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ABSTRACT

The elevated Kaibab plateau in northern Arizona has

an area of 88 0 square miles and lies adjacent to the Grand

Canyon of the Colorado river. It is composed of a sequence

of lithified Paleozoic rocks that are approximately 4000

feet thick and consist of marine sediments that contain

very little permeability. The ground water system of the

plateau has two principal components: 1) circulation

through unfractured stratified rocks that range up to a

few tens of miles wide and 2) fault controlled drains.

In unfractured zones, most of the ground water

circulation takes place in the upper 900 feet of the

section. The water drains laterally through these rocks

toward fault zones or seep faces along the canyon walls.

Approximately 40 percent of the plateau surface (330

square miles) drains to canyon seeps.

Fault zones provide laterally and vertically

continuous large capacity conduits through the plateau.

These function as drains for the ground water system as

well as floodways for storm pulses that enter the faults

directly from the surface. Fracturing has controlled the

development of extensive karst networks in limestones

that lie near the base of the Paleozoic section. These
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systems drain to 10 groups of karst springs that discharge

an average of approximately 100 cubic feet of water per

second. The karst springs drain approximately 60 percent

of the plateau surface (550 square miles). The springs in

Tapeats amphitheater on the west side of the plateau dis-

charge from the extensive West Kaibab fault zone and ac-

count for approximately 70 percent of the measurable water

leaving the plateau. This group of three springs drains

about 40 percent of the plateau surface (380 square miles).

Development of ground water supplies does not ap-

pear to be economically tenable in the unfractured portions

of the plateau because the permeabilities of the rocks are

very small and the depth to the small quantities of avail-

able water exceed 500 feet. Production from the large

fault controlled drainage networks is equally unattractive.

Although the occurrence of water is certain, the large

supplies are more than 2800 feet below the land surface

and exist in finite channels along the fault zones. These

would be difficult to penetrate with conventional drilling

methods.



CHAPTER 1

INTRODUCTION

Purpose 

The purpose of this investigation is to quantita-

tively describe the hydrologic system operating in the

southern portion of the Kaibab plateau so that possible

areas for ground water development may be delineated. The

problem posed is essentially one of ground water explora-

tion. A reliable solution requires a detailed understanding

of the physical geology of the area and the occurrence of

water in the geologic environment. In a pure sense, quanti-

fication of the system implies that the ground water hydrol-

ogy of the plateau must be described mathematically or

numerically. It was immediately apparent that the physical

situation was too complex to yield a closed form analytical

solution and a more general approach was required. Where

detailed mathematics were applicable, generality of the

physical model could best be achieved through the use of

numerical models programmed on a digital computer. This

versatility has resulted in solutions that are applicable

to a large number of situations and these techniques can

be adapted for use in other areas.

1
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Geography

The study area is located in northern Arizona as

is shown on Figures 1 and 2. It encompasses the entire

southern portion of the Kaibab plateau from Highway U.S.

89A south to the Colorado river. The area extends west a

few miles onto the Kanab plateau. Houserock valley and

Marble platform mark the eastern boundary, but due to geo-

logic structures that control hydrologic phenomena, the

area was extended eastward across the southern portion of

Marble platform to include South canyon and the southern

portion of Marble canyon. Both the Powell and Walhalla

plateaus in the Grand Canyon were excluded from this study

because they are geographically separated from north rim and

contain ground water systems independent of the Kaibab

plateau. As a result, Muav canyon bounds the study area

on the southwest and Bright Angel and Nankoweap canyons

terminate it on the southeast.

Kaibab Plateau

The Kaibab plateau is the highest portion of the

Colorado plateau system of northern Arizona and rises in

elevation from 6500 to more than 9300 feet. It is elon-

gated in the north-south direction and has gross dimensions

of 50 by 20 miles. In plan, it is roughly cusp shaped with
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Figure	 1.--Location of the study area in Arizona.
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5
the southern end turned toward the east; in section, it is

a broad warp with the highlands displaced well east of

center. Streams radiate from the highlands but due to the

north-south elongation of the plateau, east-west trending

streams dominate. North-south faults that trend through

the central highlands and along the western margins disrupt

the east-west stream pattern and create beautiful parks and

meadows that extend for miles along these topographic

anomoliese The Grand Canyon of the Colorado river with its

Cheer walled, mile deep canyons abruptly terminates the

plateau to the south. The eastern boundary of the Kaibab

plateau is the East Kaibab monocline which carries the land

surface to 5500 feet on the Marble platform. The West

Kaibab fault zone, with scarps up to 1500 feet, marks the

western edge of the plateau where it abuts the Kanab

plateau.

The region is one of scenic contrasts. From the

rolling plateau surface to the depths of the Grand Canyon s

one crosses almost every vegetation zone in Arizona.

Within a few miles, the lush forests yield to bleak deserts.

The contrast between the Kaibab and the surrounding Kanab

plateau and Marble platform is almost as startling. These

lower regions have not been favored with the rainfall of

the Kaibab and appear barren in comparison. The Kaibab

plateau with its rolling, forested hills separated by



shallow, meadowed valleys, is more hospitable than the

surrounding lowlands. It is surprising that there are no

running streams. The only water to be found lies in

shallow surface depressions called lakes by the local

inhabitants, or flows from rare springs that may be found

in some of the deeper valleys.

Marble Platform

The Marble platfolm lies east of the Kaibab

plateau and ranges in elevation from 5200 to 6000 feet. It

was named for the Kaibab limestone which outcrops over its

surface and appeared like marble to the early explorers.

Because the region is extremely flat and grass covered,

views extend for miles in all directions. The Colorado

river trends southward through the area in a deep trench

named Marble canyon and lies over 2400 feet below the rim

at an elevation of 2800 feet. The canyon is spectacular

everywhere because it rarely exceeds two miles in width.

Its sheer cliffs abruptly terminate Marble platform and

are well hidden against the flat plains until one is almost

on the brink of the chasm. The northern portion of the

plateau joins wide, U-shaped Houserock valley which sepa-

rates the Kaibab and Paria plateaus. The valley increases

in elevation northward to over 6000 feet where a pass opens

into Utah. The Kaibab plateau rises steeply to the west
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and canyons drain from it to Houserock. The area is

floored by red Mesozoic sediments that form a superb

backdrop to the sagebrush and juniper trees that grow there.

No running water can be found in Houserock valley or on the

Marble platform other than the occasional flash floods that

follow summer rains. The land is largely undeveloped ex-

cept for the Arizona State Buffalo Reserve which utilizes

the southern portion of the area north of Marble canyon.

