanow (1942, pl. 5) illus-
trate his views, largely derived from the study of
invertebrate fossils, on the distribution of land and sea
within Arizona during various parts of the Paleozoic. A
series of isopach maps of the Paleozoic rocks of Arizona
and adjoining areas was published in 1951 (McKee,
1951). More elaborate and detailed maps, both isopach
and lithofacies, but only for certain Paleozoic systems,
have since been prepared as parts of the paleotectonic
map series of the U.S. Geological Survey (for example,
the Permian System: McKee, Oriel, and others, 1967;
also maps for Pennsylvanian and Mississippian Sys-
tems, unpub. data). These maps include Arizona. Fi-
nally, a detailed isopach map of Mississippian rocks of
the Grand Canyon area, and one for each of the Redwall
members, have been published by McKee and Gutschick
(1969, figs. 2,7, 16, 23, 28).

Information on paleogeography of upper Precam-
brian stratified rocks in Grand Canyon is meager, partly
because reliable data on precise correlation with rocks
of adjoining areas are lacking. Trends in lithofacies,
especially the considerable increase westward in per-
centage of carbonate rock within the Bass Limestone
and the greater proportion of sand in the Hakatai Shale
of eastern Grand Canyon than farther west were
pointed out by Noble (1914, p. 54). Van Gundy (1951)
obtained a small amount of information on directional
movements of currents for the Nankoweap Group of
Van Gundy (1934) and for the Chuar Group (Trevor
Ford and W. J. Breed, unpub. data). By and large,
however, the location and distribution of geographic
and tectonic trends and their relationship to trends that
dominated the history of Paleozoic time are not yet
known.
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Analysis of various maps, and accompanying texts,
of the Grand Canyon region for Paleozoic time shows
that the early concept of a landmass, referred to as
Mazatzal Land, separating basins of northern and
southern Arizona, does not satisfy the test of isopach
mapping. The geographic picture that has evolved (fig.
18) and that seems to be rather similar for all Paleozoic
systems is that of two positive elements—the Defiance
(or Defiance-Zuni) in northeastern Arizona and the
Ensenada southwest of Arizona—and seas from the
Cordilleran and Sonoran troughs to the northwest and
southeast, respectively, advancing periodically across
adjacent shelves to connect across the Arizona sag of
Eardley (1949, fig. 2) in central Arizona. Some doubt
exists concerning the validity of the Ensenada positive
area, because the record of Paleozoic rocks is poor in
southwestern Arizona (McKee, 1947) ; thickness trends,
however, suggest a definite and considerable thinning
toward that corner of the State.

Significance Of Unconformities

Because strata in the walls of Grand Canyon are not
concealed, either by debris or by vegetation for long
distances, buried erosion surfaces of various types and
magnitudes appear as prominent features, A realization
that these erosion surfaces may be the time equivalents
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fig. 2).

of great numbers of strata elsewhere in the geologic
column makes their importance in the region’s history
apparent.

The most obvious and also the most significant of un-
conformities seen in the walls of Grand Canyon are
those at the base of the Grand Canyon Series of late
Precambrian age (fig. 194) and at the bottom of the
Tonto Group of Cambrian age (figs. 14D, 194, and
19B). These unconformities were discussed by Powell
(1875, p. 212), who pointed out that each represents a
sequence of events of tremendous importance in earth
history, including the formation of mountains by
tectonic forces, the erosion of these mountains to a
condition of base level, and, finally, the burial of the
erosion surfaces by sediments of advancing seas.

Various aspects of these great unconformities have
subsequently been examined and studied by many geol-
ogists, including Walcott, Noble, Hinds, Sharp, and
McKee. The terms “Ep-Archean” and “Ep-Algonkian”
were used by Hinds (1935, p. 4) in order to facilitate
reference to each unconformity, and this procedure was
subsequently followed in discussions by Sharp (1940)
and by McKee (McKee and Resser, 1945). Principal fea-
tures considered during investigation of the unconformi-
ties were the amount of relief on the erosion surfaces, the
relative importance of marine as opposed to subaerial
erosion, the duration of each period of erosion, and the
climatic implications for each interval.

Probably the most conspicuous feature of the earlier
or “Ep-Archean” erosion surface is its extreme flatness;
it has relief not exceeding 20 feet in most areas and an
observed maximum of 50 feet (Hinds, 1935, p. 10). In
contrast, the “Ep-Algonkian” surface, although also re-
ferred to as a peneplain by some authors (Hinds, 1935,
p. 49; Sharp, 1940, p. 1244), consists of a series of block-
faulted quartzite ridges, some of which rise 800 and
900 feet above the general base of erosion (McKee and
Resser, 1945, p. 117).

A weathered mantle from subaerial erosion is typical
of both the “Ep-Archean” and “Ep-Algonkian” sur-
faces. Although only slight chemical weathering (on the
“Ep-Archean” surface) was reported by Noble (1910,
p. 524; 1914, p. 81) and a dominance of mechanical dis-
integration for both surfaces was suggested by Hinds
(1935, p. 50), a depth of weathering of 10 feet beneath
the “Ep-Archean” surface and as much as 50 feet be-
neath the “Ep-Algonkian” surface is recorded by Sharp
(1940, p. 1264). The thesis of intense chemical weather-
ing proposed by Sharp (1940, p. 1255-1257) .is sup-
ported by his studies of the progressive changes of
certain minerals such as biotite and feldspar, on evidence
of residual concentrations of iron oxide, and on meas-
urements of insoluble-residue accumulations.
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Fieure 19.—Major unconformities in Grand Canyon involving (1) Vishnu Schist (includes granite), (2) Grand Canyon
Series, (3) Tonto Group, Cambrian. A, Unconformities between lower and upper Precambrian rocks and between
upper Precambrian and Paleozoic rocks near Shinumo Canyon opposite Bass trail. From Noble (1914, pl. 8B). B,
Unconformity between lower Precambrian rocks and Paleozoic strata west of Quartermaster Canyon.
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Marine erosion undoubtedly took part in shaping the
ultimate landscape that was covered by transgressing
seas during both late Precambrian and Cambrian times.
Examples of its effects on quartzite islands, forming sea
cliffs and other characteristic features (fig. 208), and
of its reworking of weathered material and of talus
have been cited by Noble (1914, p. 62), Sharp (1940, p.
1265), and McKee (McKee and Resser, 1945, p. 120).
Sharp (1940, p. 1265) contends, however, that these
“marine processes have modified the topography of the
surfaces only to a minor degree.”