Kanab Plateau

The Kanab plateau dips gently westward from the

Kaibab plateau and drops in elevation from 7000 to 5000

feet over the 15 miles to Kanab canyon, a north-south

tributary of the Grand Canyon. Several west trending side

canyons flow toward Kanab creek and dissect the southern

portion of the plateau. To the north, the plateau is a

smooth, sage covered plain that is easily crossed. The

Mormon towns of Fredonia, Arizona, (population 650) and

Kanab, Utah, (population 1650) lie along Kanab creek imme-

diately north of the Kanab plateau and are the only towns

in the region. Except for Kanab creek which flows inter-

mittently during the year, the Kanab plateau is devoid of

running water except for infrequent flash floods. As a

result, the land is largely undeveloped.
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Grand Canyon

The eastern portion of the Grand Canyon which is

over a mile deep and averages about 10 miles across, lies

south of the Kaibab plateau. From Marble canyon, the river

swings sharply toward the west around the Kaibab plateau

and then northwestward to the junction of Kanab canyon

where it turns westward toward Lake Mead. In the 150 mile

reach between Marble and Kanab canyons, the river has

intricately carved some of the most scenic canyons of the

world. The scores of tributaries to the main gorge have

carved plateaus, benches and spires of every imaginable

form. The flat lying sedimentary rocks that form the

canyon walls are everywhere terraced in beautiful precision

and the varied colors of the rock layers offset even the

slightest rill. Unlike the surrounding plateaus, most of

the major tributary canyons contain perennial clear water

streams fed by large springs deep within the bowels of the

canyon. One year-round residence is maintained on the

canyon floor for the benefit of tourists, the Phantom ranch

at the confluence of Bright Angel creek and the Colorado

river. Without a doubt, the Grand Canyon offers some of

the most difficult terrain to traverse in the world. The

cliffs and ledges form barriers that extend for tens of

miles. Travel is by foot only save for selected trails

passable by mules or horses. Off the trails, hiking speeds
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of one mile per hour are considered very good. Occasional

parties "run" the Colorado river in large rafts or boats

but the turbulent waters and dangerous rapids leave this

form of travel only to the adventurers.

The Little Colorado river is the only major stream

that joins the Colorado river between Marble and Kanab

canyons. It enters from the east 10 miles south of Marble

canyon from a deep gorge. The characteristics of this

portion of the Little Colorado gorge are similar to Marble

canyon; that is, the canyon is sheer and narrow. Except

for periods of flood runoff in the spring and summer, the

lower reach of the Little Colorado river is a clear, spring

fed stream.

Climate 

The Kaibab plateau, unlike southern Arizona, exper-

iences the four seasons. Pleasant temperatures prevail

throughout the summer with the average July reading at 60°F,
but the winter months can be bitterly cold as the average

January temperature dips below 25°F. Figure 3 shows the

normal annual precipitation. It is apparent from this map

that the rainfall of the region is largely dependent on

elevation. Precipitation falls in two seasons; thunder

storms in the summer months of July through September and

snow from December to March. Of these, the winter storms

are the most variable. According to Green and Sellers
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(1964), the winter precipitation is primarily caused by

middle latitude storms moving eastward from the Pacific

ocean and may last for several weeks at a time. Average

annual snow accumulations on the Kaibab plateau exceed 150

inches but virtually no snow falls just a few miles to the

south in the Grand Canyon. The summer showers result from

convective storms that normally build each day due to

thermal heating of the canyon walls. The showers fall in

the mid- to late-afternoon but cease before nightfall.

They are often violent, accompanied by strong winds and

lightning, but generally last only a few minutes to half an

hour. In this short period, flash floods can form, but

these are infrequent. Heavy summer rainfall is restricted

to the elevations above 7000 feet and the Marble platform,

Kanab plateau and Grand Canyon rarely benefit from these

showers. Occasionally in the summer, tropical disturbances

move northward from the Pacific and mild rainstorms result

that may last a few days.

Figure 4 and Table 1 show the average monthly rain-

fall at the Bright Angel Ranger Station which lies at an

elevation of about 8340 feet near the head of Bright Angel

canyon on North Rim. This station operated almost contin-

uously from 1925 to 1958. Since then, data have been

collected only for summer months. Seasonal rainfall is

distributed aerially in approximately the same pattern as
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Figure 4. -- Percentage	 monthly distribution of the

annual precipitation (1925-1969) at
Bright Angel Ranger Station,	 North

Rim, Arizona.
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Table 1. Mean monthly precipitation at Bright Angel
Ranger Station, North Rim, Arizona, 1925-1969.

Average
Precipitation Years of Percent of

Month (Inches) Record Annual Total

January 3.11 32 12.6

February 3.14 29 12.7

March 2.80 32 11.3

April 1.62 31 6.6

May 1.02 41 4.1

June 0.77 )111 3.1

July 1.89 44 7.6

August 2.68 44 10.8

September 1.96 43 7.9

October 1.37 41 5.6

November 1.39 37 5.6

December 3.00 27 12.1

Annual
Average 24.75
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that shown on Figure 3. The maximum temperature recorded

at Bright Angel station was 91 °F while the lowest was -25°F.
This compares with a maximum of 120°F and minimum of about
20°F at the bottom of the Grand Canyon just 7 miles away to
the south. These data indicate the tremendous effect eleva-

tion has on the climate of the region. On average days,

temperature differences may range from 20 to 40 degrees

between the north rim and bottom of the deep canyons. No

less startling is the difference in climates between the

elevated Kaibab plateau and the surrounding Marble platform

and Kanab plateau. The climates of these lower regions is

substantially milder but most important, the rainfall is

much less in these areas. The summers, while comfortable

on the Kaibab, are just bearable on Marble plaform and

Kanab plateau, and severe in the Grand Canyon.

Ecology

Due to the large difference in elevation between

the bottom of the Grand Canyon and top of the Kaibab

plateau, some 7300 feet, the vegetal cover ranges through

almost every major vegetation zone found in Arizona.

Canyon floors below about 5000 feet are characteristic

Arizona deserts and are replete with cacti of a variety of

forms and stunted grasses. Where water abounds, cottonwood

trees and box elder grow in abundance. As the walls of the
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canyon are scaled, the desert yields to juniper and pinon

vegetation types. Higher up, oak chaparral lies in a dense

belt and finally above this zone, the beautiful pine forests

of the Kaibab plateau begin. The ponderosa pine forest, for

which the Kaibab plateau is famous, is found from approx-

imately 6800 to 8200 feet. Above 8000 feet, majestic stands

of aspen lie in secluded groves among the pines and mark the

lower boundary of the fir forest which crowns the plateau.'

Figure 5 is adapted from Rasmussen (1941) and shows the

approximate vegetation zones of the Kaibab plateau and sur-

rounding regions. The ecological description that follows

is based on Rassmussenis classification. As expected, the

map shows an almost perfect correlation between major vege-

tation zones, elevation and rainfall. Minor anomalies are

caused by local environmental phenomena such as facing of

slopes, regions of excessive ground water discharge and

special soil or geological properties of the site.

Short Grass Grassland and Basin Sagebrush

Most of the Marble platform and Houserock valley are

covered by open grasslands. The dominant grasses are grainas

that range from 4800 to about 5600 feet. Above 5600 feet

in Houserock valley, the grasslands grade Into sagebrush and

slightly higher into mixed stands of juniper and sagebrush.