The periods of time represented by the two great un-
conformities in Grand Canyon must have been of great
duration, as indicated by the record of events that these
unconformities portray. The tremendous amount of time
represented by the “Ep-Algonkian” unconformity so
impressed Walcott (1910, p. 14) that he assigned it a
name—the Lipalian interval—and he described it as
“an era of unknown marine sedimentation between the
adjustment of pelagic life to littoral conditions and the
appearance of the Lower Cambrian fauna.” The magni-
tude of this break in the record was later minimized by
Hinds (1989, p. 306), who argued that Lipalian time
was not one of long-continued emergence and that a
great break in the record did not separate latest Pre-
cambrian from Cambrian time. On the other hand, cal-
culations of the time involved in lowering by erosion
a land surface of the height represented by the upper
Precambrian strata of Grand Canyon were made by
Sharp (1940, p. 1260-1261), who concluded that
roughly 100 million years would have been required.

Other conclusions based on studies of the great un-
conformities have involved speculations on the climate:
during late stages of erosion and immediately preceding
marine deposition after each hiatus. Despite earlier con-
tentions to the contrary, a strong case was made by
‘Sharp (1940, p. 1255) to indicate that in both “Ep-
Archean” and “Ep-Algonkian” times dominantly humid
conditions prevailed. The evidence included considera-
tions of insoluble residues, nature and extent of weath-
ering, lack of caliche, content of iron oxide in detritus,
and type of residual feldspar.

Two relatively minor yet locally significant uncon-
formities have been recorded from within the upper
Precambrian strata of the Grand Canyon (Van Gundy,
1951, p. 954-955) . On the basis of these two stratigraphic
breaks, the Nankoweap Group of Van Gundy (1934)
was separated from the Unkar and Chuar Groups. The
earlier of the unconformities is described as being
formed on top of basaltic lava flows of the Unkar which
were eroded to an irregular surface and, in many places,
covered by a conglomerate of basalt and sandstone
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debris. The later unconformity likewise is marked by
an erosion surface and a conglomerate, and it underlies
magnesian limestone of the Chuar.

Compared with the two great unconformities formed
during and at the close of Precambrian time, others that
have left their records in the walls of Grand Canyon
are small. Nevertheless, the significance of various later
erosion intervals, in terms of time involved if not of
total volume of rock removed, is considerable. Most
notable of these time breaks are the pre-Devonian, pre-
Pennsylvanian, and pre-Triassic unconformities. More
difficult to recognize, but nevertheless of significance be-
cause of the hiatus involved, are unconformities under-
lying rocks of the Mississippian and Permian Systems
of thisarea. '

An unconformity involving a hiatus of considerable
magnitude—Late Cambrian, Ordovician, Silurian, and
Early and Middle Devonian time—has been recognized
at the top of the Cambrian sequence of the Grand
Canyon. This break in the record is marked by a sur-
face of erosion that in places consists of relatively
narrow channels, as much as 100 feet or more deep,
that ‘were subsequently filled with sediment of Late
Devonian age (fig. 14B). Such erosional irregularities
were noted first by Walcott (1880, p. 221; 1883, p. 438) ;
a detailed description of them, accompanied by sketches
(fig. 21), as found along a 28-mile stretch of Grand
Canyon walls, was subsequently given by Noble (1922,
p. 49-51). Since then, few new data concerning the
nature of this erosion surface have been obtained, but
observations by the writer indicate that channels similar
to those described also occur locally beneath thick
Devonian sections in western Grand Canyon. Where no
channels occur, the boundary between strata of Cam-
brian and Devonian age (Mississippian in parts of
eastern Grand Canyon), commonly is difficult to
recognize.

A pre-Mississippian unconformity is represented by
a flat, even surface between dolomite units of Devonian
(locally Cambrian) age and Mississippian age in
eastern Grand Canyon (Noble, 1922, p. 53), but in many
places it is obscure. Farther west, the unconformity is
marked by a surface of slight relief and local conglom-
erates, so in places it is more readily located but is still
not conspicuous (McKee and Gutschick, 1969, chap. 2).
Nowhere is there evidence of large uplift that would
cause marked dissection of the region or form angular
unconformable relations between formations; beveling
of the surface across a wide area, however, may have
taken place. Faunal evidence suggests that a hiatus
occurred, involving all of Kinderhook time in the east
and much of it in western Grand Canyon (McKee and
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F1cUreE 20.—Fossils and sedimentary features in stratified rocks of Grand Canyon. A, Wedge-planar cross-strata of
Coconino Sandstone near Bright Angel trail. B, Boulder of upper Precambrian Shinumo Quartzite incorporated in
fallen block of Cambrian Tapeats Sandstone, near south Kaibab trail. ¢, Trough-type cross-strata in upper part of
Supai Formation, along Topocoba trail. D, Tabular-planar cross-strata in Tapeats Sandstone at Forster Canyon. E,

Siliceous sponge, Actinocoelia, forming nucleus of spherical chert concretion, Kaibab Limestone, Hermit trail. F,

Probable worm borings in upper part of Tapeats Sandstone near Grand Wash Cliffs.
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Fieure 21.—“Diagrammatic sketches showing general charac-
ter of unconformity between Temple Butte limestone and
Muav limestone at eight localities between Garnet Canyon
and Cottonwood Creek, Grand Canyon, Ariz. @, Garnet Can-
yon; b, Bass Canyon; ¢, Ruby Canyon ; d, Turquise Canyon;
e, Slate Creek; f, Hermit Creek; ¢, Pipe Creek; h, Cotton-
wood Creek.” From Noble (1922, fig. 3).

Gutschick, 1969). The later part of Late Devonian time
may also be unrepresented in rocks of this region, though
evidence is scant (Poole and others, 1967, p. 887).
Between the Redwall Limestone of Mississippian age
and the Supai Formation of Pennsylvanian age is an
unconformity which, though scarcely noticeable in most
places along the walls of Grand Canyon, is, neverthe-
less, an excellent record of erosion by solution. A rugged,
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irregular karst surface with local relief ranging from
3 to 40 feet forms the top of the Redwall (McKee and
Gutschick, 1969). Depressions on this surface include
channels of through-flowing streams, indicated by well-
rounded cobbles and pebbles of chert and other durable
materials that partially fill them; also included are
ancient sinkholes, many of which contain angular frag-
ments of locally derived limestone or dolomite. Eleva-
tions on the erosion surface consist of flat-topped ridges
and low mesas or buttes that have been surrounded and
buried by blankets of red mud and, in some places, by
initial deposits of thin-bedded calcium carbonate of the
Supai Formation. In many other places, caverns and
solution-enlarged shrinkage cracks, partly filled with
red mud of the Supai, extend down into the Redwall.

The hiatus represented by the unconformity at the
top of the Redwall is between rocks of Meramec age
(probably Osage in eastern Grand Canyon) and those
of Morrow age—well above the base of the Penn-
sylvanian System. One exception is along the Bright
Angel trail where a remnant of Chester-age rocks caps
the Redwall (McKee and Gutschick, 1969). In the
Grand Canyon area, no appreciable reduction of the
original thickness of the Redwall occurred during pre-
Supai erosion, for only the thin upper member is
affected.

Probably the least well known of the important un-
conformities in the Grand Canyon sequence of stratified
rocks is that between the Pennsylvanian- and Permian-
age rocks. This stratigraphic break is marked by an
overlying conglomerate of rounded gravel, composed
largely of limestone, siltstone, and sandstone that seem -
to be locally derived. The conglomerate commonly has
been considered intraformational, but detailed studies
by the writer (unpub. data) show that it is persistent
and extends from one end of Grand Canyon to the
other. It is a gravel sheet that thins and thickens within
short distances and is absent locally; it rests on an un-
dulatory, channeled surface which in places has been
eroded to form depressions 30 or 35 feet deep. In west-
ern Grand Canyon this excellent marker bed lies be-
tween marine units containing fossils that indicate
Virgil (Late Pennsylvanian) age below and Wolfcamp
(Early Permian) above.

The top of the Kaibab Limestone, which forms the
rim of Grand Canyon, is in the approximate position of
the Permian-Triassic unconformity, although in only
a few places on the rim do overlying Triassic rocks re-
main to preserve the ancient erosion surface. This un-
conformity has been the subject of many detailed
studies: Dake (1920); Longwell (1925); Baker, Dob-
bin, McKnight, and Reeside (1927) ; and McKee (1938,
p. 55-61; 1954).
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The hiatus represented by the break between the
Kaibab Limestone and the Moenkopi Formation in-
volves the time between the Leonard or early part of
the Permian and the middle stage (Meekoceras zone)
of the Early Triassic. It is calculated, therefore, in
terms of some tens of millions of years. Physical evi-
dence of the unconformity consists of irregular surfaces
of erosion, of basal conglomerates, and, in some areas, of
angular discordance. The most conspicuous record of
vigorous erosion is in southwestern Utah and southern
Nevada, where narrow valleys or canyons, 100 to 700
feet deep and partly filled with large pebbles and
boulders, are reported (Longwell, 1921, p. 49; Reeside
and Bassler, 1922, p. 60). In contrast, in the region east
and north of the Grand Canyon, Ariz., the surface is
generally flat and even, and pebbles in the basal con-
glomerate are small and subangular.

Interpretations of the pre-Moenkopi erosion surface
differ materially. This surface has been attributed both
to marine planation (Dane, 1935, p. 52-53) and to sub-
aerial channeling by stream floods (Longwell, 1925, p.
106). The large channels, at least, seem to have been cut
and largely filled by locally derived gravels before the
first marine deposits were laid down.

Advances In Sedimentology

During the past 30 years, a considerable amount of
information has been obtained on the sedimentology of
certain Grand Canyon formations—especially those of
Cambrian age and the Redwall and Supai. The petrol-
ogy of most other rock units of Grand Canyon has been
studied to some degree but still offers many problems.