The entire northern and western portions of Kanab

plateau are covered by Artemisia tridentata, a species of
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sagebrush, and the plants are scattered at intervals of a

few feet. Above 5200 feet, toward the Kaibab plateau, the

sagebrush blends with pinon-juniper vegetation. Grasses

are distributed throughout these regions but do not make up

a large portion of the plant population.

Animals found at these elevations include jack

rabbits, lizards, sparrows, and occasional deer or antelope.

Buffalo have been introduced on the southern portion of the

Marble platform.

Woodland Climax

The woodland climax generally lies between 5500 and

6800 feet in elevation and girdles the entire Kaibab plateau

below the pine forests. The dominant trees in this associ-

ation are juniper (Junlperus utahensis) and pinon (Pinus 

edulis). These plants grow to heights of 30 feet and are

scattered over the land surface at intervals usually greater

than 30 feet. The intervening space contains short sage and

grass undergrowth. In the Grand Canyon, this association is

normally found on the upper slopes of the canyon walls in a

belt rarely exceeding 1/2 mile wide. Both juniper and pinon

can adapt to the rocky slopes and thin soils which charac-

terize their Grand Canyon habitat. North of the Grand

Canyon, this vegetation zone broadens considerably to up to

12 miles on the Kanab plateau and 6 miles on the southern

portion of the Marble platform north of the Colorado river.
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These trees have little economic importance other than fence

posts and several eradication projects have been undertaken

at various locations throughout the region so that the grass

understory could be developed for grazing.

Wildlife in the woodland climax includes mule deer,

coyote and occasional bobcats. Smaller animals such as

rabbits and squirrels abound as well as a host of birds.

Rattlesnakes are not uncommon.

Lower Montane Forest Climax

The single most distinctive characteristic of the

Kaibab plateau is its homogeneous stands of mature ponderosa

pine (Pinus ponderosa). These trees are the dominant

species in the lower montane forest which ranges from about

6800 to 8200 feet in elevation. The pine forest is gener-

ally open with 40 to 55 mature trees per acre (Rasmussen,

1941, p. 253). Mature trees are up to 4 feet in diameter

and over 100 feet high. Scattered thickets of young trees

can be found that have populations of a few hundred plants

per acre but these are exceptional. This vegetation zone

is broadest on the northern portion of the Kaibab plateau

as shown by Figure 5. It thins toward the southwest and

forms an irregular belt along the rim of the Grand Canyon

on the south. Both the Powell and Walhalla plateaus are

covered by pure stands of ponderosa. The narrowest stands

occur on the east side of the Kaibab plateau adjacent to the
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Cocks Combs. The lower boundary of this vegetation zone,

particularly on the eastern and western sides of the pla-

teau, contains scattered dense thickets of shrub oak and

locust. The presence of locust is always an excellent

indicator of ground water seepage and springs. The upper

half of this zone is characterized by groves of aspen

(Populus aurea) that grow in patches between the towering

pines. The contrast between the two plant types results in

superb scenery, especially during the fall when the aspen

leaves turn bright yellow.

Mule deer, coyotes, badgers and very rarely moun-

tain lions are the major large wildlife. Ground squirrels

and several species of birds dominate the smaller animals.

Upper Montane Forest Climax

A lush mixed coniferous forest crowns the Kaibab

plateau above 8200 feet. Unlike the ponderosa stands at

lower elevations, this section of the forest is character-

ized by closely spaced trees and the understory is choked

with fallen timber. As a result s travel through these

stands is difficult. According to Rasmussen (1941, p. 262)

the dominant tree species are spruces (Picea engelmanni 

and Picea pungens). Douglas fir (Pseudotsuga taxifolia)

and white fir (Abies concolor) are of secondary importance.

Generally, the trees are smaller in diameter, up to 2 feet,

than their ponderosa counterparts in the lower forest.
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Pure stands of aspen cowmonly grow in the border zone

between the pines and open meadows. The lushness of the

stands can be accounted for by the high rainfall at these

elevations.

Mule deer are the dominant mammals in this region.

The smaller animals are similar to those in the lower mon-

tane forest.

Mountain Grassland

Beautiful parks floored by grasses open in the upper

montane forests. Generally, these parks lie in the major

north-south trending structurally controlled valleys, the

largest being Dry park, DeMotte park and Pleasant valley.

The floors of the valleys are rolling low hills that sepa-

rate shallow depressions called sinks. Many of the sinks

contain shallow ponds of water that cover several acres and

are the primary watering holes for the plateau wildlife.

The combination of the ponds, open glades, stands of aspen

and bordering pines makes these parks the primary scenic

attraction of the Kaibab plateau, rivaling only the Grand

Canyon in splendor.

Land Use 

The Kaibab plateau supports two major industries,

lumber and cattle. The lumber industry was very small until

after World War II when the Kaibab Lumber Company
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established a large mill at Fredonia, Arizona, which pro-

cesses timber cut from the large stands of the Kaibab

plateau. Most of the forest activity associated with this

industry is carried out in the summer when cutting and

removal operations are conducted. The logs are trans-

ported up to 60 miles to Fredonia by truck over a well

maintained network of dirt roads. Because the in-forest

work is seasonal, pe/manent residences have not been estab-

lished on the Kaibab to house the workers. One summer

camp, Moquitch camp, used by equipment operators has been

established on the west side of the forest 4 miles north

of Big Springs. Other workers commute from Fredonia or

surrounding towns in Utah. The U.S. Forest Service manages

the forest and operates summer stations at Big Springs on

the west side and Jacob Lake on U.S. 89A. Between the

lumber company and the Forest Service, several hundred

people are employed and this industry forms the economic

backbone of the Kanab-Fredonia community.

Ranching is the second most important industry of

the region. Open range grazing is administered by the

Forest Service and a few thousand head of cattle graze on

the Kaibab plateau in the warm season. Generally, the

cattle are wintered on the warmer Kanab plateau and Marble

platform and are driven onto the Kaibab in the late spring

when the grasses mature at the higher elevations. Since
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the ranching operation covers such a large area, centralized

housing is not practical. Rather, the herdsmen utilize

widely separated cabins and temporary structures and commute

from their homes in Fredonia or Kanab as conditions warrant.