In contrast to most other rock units, strata of late
Precambrian age have received scant attention from the
standpoint of sedimentation and facies interpretation,
especially considering their great thickness and probable
importance in earth history. Early references to the
abundance of ripple marks and shrinkage cracks were
made by Walcott (1895, p. 323) and Noble (1914, p. 47),
and the presence of salt molds and other sedimentary
structures is known. According to Walcott (1895, p.
325), the basal conglomerate was an “old sea-beach
* ¥ A9 “sand and a few beds of calcareous mud ac-
cumulated” in this sea. Walcott described how “flow
after flow of basaltic lava poured out through these
[fissures] over the sea-bed” (p. 325), while sand deposi-
tion continued between flows. In brief, he visualized a
“great inclosed basin, or mediterranean sea” in which
these sediments accumulated (Walcott, 1895, p. 327).

More recent study of the upper Precambrian strata
of Grand Canyon by Van Gundy (1951) was con-

centrated on the petrography and sedimentary struc-
tures of a single small segment of strata—the Nan-
koweap Group of Van Gundy (1934). On the basis of
mineral determinations, grain texture, and sorting ob-
servations, and evidence of strain shadows and inclu-
sions in the quartz, a source for these rocks from the
Unkar basalts and from lower Precambrian metamor-
phic and silicic igneous rocks was postulated. Direc-
tional trends of ripple marks indicate a regional current
flow largely from south to north, and the absence of
salt molds (in contrast with their presence in the
Unkar beds below) suggests that depositing waters
were not high in salt content. The conclusions of Van
Gundy (1951, p. 959) were that rocks of this group
were deposited in a body of shallow water, possibly a
lagoon, bay, or estuary, connected with the ocean and
containing mudflats or tidal flats.

The sequence of Cambrian rocks in Grand Canyon
includes many different and distinctive types. These
types have been analyzed with regard both to distribu-
tion and to petrologic characteristics (McKee and
Resser, 1945, p. 37-79). Distribution of the rocks seems
to have been determined largely by the environmental
factors responsible for various facies; these facies ap-
parently migrated across the region during marine
transgression and regression in Cambrian time.

Approximately a dozen main lithologic facies are
recognized in the Cambrian strata of Grand Canyon.
These facies include a transgressive series, consisting,
from shore seaward (east-west), of conglomerate,
coarse-grained sandstone, fine-grained sandstone (fig.
22B), green shaly mudstone, glauconitic ferruginous
beds, rusty-brown dolomite, Géirvanella limestone, and
mottled aphanitic limestone. The sequence is repeated
in five principal steps (fig. 12; fig. 27) that record
stages of transgression across the region. Deposits of
regression, in contrast, include some very different
lithologic facies, such as silty micaceous platy lime-
stones, a distinctive type of glauconite bed, and thin-
bedded intraformational edge-wise conglomerates.
These strata are believed to have formed at times when
sedimentation had built up approximately to the base
level of deposition; this permitted only a very limited
accumulation of permanent deposits because of the slow
rate of concurrent basin sinking.

The Cambrian rocks of Grand Canyon offer one of
the best documented illustrations of the mechanics of
transgression (McKee and Resser, 1945, p. 133-138).
Evidence is available both from the Tapeats Sandstone
and from the Muav Limestone. Continuously exposed
rock surfaces across wide areas and the presence of thin
marker beds approximating time planes show that
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FIGURE 22.—Primary structures in stratified rocks of Grand Canyon. A, Wedge-planar cross-strata in middle part of Call-
ville Limestone, Grand Gulch mine trail. B, Interference ripple marks in fine-grained sandstone of Bright Angel Shale,
Pipe Creek Canyon. C, Eolian-type ripple marks on steeply dipping cross-strata in Coconino Sandstone, Kaibab trail. D,
Large-scale, tabular-planar cross-strata in middle cliff of Supai Formation, Havasu Canyon.

transgression consisted of a series of rapid advances,
with pauses of considerable duration between each
advance. During pauses, the sea floor was relatively
stable, and little sediment could accumulate because of
high base level, as shown in figure 23. Thus, periodic,
rather than continuous, advance of the sea occurred.

Detrital sedimentary rocks of the Cambrian, espe-
cially the coarse-grained sandstones, lend themselves
well to statistical studies of texture and structure.
Analyses show that the trough-type crossbedding,
which consists of successive, superimposed channels, each
filled either symmetrically or asymmetrically with dip-
ping foresets, is very common, but that medium-scale

tabular-planar and wedge-planar crossbeds also are
present (fig. 200). (Terminology for crossbeds accord-
ing to McKee and Weir (1953).) Directional studies of
cross lamination indicate a regional current trend from
east to west. In some local areas, islands of Precambrian
quartzite served to deflect the currents (McKee and
Resser, 1945, p. 125-131), and directions of dip on
crossbeds are very different in such places. Studies of
degrees of sorting, skewness, and other properties of
the sand grains have permitted reasonable speculations
on depth of water, rate of sand accumulation, and
other environmental considerations in reconstructing
the history of the Tapeats Sandstone.
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Frevre 23.—Reconstruction of boundary between coarse sand and shale developed during transgression of
the Cambrian sea. A. Based on field data only. B. Based on fleld data plus various theoretical con-

siderations. From McKee and Resser (1945, fig. 12).

The Redwall Limestone of Mississippian age has
recently been the subject of monographic treatment
(McKee and Gutschick, 1969). The sedimentology was
given careful consideration, along with stratigraphy,
paleontology, and other aspects of the formation. Car-
bonate rocks that form most of the Redwall were found
to be remarkably free of all detrital materials, but
bedded chert constitutes a significant part of two of the
four members. Dolomite, which forms a considerable
part of the carbonate rock, is largely restricted to the
lower part of the formation and is mostly in the rela-
tively thin sections of eastern Grand Canyon. This,
with other evidence, supports the concept that the dolo-
mite was formed by normal diagenesis on the sea floor
at an early stage after deposition.

Limestone of the Redwall includes both granular and
aphanitic types, and these types alternate in a cyclic
arrangement within the upper two members of the
formation across a wide area. Although grain size of
clastic carbonate particles may bear no relation to
depth or distance from shore, studies of the Redwall
suggest that cycles in this formation, recognized by
differences in grain size, probably resulted from system-
atic changes in water depth that effected differences in
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wave base (McKee, 1960a, p. 231). The granular lime-
stone of the Redwall includes three principal varieties
that can readily be recognized: peloidal, skeletal, and
oolitic. These varieties commonly occur in separate
beds, but mixtures of two or all of them are not
uncommon.

A semiquantitative study of bedded chert in the
Thunder Springs Member (fig. 14¢) of the Redwall
was made at selected localities throughout the Grand
Canyon region to determine relations and distributional
trends of rock types and of fossils (McKee, 1960b).
Through the analysis of a series of sample plots, a few
of which are shown in figure 24, the probable time of
chert development, on or beneath the sea floor, was
determined to have been at a very early stage of
diagenesis and before the associated calcium carbonate
of the eastern Grand Canyon had been changed to
dolomite. Furthermore, it was shown that types and
relative abundance of animals in the Redwall sea
differed according to paleogeographic location and (or)
type of associated sediment.

An attempt has been made to determine the degree
of turbulence (energy potential) represented by various
parts of the Redwall (McKee and Gutschick, 1969, chap.
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FI6URE 24.—Sample plots from four vertical outcrop faces of the Thunder Springs Member of the Redwall Limestone in

Arizona, showing distribution of chert, carbonate rock, and associated fossils. From McKee (1960b, fig. 210.1).
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14. The principal evidence used in these determina-
tions is the size and character of clastic grains in the
carbonate rock, although the attitude and condition of
included fossils locally also contributed evidence. In
general, the aphanitic limestones, believed to have orig-
inated as lime muds, were most probably accumulated
in quiet-water environments. Q6litic limestones are con-
sidered to represent environments of moderate energy
potential—agitated, warm, and very shallow waters;
peloidal limestones probably originated in waters of
moderate to strong turbulence; skeletal or bioclastic
limestones, in general, represent deposits from wave or
current agitation of considerable magnitude, at least as
compared with the energy conditions of other facies in
the Redwall.

Sedimentology of the Supai Formation and overly-
ing Hermit Shale has been much neglected until recent
times, probably because, as in most red-bed formations,
distinctive traceable rock units and widespread recog-
nizable fossil zones are scarce. This paucity of depend-
able criteria for correlation has made difficult the de-
termination of regional trends in the properties of
sediments and in the distribution of contemporaneous
facies. Before the 1960’s, contributions to the deposi-
tional history of these red beds, therefore, had consisted
only of a series of measured sections and a general de-
scription of texture, crosshedding, and other sedimen-
tary features by Noble (1922, p. 60) and of a classic
report on the flora of the Hermit Shale by David White
(1929), in which the significance of mudecracks, salt
molds, rain pits, and other sedimentary structures is
discussed.

Recent sedimentologic work on the Supai and Hermit,
largely by the writer and associates (unpub. data), has
consisted of gathering data on thickness, lithofacies,
textural properties, calcium-magnesium ratios, and
current-direction data for various rock units. The use-
fulness of these data has depended on successfully work-
ing out a stratigraphic framework within which they
could be plotted. A series of maps has been prepared,
using material from measured sections that are dis-
tributed geographically as a net covering the Grand
Canyon area and that are divided into five stratigraphic
or vertical units within the red-bed sequence.

Current-vector maps based on average directions of
crosshedding dips were made for the Supai (fig. 200,
fig. 22D) and correlatives (fig. 224) as long ago as 1940
(McKee, 1940) , although at that time most of the strati-
graphic divisions of the Supai were not recognized, and
results were therefore rather generalized. A southerly
direction of sediment transport, determined at that time,
has been substantiated by subsequent more detailed

studies, made throughout a wide area and for each sub-
division of the Supai. Further support for the concept of
current movement in that direction has been provided
through the compilation of maps showing grain-size
distribution. Maximum grain sizes, dominant size grade,
and percentage of grains greater than fine-grained all
indicate a source to the north. Studies of calcium/mag-
nesium ratios indicate that a marine environment lay
both to the west and south.

Isopach and lithofacies maps for the upper or Per-
mian part of the Supai-Hermit sequence (McKee, Oriel,
and others, 1967, pls. 3A, 3B) show two lobes of mini-
mum thickness extending southward into northern Ari-
zona from southwestern Utah; they are composed
largely of sandstone and mudstone but include increas-
ing percentages of limestone westward. Maps of cor-
responding areas for various parts of Pennsylvanian
time (lower part of Supai) show somewhat similar pat-
terns, as illustrated, in part, by a total Pennsylvanian
isopach map (fig.25).

As a result of studies cited above, the Supai Forma-
tion is currently interpreted as a deltaic deposit. Evi-
dence includes the lobate form of the deposit, its alter-
nating sandstone and mudstone deposits that tongue
into limestone in two directions, the character of its
flora and fauna, and the types of sedimentary struc-
tures included. It apparently was built up by rivers that
flowed southward from southern Utah, and it merged
into marine deposits to the west and south. Its total
development involved at least four phases within Penn-
sylvanian and Permian time.