Recreation rounds out the economy of the Kaibab

plateau and consists primarily of tourism and secondly,

the fall hunt. The only permanent residents on the plateau,

the Jacob Lake service area and the Arizona Highway Main-

tenance Camp 1.5 miles north of Jacob Lake on U.S. 89A, are

associated with tourist related services. The North Rim

tourist center, operated by the U.S. National Park Service

and various concessionaires, employs a sizable labor force

in the summer months but closes down completely throughout

the period of snowfall. Generally the North Rim center is

open from late April until the end of September. In the

Grand Canyon, one permanent tourist service area s the

Phantom ranch, is maintained at the mouth of Bright Angel

canyon and the Colorado river and most of the people that

use it commute from the south rim. A summer residence is

maintained at the junction of Bright Angel and Manzanita

canyons for a pump house operator who maintains the pumping

operation that supplies water to North Rim from Roaring

springs.
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Accessibility 

Two paved highways have been constructed on the

Kaibab plateau: U.S. 89A crosses the center of the plateau

in an east-west direction and Arizona 67 joins U.S. 89A at

Jacob Lake and extends southward to North Rim and the Wal-

halla plateau. A second network of well maintained dirt

roads has been built by the lumber industry throughout the

National Forest. These roads are served by a trunk route

that extends southeastward across the Kanab plateau from

Fredonia, Arizona, to Warm Springs canyon on the west side

of the Kaibab plateau. The road continues south to the Big

Springs Ranger Station and southeastward through Dry park

to a junction with Arizona 67 at DeMotte park. Spur

roads lead down almost every canyon and ridge from this

road giving excellent access to the Kaibab plateau in the

National Forest. Roads are few and far between in the Na-

tional Park portion of the southern plateau. One spur road

from Arizona 67 leads southwest to Point Sublime and is

maintained for tourist travel. Another truck road roughly

follows the canyon rim from the western National Forest

boundary to North Rim. A well maintained dirt road that

leads southward from U.S. 89A near Houserock provides access

to several roads on the Marble platfol.m.

In the Grand Canyon, a single maintained trail leads

from North Rim to the Colorado river via Roaring Springs and



Bright Angel canyons in the National Park. The Forest

Service maintains one good trail into the Tapeats amphi-

theater west of the National Park. Other trails leading

from the north rim into the Grand Canyon were built early

in the century and include a cattle trail into eastern

Tapeats amphitheater via Crazy Jug canyon, the Bass trail

into Shinumo amphitheater via Muav saddle, the Old Kaibab

trail down the head of Bright Angel canyon and the Nanko-

weap trail on the east side via Boundary ridge. The

National Park Service has allowed these trails to lapse

into oblivion. Consequently, most of the Grand Canyon

north of the river is inaccessible save for a limited

number of passable foot routes through the cliffs. If one

wishes to reach a particularly remote section, it is manda-

tory to pioneer a land route. Even so, almost every place

in Grand Canyon can be reached by foot in less than 5 days

of cross country hiking. Past geological studies have

largely been governed by the presence of trails and the

deterioration of these routes over the years is probably

responsible, in part, for the decline in field activity in

the canyon.

Previous Work 

In carving the Grand Canyon, the Colorado river has

laid bare rocks at least 1500 million years old. A history
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of the earth from Precambrian to late Paleozoic time is

recorded in the walls of the canyon. Within a few miles of

the Grand Canyon, rocks representing the entire Mesozoic

era are found in the cliffs of surrounding plateaus. Be-

cause the geologic record is so well exposed, geologists

have been actively working here since the mid-19th century.

They can roughly be divided into three camps, strati-

graphers„ structural geologists and geomorphologists. The

stratigraphers by far outnumber the others and next in

volume of published work are the geomorphologists who have

been challenged by the problems posed by the evolution of

the Colorado river system. Surprisingly, the number of

structural geologists who have worked directly in the Grand

Canyon is small.

John Wesley Powell opened the Grand Canyon to the

scientist in 1869 when he and 7 men braved starvation and

the treacherous rapids of the river as they guided wooden

boats dawn the length of the Colorado river. They made

geological observations and produced the first map of the

Colorado river system (Powell, 1873, 1895). Other giants

in the field of geology were soon to follow. Notable among

the early workers in the Grand Canyon region was G.K.

Gilbert (1875a) who accompanied the Wheeler Survey across

Arizona and New Mexico and stopped at Grand Canyon to

record its wonders. C.E. Dutton (1882) followed and wrote
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one of the most comprehensive and accurate geological trea-

tises on the region. C.D. Walcott (1890, 1895) was one of

the first students of the Grand Canyon to conduct detailed

stratigraphie and structural studies. His major contri-

butions stemmed from his work in eastern Grand Canyon where

he studied the entire geologic section and the Butte fault

of the East Kaibab monocline. L.F. Noble appeared on the

scene shortly after the turn of the century and produced

some of the finest stratigraphic work published on the

district. His major publication (Noble, 19111) was a

stratigraphie and structural analysis of the Shinumo amphi-

theater. In this work, Noble realized the need for a

detailed description of the Paleozoic rocks that outcrop in

the canyon so he compiled the first complete stratigraphic

description of them from a section at Bass trail (Noble,

1922). He correlated the Cambrian section eastward across

the canyon to Walcott , s area over 15 miles away.

No discussion is complete without acknowledging

E.D. McKee who has dominated the 20th century geologic

studies of Grand Canyon. McKee is the foremost authority

on the stratigraphy of the Colorado plateau; in addition,

he has also made significant contributions in every aspect

of the geology and geomorphology of the region. Among his

landmark stratigraphic studies are monographs on the Kaibab

and Toroweap formations (McKee, 1938) Muav, Bright Angel
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and Tapeats formations (McKee and Resser, 1945), Redwall

limestone (McKee and Gutschick, 1969) and most recently,

a summary of the stratigraphic work done in the last

century (McKee, 1969). The latter work is the most complete

guide to the Grand Canyon stratigraphy available. McKee's

interpretation of the evolution of the Grand Canyon was

published in 1967 (McKee, Wilson, Breed and Breed, 1967).

Currently, he is preparing a monograph on the Hermit and

Supai formations.

Geomorphic studies can be traced to the original

works of Powell and Dutton. The turn of the century wit-

nesses W.M. Davis (1901) with his classic paper on the land-

forms of the Colorado plateau. Later, A.N. Strahler wrote

a series of papers on the origin and evolution of the land-

forms in and about the Kaibab plateau (Strahler, 19)1)1 and

1948; Babenroth and Strahler, 1945). The principal workers

interested in the evolution of the Colorado river include

Powell (1895), Dutton (1882), Davis (1901), Robinson (1910),

Blackwelder ( 193 )4. ), Longwell (1946), Hunt (1956, 1969) and

McKee, Wilson, Breed and Breed (1967). Obviously the last

word is not in on this subject and lively debate should

continue for at least a few more centuries.

Many of these authors have doubled as structural

geologists, especially Walcott and Strahler. Of more recent

vintage are the structural interpretations of the monoclines
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of the Colorado plateau by V.C. Kelley (1955). In 1961 and

1967, J.H. Maxson published geologic maps of the eastern

Grand Canyon compiled from aerial photographs. Although

these maps are limited by their mode of preparation, they

represent the first attempt to record the regional tectonic

pattern of the entire Grand Canyon. Huntoon (1969) con-

sidered the structure and history of the West Kaibab fault

zone.

Hydrologic studies in the Grand Canyon and Kaibab

plateau are few. Metzger (1961) made a largely qualitative

reconnaissance study of the availability of water along the

south rim of the Grand Canyon. Huntoon (1968) described

the general hydromeahanics of the flow system in the Tapeats

amphitheater and Deer basin. Hydrologic data has been

recorded by the U.S. Geological Survey at gauging stations

on Bright Angel creek and the Colorado river near Phantom

ranch. They have also made miscellaneous measurements on

other surface streams which are summarized in Johnson and

Sanderson (1968). The U.S. Weather Bureau operates clima-

tological stations at both North Rim and Grand Canyon

Village.