The Coconino Sandstone is, perhaps, best known in
the field of sedimentology because of its use during a
pioneer study of current-vector analysis. Reconstruc-
tion of current orientation through determination of
average dip directions of cross-lamination in the
Coconino was made by Reiche (1938) in the Grand
Canyon region and has served as a model for statistical
studies of this type. Previous considerations of the
Coconino—its petrography, minor sedimentary struc-
tures (fig. 22C), geometry of the sand body, and geo-
morphic features—had already indicated (McKee, 1933,
p- 113) a probable eolian origin of the formation. Later,
experiments on the forming of reptilian tracks in loose
sand and comparison of these tracks with footprints in
the Coconino, probably eliminated all reasonable doubt
concerning the genesis of the Coconino as a desert dune
deposit (McKee, 1944). Additional evidence of eolian
origin based on sedimentary structures (fig. 204) was
recorded by McKee (1945).

The Toroweap Formation and Kaibab Limestone
have not yet been studied using modern techniques and
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F1eure 25.—Isopach map of northern Arizona for the Pennsylvanian System.

methods of carbonate-rock analysis, but the rock units
of which these formations are composed were classified
and described as lithologic facies (McKee, 1938) at a
time when the concept of facies was still not widely
understood in the United States. Interpretation of the
environments represented by these facies was based on
composition, texture, structure, fauna, and paleogeo-
graphic considerations; continental, marine, and inter-
mediate environments were recognized.

A sedimentologic feature of the Kaibab that has been
given considerable attention and is significant in the
history of this formation is the genesis of the bedded
chert (McKee and Breed, 1969). Evidence that the chert
beds (fig. 14F) were formed by silica introduced by
rivers from the land and deposited by inorganic proc-
esses in an area where fresh and marine waters mingled
is furnished by (1) the gradation from clean sand into

pure calcium carbonate within the belt of bedded chert
deposits, (2) a complete change in fauna from near-
shore molluscan on the east to normal marine brachi-
opod-bryozoan-echinoid on the west, and (3) the cyclic
occurrence of the chert (figs. 26, 27).

Both the Kaibab and the Toroweap are cyclic in
character (McKee, 1964, p. 284). Each formation in-
cludes sediments of transgression, followed by those of
regression; these formations consist of three vertical
lithic divisions or members that have been characterized
as deposits of an advancing sea, deposits of the most
extended sea, and deposits of a receding sea (McKee,
1938, p. 35). Furthermore, within the regressive units
(upper members) of each formation, cyclic sequences
of smaller magnitude are recognized. Each of these
sequences consists of a succession of beds of red sand-
stone, aphanitic limestone, and gypsum, from the bottom
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F1eURE 26.—Facies distribution in middle mem-
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From McKee (1964, fig. 3).

up (fig. 14£) ; this succession is interpreted as the result
of a period of detrital accumulation followed by
evaporite precipitation.

Paleontology And Paleoecology

The problem of why traces of life are so uncommon
in rocks of late Precambian age, especially when fossils
are abundant and well developed in the Cambrian strata
directly above, has intrigued geologists since the early

days of geologic science. Attempts to discover recogniz-
able plants or animals in these rocks have been many,
yet results have been meager and mostly inconclusive.
In the Grand Canyon, the normal difficulty of travel
and of access to the upper Precambrian beds has been a
deterrent to collecting material, but aside from this
fact, study has been difficult because traces of life are
both rare and obscure.

Presence of a fragmentary fauna in the Chuar Group
of late Precambrian age was announced by Walcott in
1883 (p.441) and in 1886 (p. 43) ; the evidence was later
summed up (Walcott, 1895, p. 327) as “a minute dis-
cinoid or patelloid shell, a small Lingula-like shell
(which may be a species of Hyolithes) and a frag-
ment * * * of a trilobite * * ** The small discinoid
shell was believed phosphatic and was subsequently as-

- signed to a new genus and species, named by Walcott

(1899, p. 234) Chuaria circularis. Still later, Walcott’s
Chuaria was discussed by White (1928, p. 599), who
states that it “may be of plant origin, and can hardly
be a bivalve.” Additional specimens of this form have
recently been found in the Chuar by Trevor Ford and
W. J. Breed (unpub. data), who discuss the many un-
certaintiesin classifying it and the differences of opin-
lon on its interpretation. Meanwhile, the other ques-
tionable organic forms referred to by Walcott (1899,
p. 235) have been largely discredited for various
reasons.

Since Walcott’s ‘announcement, a few other reports
of fossil animals from the Grand Canyon Precambrian
have been placed on record. An impression in sandstone
of the Nankoweap Group, attributed to a jellyfish me-
dusa, was reported by Van Gundy (1937a, p. 314;
1987b, p. 304), discussed by Hinds. (1938, p. 186), and
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later named and described by Bassler (1941, p. 522,
pl. 64), who, however, stated that he “has become less
certain of his first opinion as to the animal nature of
the specimen * * *” Other “jellyfish-like impressions”
have been reported by Alf (1959, p. 62) from the Unkar
Group. The validity of the various claims is still in
question, however, and many scientists remain skeptical.
(See the opinion of G. Stiasny in Bassler (1941,
p. 521).)

The evidence for a clearly defined flora in the form
of stromatolites in the upper Precambrian rocks of
Grand Canyon is much more definite than is the evi-
dence for a fauna. Reference to “a stromatopora-like
form [in the Chuar Group] that is probably organic”
was made by Walcott in 1895 (p. 327). The structure
of that form was regarded as possibly corresponding
to that of Cryptozoon, and the form was referred to
COryptozoon? occidentale by J. W. Dawson (in Wal-
cott, 1899, p. 233). When the algal Collenia was created
(Walcott, 1914, p. 110), the form was placed in that
genus. Recent studies by Trevor Ford, University of
Leicester, England, and W. J. Breed, Museum of North-
ern Arizona, Flagstaff, Ariz., have shown that stroma-
tolites, including those reported by Walcott, occur at
three widely separated horizons in the Chuar Group
(unpub. data).

In the Bass Limestone of the Unkar Group, near the
base of the upper Precambrian sequence in Grand Can-
yon, four distinct forms of organic origin, including
Collenia, and two or three others of problematic type,

were collected and reported by White (1928, p. 598), .

but unfortunately they were never fully described.
Studies of the Bass Limestone and its algal deposits are
currently being undertaken by Michael O’Connor, De-
partment of Geology, East Carolina University, Green-
ville, N.C.

The fauna of the Cambrian rocks of Grand Canyon
has become well known through the work of C. E. Res-
ser (in McKee and Resser, 1945, p. 171). He made an
attempt to describe all Cambrian fossils that had been
- collected from the canyon up to 1945; so far as known,
no additional species have been collected and described
since that date. These fossils represent 76 localities, ex-
tending from the foot of Marble Canyon on the east
to the Grand Wash Cliffs, more than 100 miles to the
west. They represent many zones within the Tapeats
Sandstone, Bright Angel Shale, and Muav Limestone.

The Cambrian fauna of Grand Canyon consists of
47 species of trilobites, which constitute the most con-
spicuous and abundant element, 16 species of brachio-
pods, and several species of gastropods, mostly
Hyolithes. Also included are numerous species of Con-
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chostraca, sponge spicules, an Eocrinus, worms (fig.
20F) and algal colonies of the form known as Gérva-
nella. Distribution of trilobites clearly was controlled
by facies; those in green shales are different from those
in limestone. The Conchostraca are confined to red, fer-
ruginous sandstones and most but not all species of
brachiopods are in the medium- to coarse-grained, near-
shore sandstones.

The fauna of the Devonian Temple Butte Limestone
of Grand Canyon is poorly known; consequently, un-
certainty exists about the environment of deposition of
this formation. The armored placoderm known as Bozh-
riolepis, found near the base of the formation both at
Kanab Canyon (Walcott, 1883, p. 438) and Sapphire
Canyon (Noble, 1922, p. 52), is considered to be a fresh-
water form. However, an assemblage of “Cyanthophyl-
loid corals, casts of brachiopods, and gastropods,”
including some forms typical of a marine environment,
has also been reported from the Devonian strata of
Kanab Canyon (Walcott, 1883, p. 438). Probably on
this basis, the suggestion is made by Denison (1951, p.
257) that “this is a near-shore facies, deposited in the
advancing Chemung sea * * * the only fishes reported
* * * must have been transported from a nearby land.”
Until additional diagnostic fossils are found, further
speculation along these lines seems futile, but a rugged
relief of as much as 100 feet at the formation base gives
cause for question concerning a marine origin.

Knowledge of the faunas of the Mississippian Red-
wall Limestone has greatly increased during the past
two decades. From one of the least known faunas in the
formations of Grand Canyon, it has become perhaps the
best known. This increased knowledge is primarily the
result of a team effort in which eight paleontologists
made detalled studies in their specialties, each con-
tributing a chapter to a monograph on the Redwall
Limestone (McKee and Gutschick, 1969). In addition,
several other paleontologists examined fossils repre-
sentative of minor groups and contributed data to the
general report. Both stratigraphic and ecologic aspects
of the various assemblages have been considered by
these investigators.

Brachiopods, corals, foraminifers, and crinoids are
the most common fossils in the Redwall Limestone;
gastropods, cephalopods, pelecypods, bryozoans, and
blastoids are fairly common; trilobites, fish, ostracods,
holothurians, and algae are also represented. Altogether,
17 groups of animals and one group of plants have been
recorded from 500 stations. The nine fossil groups that
represent the greater part of the entire fauna are dis-
tributed in distinctive combinations or associations
within members of the formation. Typical associations



STRATIFIED ROCKS OF THE GRAND CANYON 55

are coral-brachiopod-crinoid, brachiopod-bryozoan, and
coral-foraminifer-brachiopod.

Important data on the age and correlation of Red-
wall subdivisions have been furnished by studies con-
cerning vertical zoning of the corals (W. J. Sando, in
McKee and Gutschick, 1969) and studies of forami-
nifer zonation (Betty Skipp, in McKee and Gutschick,
1969). Much information on ecological and geographi-
cal features of the Redwall has likewise been provided
by these studies. Interpretation of environmental fea-
tures has been greatly furthered by studies of the mol-
lusks by E. L. Yochelson, bryozoans by Helen Duncan,
blastoids by D. B. Macurda, crinoids by J. C. Brower,
and cephalopods by W. M. Furnish (in McKee and
Gutschick, 1969). Data on the nature of bottom sedi-
ment, the turbulence of the water (energy factor), the
turbidity, and the depth of water have been obtained
from some of these faunal studies.

Scarcity of fossils in the red-bed sequence composed
of the Supai Formation and the Hermit Shale has made
practical subdivision of these rocks difficult. A moder-
ately large flora from the Hermit Shale, consisting of
35 species of terrestrial plants, has been studied and de-
scribed by David White (1929); these plants clearly
indicate an Early Permian age. Only a few poorly pre-
served plants have been reported from the Supai, and
these furnish little evidence of age. Other fossils in the
red beds are a few trackways of vertebrate animals
from both the Supai Formation and the Hermit Shale,
two wing impressions of insects from the Hermit
(Carpenter, 1927 ; 1928), and numerous deposits formed
from algal growth, mostly in the Supai (White, 1927,
p- 369). In some of the algal deposits plant forms and
structures have been retained.