CHAPTER 2

GEOLOGIC FORMATIONS AND THEIR WATER BEARING PROPERTIES

An understanding of the ground water system oper-

ating in the Kaibab plateau requires detailed information

on the geologic environment. Of primary concern is the

hydrologic inter-relationship between the stratigraphy and

tectonic structures. Before this relationship can be

analysed, it is necessary to examine the physical and

hydrologic properties of the various rock units that com-

prise the plateau.

The upper 4000 feet of rocks exposed in the walls

of the Grand Canyon represent the entire Paleozoic system

in northern Arizona and range from Cambrian to Permian in

age. Underlying the Paleozoics is a thick sequence of

Precambrian sedimentary rocks that rest on a metamorphic

basement of earlier Precambrian age. The Precambrian

rocks, although of great geological significance, are

not hydrologically important due to their extremely

small permeabilities; consequently, they are largely over-

looked in this work. The hydrologic system of the Kaibab

plateau is completely contained in the Paleozoic section

and these rocks are hydrologically active to within a few

29
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hundred feet of the Precambrian contact. Consequently, the

physical aspects of these rocks will be treated in detail

from the bottom to the top of the section.

The most striking property of the Paleozoic section

is its remarkable uniformity over the Kaibab plateau. The

component layers that constitute the section are, for the

most part, uniform in thickness and show very small lateral

changes in lithology. Figure 6 is an isopach map which

includes all but the lower 400 to 600 feet of the Paleozoic

section. It is apparent that the section thickens toward

the northwest but the actual gradient is less than 30 feet

per mile. In general, the section records repeated trans-

gressions and regressions of Paleozoic seas. Consequently .,

marine type rocks dominate and include thick sequences of

limestone, shale and red sandstones. Separating various

horizons are unconformities, some representing relatively

long periods of time. However, in all cases the relief on

the ancient erosion surfaces is very small indicating that

the land, when it did emerge from the sea, did not rise to

great heights or otherwise become deformed. A single layer

of aeolian sandstone lies near the top of the section and

represents at most only 350 feet of the 3500 or more feet

of Paleozoics present.
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Precambrian Rocks 

The Precambrian rocks which crop out along the base

of the Grand Canyon are classified into two major groups:

a crystalline basement complex and an overlying sedimentary

series. These units have received a great deal of attention

as they form the best Precambrian exposures in northern

Arizona. Prominent workers who have studied these rocks

include Walcott (1890, 1895), Campbell and Maxson (1938),

Sharp (1940), Van Gundy (1951), Damon and Giletti (1961)

and McKee (1969). Readers interested in the stratigraphic

details of this complex system are referred to these works.

Damon and Giletti (1961, p. 444) described the

crystalline basement complex as follows:

The crystalline complex forming the inner
walls of the Granite Gorge of Grand Canyon has
been called the Vishnu Series (Campbell and Maxson,
1938). The Vishnu Series consists of 25,000 feet
of metasediments, originally fine grained argil-
laceous sandstone and sandy shale, now metamor-
phosed to quartzite, sericite quartzite, and
quartz-mica schist. In addition, they recognized
a sequence of basaltic flows and tuffs with relic
pillow and amygdaloidal structures, which are now
metamorphosed to amphibolite. Mignatization is
common and the entire Older Pre-Cambrian sequence
is extensively folded and faulted and intruded by
quartz diorite, -aplite, and granite pegmatite.

Using Rubidium-Strontium datine, Damon and Gilitti (1961,

p. )0) have assigned an age that ranges between 1390 and

1550 million years for samples of the crystalline rocks

collected near Phantom ranch.
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Overlying the crystalline rocks is a thick sequence of

younger Precambrian sediments which Walcott (1890, p. 50)

found to be approximately 13,000 feet thick. Walcott

named these the Grand Canyon Series and subdivided them into

the Unkar and Chuar groups, respectively, for the lower and

upper subdivisions of the series. These rocks consist of

well cemented unmetamorphosed sandstone, shale and lime-

stone. The Unkar group contains basalt and has been in-

truded by diabase dikes.

The entire Precambrian sequence was folded and

faulted prior to Paleozoic time and extensively eroded.

Previous workers have characterized the Precambrian of the

Grand Canyon as the eroded roots of an ancient mountain

range. The erosion surface that forms the contact with the

overlying Paleozoics has several hundred feet of relief.

These rugged hills formed islands in the Cambrian sea as it

advanced eastward at the beginning of Paleozoic time. In

the Grand Canyon region, it took almost until middle Cam-

brian time for the depositing sediments to completely bury

the Precambrian landscape.

Hydrologically, the Precambrian rocks are insig-

nificant; water cannot readily pass through them because

they are either crystalline or well cemented. Where sec-

ondary permeability exists, such as along Precambrian

faults, the rocks are hydrologically isolated from the



overlying ground water system in the Paleozoics by thick

sequences of impermeable Cambrian shales. Seeps can be

found in some places but are rare, have extremely small

discharges and account for an infinitesimal fraction of the

ground water discharging into the Grand Canyon. Conse-

quently, for modeling purposes, these rocks may be con-

sidered as having zero permeability.

Tonto Group 

The base of the Paleozoic system in the Grand Canyon

is composed of Cambrian sediments that range up to 1000 feet

thick. Gilbert (1874) applied the name Tonto group to these

rocks. The three major lithologie subdivisions, the

Tapeats sandstone (lower Cambrian), Bright Angel shale

(lower and middle Cambrian) and Muav limestone (middle Cam-

brian) were defined by Noble (1914). Noble (1922) refined

his classification on the basis of lithology and the names

bave continued to the present. McKee and Resser (1945)

studied the Cambrian of northern Arizona and focused their

attention on the Grand Canyon sections. They concluded that

the sediments were deposited by a sea that transgressed

landward toward the east; consequently, the lithologie units

transgress time eastward. Because the three subdivisions of

the Tonto group represent a continuous depositional sequence,

the contact zones between them are gradational.
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Tapeats Sandstone

The Tapeats sandstone is a deep red-brown cliff

former and has a dominant facies of coarse grained sand-

stone. 1 This unit was the first laid down by the trans-

gressing Cambrian sea and is discontinuous across the Grand

Canyon because topographic highs in the Precambrian surface

projected above the seas throughout the depositional in-

terval. In a number of places the Tapeats crops out as

discontinuous lenses filling irregularities in the Precam-

brian surface. In other regions, where the Precambrian

surface was beveled over wide areas, the Tapeats sandstone

forms continuous cliffs that exceed 200 feet in height.

Noble (1914) named the formation for the fine exposures of

the unit near the mouth of Tapeats canyon on the western

side of Grand Canyon National Park. The upper contact was

arbitrarily chosen by Noble as the highest bed of coarse

grained resistant sandstone. To the east, in the vicinity

of Bright Angel canyon and Nankoweap amphitheater, the con-

tact zone is not as well defined. Here interbedded shales

and thin beds of coarse grained sandstone form a series of

steps and benches near the top of the unit that measures at

least 20 feet thick. Lenses of pebble conglomerates up to

a few feet thick are interbedded with the coarse grained

1. The bed thickness and grain size conventions
used in this paper are found in Appendix A.
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sandstones of the unit and shale beds can be found near the

top of the unit. Crossbedding is common throughout the unit

and beds range from very thin to thick. Joints occur at

intervals of 4 to 8 feet in most unfaulted sections.
The Tapeats sandstone is hydrologically unimportant

because it has a very small permeability due to a high

degree of quartz cementation between grains. Virtually no

water reaches the Tapeats sandstone because of its strati-

graphic position below the Bright Angel shale which acts as

an aquiclude. Insignificant seep zones can be found in the

unit at various places in the Grand Canyon and usually occur

at the contact zone between the Tapeats and the crystalline

Precambrian rocks. The largest seeps, which may discharge

a few gallons per minute, occur along fault zones but even

these are rare.

Bright Angel Shale

The Bright Angel shale ranges in thickness from less

than 275 feet in Nankoweap amphitheater on the east to over

425 feet in Tapeats amphitheater on the west. Characteris-

tically this unit forms a long slope broken only by resist-

ant ledges of deep purple sandstone. The formation contains

laminated to very thin beds of micaceous shale, siltstone

and minor amounts of fine grained sandstone. Occasional

thin beds of shaly dolomite occur near the upper portion of

the unit. Rocks range through every hue of dull green,
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blue, buff and gray. Beds of deep purple, very fine grained,

crossbedded sandstone are found at intervals in the slopes.

These beds may be continuous for miles and occur in groups

separated by shale or as single isolated layers. Individual

beds range in thickness from a few inches to over 15 feet

in the eastern portion of the study area; however, one group

of these sandstones forms a continuous /0-foot layer and a

prominent cliff in the Tapeats amphitheater. The upper con-

tact of the Bright Angel shale is arbitrarily taken as the

base of the massive, mottled limestone beds of the Muav

limestone. This contact is difficult to distinguish in

some locations because of intertonguing of limestone and

shale beds between the units. The lower contact is either

the transition zone to the Tapeats sandstone or an angular

discordant surface with the Precambrian basement. In

places, Precambrian peaks extend almost half way through

the Bright Angel formation. Buried Precambrian hills are

are well exposed in the Hindu amphitheater at the junction

of Dragon and Crystal canyons where within a distance of a

few hundred feet the Tapeats sandstone and lower Bright

Angel shale terminate against a fold of Precambrian quart-

zites that rises toward the west. In the Grand Canyon

region, the Bright Angel shale was sufficiently thick to

completely bury all of the topographic highs of the Precam-

brian that projected above the Tapeats sandstone.
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Although the Bright Angel shale is virtually imper-

meable, it is an important component of the hydrologic

system draining the Kaibab plateau. The top of the unit

forms the lowest level of active ground water circulation

in the Paleozoic system. Where it is undisturbed, the

Bright Angel acts as a regional aquiclude that prevents

vertical movement of water; where faulted, the micaceous

shales are pulverized to an equally impermeable gouge that

effectively seals the fault zones. Seeps are rare in this

unit and if they occur at all, they barely wet the ground.

The minuscule amount of ground water movement in the unit

is normally restricted to horizontal flow through the sand-

stone layers.

Muav Limestone and Unclassified Cambrian Rocks

When Noble (1922 0 p. 43) first defined the Muav

limestone at the Bass trail section s he subdivided the form-

ation into 4 facies; an upper dolomite cliff former 63 feet
thick, a calcareous sandstone 72 feet thick, a slope forming

limestone containing beds of sandstone and shale 241 feet

thick and a 97-foot basal cliff of pure mottled limestone.

McKee and Resser (1945, p. 23) have removed the upper two

members from the Muav and placed them in unclassified

status. Through the eastern Grand Canyon, the facies as

described by Noble form continuous outcrops with similar

lithologie properties; however, the classification suggested
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by McKee is warranted from a stratigraphie standpoint and

will be followed here. As Figure 7 shows, the Muav and un-

classified rocks thicken northward at a rate of about 6 feet

per mile under the Kaibab plateau. The Muav limestone and

overlying unclassified rocks are dull gray and have an

aphanitic texture. The mottling of the outcrops, which is

one of the most noticeable characteristics of the unit, is

due to yellow or reddish calcareous mudstone included in

the matrix of the rock. The samples taken by McKee and

Resser (1945, p. 72) from this facies in eastern Grand

Canyon contained about 45 percent calcium carbonate although

dolomite does occur locally. Bedding of the Muav and un-

classified rocks varies from laminated to thin and many

individual beds are fissile when subjected to stress.

Joints occur regularly at intervals of 2 to 8 feet in un-

faulted regions. The upper contact is an erosional uncon-

formity on which are deposited Devonian limestones, or if

these are missing, Mississippian limestones. The Muav

erosion surface in the Grand Canyon ranges from extremely

flat to an irregular surface that has relief up to 80 or

more feet (Noble, 1922, p. )4.9-51).

If any unit in the Kaibab plateau is to be called

the principal aquifer, the Muav limestone would surely be

granted this distinction. However, this statement must be

qualified. Although springs accounting for most of the
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ground water leaving the plateau discharge from the Muav,

the unit has a negligible primary permeability over most of

the region where it is exposed. Its transmission capability

• is solely of secondary origin. Every major spring that dis-

charges from it is associated with a fracture or fault that

has been rendered peraeable by solution of the limestone.

Consequently, the unique aquifer properties enjoyed by the

Muav limestone result from structural modifications and its

low stratigraphic location in the Paleozoic section rather

than any primary condition of the rock. In unfractured

regions, the Muav and overlying unclassified Cambrian behave

much like the Bright Angel shale. Virtually no water passes

through them and if it does, the resulting seeps are barely

strong enough to wet the ground. No water can be driven

through unfractured samples of the limestone in laboratory

permeameters. Consequently, all the permeability in un-

faulted zones results from bedding partings, joints, or the

minor porosity of interbedded clastic constituents.