General time relations based on zones of marine fos-
sils can be projected laterally in the walls of Grand
Canyon, because red beds of the Supai intertongue west-
ward with carbonate rocks commonly referred to the
Pakoon Limestone of McNair (1951) and the Callville
Limestone. Brachiopods from the lowest unit of the
Supai throughout the western half of Grand Canyon
establish the age of the basal Supai as Early Penn-
sylvanian (Morrow). Fusulinids, corals, and brachio-
pods from the Pakoon or uppermost limestone establish
its age as Early Permian or Wolfcamp. Between these
units of Morrow and Wolfcamp age, fossils are rela-
tively rare and age determinations correspondingly less
certain, but on the basis of both brachiopods and small
foraminifers, the strata probably represent Des Moines
or Virgil age or both. Determinations of these fossils
have been made by R. C. Douglass and L. G. Henbest
(foraminifers), R. E. Grant (brachiopods), and W. J.
Sando (corals), of the U.S. Geological Survey.

The fauna of the Coconino Sandstone consists exclu-
sively of tracks and trails; no skeletal parts or other
organic remains have yet been found. On the basis of
these footprints and trails, 17 genera and 22 species of
animals have been described by Gilmore (1926, 1927,
1928). The tracks are considered to be mostly reptilian,
and they represent a wide variety of quadrupedal
forms. Some animals apparently were the size and shape
of small lizards, others had large feet and long strides,
and still others were short limbed and wide bodied. In
addition, a few burrows of wormlike creatures and
trails of invertebrates, probably insects, are locally pres-
ent. The tracks and trails are clearly impressed; most
footprints show toes, claws, and heel marks on the long,
steeply-dipping surfaces of cross strata of which the
Coconino is composed.

General composition of the marine faunas of the Kai-
bab Limestone and, to a lesser extent, the Toroweap
Formation has been known a long time. Some of the
common forms were collected and described by geolo-
gists of the earliest expeditions (Marcou, 1858; New
berry, 1861). In following decades, extensive lists of
fossil determinations were prepared, most notably by
G. H. Girty between 1910 and 1930, and published in
the reports of many geologists. A summary of the pale-
ontology and descriptions of the brachiopods of these
formations was prepared by McKee in 1938 (pt. 2).
Since then many additional forms, representing most of
the faunal groups, have been reported and in some cases
described ; these additions have been listed and discussed
by McKee and Breed (1969).

As currently recognized, the fauna of the Kaibab and
Toroweap includes 7 genera of fish; 10, of crustaceans;
34, of brachiopods; 16, of bryozoans; 9, of corals; 34,
of gastropods; 85, of pelecypods; and 13, of cephalo-
pods. In addition, the Annelida, Porifera (fig. 20£),
scaphopods, echinoids, and crinoids are represented.
The distribution of most of these fossils was controlled
by facies. The nature of this distribution was not recog-
nized in the early days when the so-called Productus
fauna and the Bellerophon fauna were considered indi-
cators of different ages. Later, it was demonstrated
through field relations that most of the brachiopods
(Productus fauna) were restricted to relatively pure
limestones and represented normal marine environ-
ments, whereas pelecypods and gastropods (Bellero-
phon fauna) were dominant in the near-shore
sandstones and the magnesian limestones of contempo-
raneous age and represented brackish and (or) super-
saline environments (McKee, 1938, p. 133).

Studies of the physical factors that have probably
been responsible for the faunal distribution patterns
in both the Kaibab and Toroweap formations have been
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made by a number of geologists (McKee, 1938, p. 134
142; Nicol, 1944, 1965; Chronic, 1952). The principal
factors considered were bottom character, temperature,
depth, marine currents, salinity, amount of light, and
turbidity. For some of these factors, direct evidence is
recorded in the rock, but for others, inferences had to
be made from various types of evidence.

CONCLUSIONS

During the past 100 years, increasing investigation
of stratified rocks in the Grand Canyon has been re-
sponsible for a rapid expansion in the accumulation of
facts; as might be expected, these new facts have been
significant in the evolution of ideas about the regional
history. From the number of recent discoveries that have
modified earlier concepts, it is evident that changes in
our ideas concerning Grand Canyon rocks may be ex-
pected to continue for a long time. This is especially
true in such features as the genesis of certain rocks, the
significance of many fossils, and various environments
of deposition.

As Powell recognized during his boat trips in 1869
and 1871-72, clear exposures of the strata and the gen-
eral lack of structural disturbance offer nearly ideal
conditions for the study of these rocks. Many geologists
subsequently have realized that opportunities are ex-
ceptionally good for testing theories concerning natural
processes and for demonstrating the detailed record of
such phenomena as transgression and regression, cyclic
sedimentation, facies relationships, diastems, and others.
Thus, the Grand Canyon has proved to be one of the
world’s finest laboratories for illustrating various geo-
logical principles, especially those related to the history
of stratified rocks.
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T hirty million years of changes
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Grand Canyon, as sketched by W. H. Holmes of the Powell Survey and published in Dutton’s monograph (1832) on Grand
Canyon. View is about southeast along the axis of the Kaibab upwarp. In the distant skyline, right, is San Francisco Moun-
tain (F') and other volcanoes in the volcanic field south of Grand Canyon. The plateau surface is Permian limestone (Kaibab
Limestone) ; the canyon walls seen in this view are mostly the Permian, Pennsylvanian, and Mississippian formations. Alti-
tude of the rim here is about 8,200 feet ; bottom of the canyon (out of sight) is below 3,000 feet. San Francisco Mountain, about
70 miles away, is above 12,600 feet.
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