Temple Butte Limestone 

The Temple Butte limestone was named by Darton

(1910) but was first recognized by Walcott (1883) in expo-

sures on the walls of Temple Butte in the easternmost

portion of the Grand Canyon. In this region, as in most of

the Grand Canyon east of Shinumo amphitheater, the unit

consists of discontinuous lenses and channel fillings and



as Noble (1922, P. 51) observed, no two exposures are

alike. The isopach map, Figure 8 0 indicates that the unit

is continuous in western Grand Canyon. The isopach map is

highly speculative as data are sparce and probably repre-

sents the maximum thicknesses attained by the unit. The

carbonates, which comprise most of the outcrops, are pure

dolomites (Beus, 1968) that are finely crystalline, reddish

gray, thin to thick bedded, and form a cliff or steep ledgy

slope. The base of the unit contains thin bedded, shaly and

silty dolomites. Distinctive purple, calcareous sandstones

occur below the upper contact in beds up to 10 feet thick

and are found in many of the channel fillings in the eastern

Grand Canyon. Aside from their characteristic purple color,

they are usually gnarled and irregularly bedded. Joint

spacings in the Temple Butte range from a few inches to 10

feet. The upper surface of the unit is a pre-Mississippian

unconformity overlain by the Redwall limestone. The erosion

surface is flat in eastern Grand Canyon but has a slight re-

lief to the west (McKee, 1969 0 p. ))!). The writer has ob-

served up to 50 feet of relief on the unconformity between

the Redwall and Temple Butte in the exposures in the walls

of Deer canyon.

The Temple Butte limestone has an extremely small

permeability which is controlled by jointing of the
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dolomite. The minor springs that occur in the unit are

controlled by joints or tiny solution channels developed

along bedding planes. Large vertical permeabilities exist

in fault zones as a result of the shattering and subsequent

solution; however, no karst springs discharge from these

zones because the water drains vertically to the underlying

Muav.

Redwall Limestone

If any single feature in the Grand Canyon leaves a

strong impression on the visitor, it is usually the towering

cliffs of the Mississippian Redwall limestone. Every trail

that has been constructed into the inner gorge from the

north rim has used a fault zone to wind its way through the

Redwall. Off trail routes, with few exceptions, require

the presence of a fracture zone if the Redwall is to be

scaled. Otherwise, the unit forms a continuous barrier that

may extend for miles.

The Redwall, as first defined by Gilbert (1875a)

included the entire Temple Butte limestone and the lower

portion of the Supai formation. Noble (1922) separated

these units from the Redwall on the basis of unconformities

and defined the formation as it now stands. McKee and

Gutschick (1969) subdivided the Redwall into four members

on the basis of distinct lithologies and minor unconform-

ities. From bottom to top, these are the Whitmore Wash,
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Thunder Springs, Mooney Falls and Horseshoe Mesa members.

McKee interprets the Redwall as representing two cycles of

marine transgression and regression of western and southern

seaways. As Figure 9 illustrates, the Redwall thickens at

the rate of about 11 feet per mile toward the northwest in

the Grand Canyon area.

The Whitmore Wash member, which ranges from 75 to

150 feet thick in the Grand Canyon area, is composed pri-

marily of fine grained, thick bedded, brownish gray dolomite

that weathers to a sheer cliff terminated on the top by a

narrow ledge. McKee and Gutschick (1969, p. 27) have found

less than 2 percent insoluable material in most parts of

the unit.

The overlying Thunder Springs member rests uniformly

and evenly on the Whitmore Wash member and is the most dis-

tinctive of the four subdivisions. It is composed of inter-

bedded chert and limestone or dolomite. These occur in

irregular, horizontal light and dark beds that normally

range from 1 to 4 inches thick. McKee and Gutschick (1969,

p. 40) found that the limestone beds were very pure and

contained less than 1.5 percent insoluable material; how-

ever, 'massive chert accounts for up to 50 percent of some

outcrops. The unit thickens northwestward from 75 to 150

feet in the study area and forms a sheer clif terminated on

the top by a bench. The top of the member is marked by an



14.6

ro

o •

—

—

0

o

0

o 0
o

o

0
0 o_

o
Cs.1 —

_J (r) Li) o
CL
X

0 — uJ
o

0
LU
u_



L17

erosion surface with a few feet of relief. The upper beds

of the Thunder Springs member are folded in penecontempo-

raneous gentle undulations that are truncated by the uncon-

formity.

The Mooney Falls member ranges from 200 to 400 feet

thick over the study nrea and forms a massive cliff. It is

composed of beds from 2 to 20 feet thick of aphanitic to

coarse grained limestone that contains less than 0.5 percent

insoluable residue. Chert occurs in beds and lenses in the

upper portion of the member. The contact with the overlying

Horseshoe Mesa member is defined on the basis of lithologie

differences including a transition from the medium to coarse

grained, thick bedded limestone of the Mooney Falls to the

thin bedded aphanitic limestone of the Horseshoe Mesa member

(McKee and Gutschick, 1969, p. 69). The Horseshoe Mesa

member is composed mostly of thin bedded, olive gray, pure

limestones that range from about 40 to 100 feet thick in the

study area and weather to a ledgy slope.

An erosion surface that represents a significant

hiatus separates the Redwall from the overlying Supai form-

ation. This contact is disconformable throughout the study

area except for a zone in the southeastern Grand Canyon

that overlies the Precambrian Butte fault. McKee and Gut-

schick (1969, p. 70-80) discovered angular discordance near

the Tanner trail and have suggested that there was some post-

Paawnll movem ent along the Butte fault in this region. In
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most places the erosion surface includes a pre-Supai karst

surface that has significantly modified the upper portion

of the unit. Channels and sinkholes have a relief of up to

40 feet but solution tubes extend much deeper into the

formation. McKee and Gutschick (1969, p. 78) found one

tube filled with Supai-like sediments in the Thunder Springs

member 230 feet below the top of the unit near the Hance

trail southeast of Grand Canyon Village. Other evidence of

pre-Supai karstification includes numerous solution widened

joints and bedding planes that are filled with Supai silt

and mudstone. Caves filled with silt and mudstone are

common in the upper third of the Redwall. Breed (1967 0

68-71) has dated trackways found in the siltstones of

Stanton cave near Vasey's Paradise as early Pennsylvanian

or older.

The Redwall limestone is an aquiclude where it is

not fractured. Unfractured samples collected from the

Horseshoe Mesa member were found to be impermeable. Joints

are normally very tight in the lower portions of the form-

ation and do not exhibit evidence of appreciable ground

water circulation. On the other hand, faults and master

joints which cut through the entire unit have extremely

large permeabilities and act as vertical and lateral con-

duits for ground water. The fault zones characteristically

contain porous breccia and gouge which readily pass water



and control solutional enlargement. The pre-Supai karsti-

fication is insignificant as a present day hydrologic con-

trol because the solution tubes and sinkholes are filled by

Supai sediments that have very small permeabilities. These

sediments erode out of many pre-Supai caves along cliff

faces and leave conspicuous openings; but if entered, the

passages terminate in a short distance against silt deposits

or cemented breccia. Seeps controlled by such features are

rare and insignificant.

Aubrey Group 

Approximately 2300 feet of elastic and carbonate

sediments lie above the Redwall cliff in eastern Grand

Canyon. The lowermost beds in this sequence are late Penn-

sylvanian and the remainder are Permian. Darton (1910)

divided the section into three units in ascending order;

the Supai formation, Coconino sandstone and Kaibab lime-

stone. Noble (1922, p. 59) redefined the Supai formation

by removing the upper shale sequence which he named Hermit

shale and adding the interbedded limestones and redbeds that

occur above the Redwall unconformity that were originally

included in the Redwall by Gilbert (1875a). This redef-

inition was soundly based on unconformities. Since Noble's

work, little new has been published on the stratigraphy of

the Hermit and Supai. McKee (unpublished data) is currently
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re-examining these rocks and has subdivided them on the

basis of unconformities and laterally continuous facies.

Most important is his discovery of an unconformity between

rocks of late Pennsylvanian and Permian age. The Coconino

sandstone has remained as defined by Darton; however, McKee

subdivided (1938, p. 12) Dartonts Kaibab limestone into two

formations which he called the Toroweap and Kaibab in

ascending order. According to McKee, each of these units

represents a cycle of sea transgression and regression that

is separated by an unconformatiy.

Supai Formation

Directly above the great Redwall cliff is the Supai

formation which averages about 850 feet thick under the

Kaibab plateau. Figure 10. The Supai is composed of alter-

nating layers of reddish brown sandstone, mudstone and shale.

In the western portion of the study area the upper quarter

of the unit erodes to a series of short cliffs. These are

underlain by a slope, a second series of short cliffs, and

finally a slope to the top of the Redwall. In the study

area, the lower set of cliffs grades laterally eastward

into a long slope broken by ledges. The short cliffs of

the Supai are naggingly persistent and are continuous for

miles in many places. The ledges are formed by outcrops of

thick to very thick beds of very fine grained, crossbedded,

reddish brown sandstone. The short intervening slopes
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separating each cliff are usually composed of laminated

shales or very thin bedded mudstones. The long slopes of

the lower Supai consist of very thin bedded shales, sand-

stones and mudstones. Beds of crystalline, blue gray

limestone up to 15 feet thick occur in the lower third of

the unit and may contain thin beds or nodules of red chert.

These limestones are very similar in appearance to the

limestones of the Horseshoe Mesa member of the Redwall.

Joint spacings in the Supai are highly variable and range

from 2 inches to 1 foot in the slope forming shales and

mudstones to 200 feet in the massive sandstones. They are

normally vertical and occur in a rectilinear pattern with

separations of 1 to 2 times the bed thickness.

At the Bass trail section, Noble (1922, p. 60-61)

divided the Supai into three subdivisions which he lettered

in descending order. His subdivision A corresponds to the

upper cliff forming portion, B includes the underlying slope

and second set of cliffs and C is a slope to the top of the

Redwall. When McKee's work, which subdivides the Supai into

5 members is published, Noble's classification will be

obsolete. McKee (1969, p. 46) has found a disconformity in

Noble's B subdivision that is marked by an undulating,

channelled surface with up to 35 feet of relief overlain by

a conglomerate composed of a locally derived gravel of

rounded limestone, siltstone and sandstone. This
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unconformity marks the boundary between the Pennsylvanian

and Permian systems of the Grand Canyon section.

The Supai formation is an aquitard that inhibits

dawaward circulation of ground water except in fault zones.

Most of the water that leaves the unit discharges from a

discontinuous series of seeps that occur in the upper set

of cliffs above laminated shales that separate the beds of

massive sandstone. At most, individual seeps in this group

discharge a few gallons per day. Small springs that dis-

charge up to a few gallons per minute can be found at the

top of the Redwall but these are decidedly rare. Notable

examples of these can be found on the north side of Roaring

Springs canyon along the Kaibab trail and at the top of the

Redwall above Tapeats spring. One representative sample of

the massive fine grained sandstone from the Supai was found

to be impermeable. This surprising result indicates that,

in general, water is not transmitted through the pores of

the rock matrix.

Good evidence exists which shows that the bulk of

the ground water circulation in the unit takes place along

vertical joints and bedding partings. Joint planes have

been bleached to a white or buff color for distances up to

a few inches back from the parting and indicate that circu-

lating ground water has dissolved the iron oxides that tint

the rocks red and carried them away. Not all joints exhibit
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these characteristics; rather, such zones are irregularly

spaced from a few feet to several hundreds of feet apart

depending on local conditions. Additional evidence sup-

porting circulation along joints includes numerous joints

cemented with secondary crystals of calcite. Cemented

joints can be seen where blocks have separated from cliffs

and the freshly exposed joint surfaces are studded with

fine grained, white calcite crystals. Even with joint per-

meability, the overall transmission capability of the Supai

formation is very small, otherwise numerous seeps and

springs would be found above the many laminated shale layers

in the unit and at the top of the Redwall limestone.

Hermit Shale

The Hermit shale, as defined by Noble, forms a brick

red slope that separates the Supai formation from the Coco-

nino sandstone. Figure 11 indicates that the Hermit in-

creases in thickness northward under the Kaibab plateau at a

rate of approximately 20 feet per mile to a point about 10

miles south of Jacob Lake. The oil test well indicates a

slight thinning of the formation under Jacob Lake. The low-

er contact is a disconformity developed on the uppermost

sandstones of the Supai formation and grades laterally from

very even and flat to a channelled surface with a relief of

more than 50 feet (Noble, 1922, p. 63). The upper contact is

a flat and sharp disconformity with the Coconino sandstone.
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The Hermit is primarily composed of friable, thin

bedded shale that contains silt size particles stained red-

dish brown by iron oxides. The upper portions of the out-

crops in Tapeats amphitheater contain prominent thin to

thick beds of very fine grained, reddish brown sandstone

interbedded with shales. The lithologie character of the

formation is relatively uniform over the entire study area

and forms a slope everywhere. Joints are spaced from 1 inch

to 1 foot apart but are usually not continuous in the ver-

tical direction for more than a few inches. Vertically con-

tinuous joints occur at spacing wider than a foot and can be

observed as smooth vertical surfaces where sections of the

rocks have collapsed away from the slope. In the region

west of Muav saddle, the Hermit slope has retreated an aver-

age of 2 miles back from the upper cliffs of the Supai and

the scenic bench that results has been called the Esplanade.

Like the underlying Supai, the Hermit shale acts as

a regional aquitard where it is unfaulted and it is un-

doubtedly more important in this capacity due to its higher

stratigraphie position. Unjointed samples are impermeable

when tested in the laboratory. Ground water movement is

restricted to joint planes and, in a manner identical to

the underlying Supai, joints with vertical continuity are
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bleached white by the circulation. The bands are up to a

few inches wide, are readily apparent on clean exposures of

the rock and crisscross each other in a rectilinear pattern

with spacing up to 100 feet or more. The bleached zones

are decidely vertical and bedding planes are rarely affected.

Calcite deposits on joint surfaces are also common. The

permeability of the Hermit is very small because the active

circulation occurs along such widely spaced zones and is

controlled by joint partings that are minuscule. Conse-

quently, most of the ground water circulation in the Paleo-

zoic section occurs above this horizon except where large

scale fracturing exists.

Coconino Sandstone

A beautiful set of white cliffs overlie and set off

the brick red slopes of the Hermit. In many places, seeps

discharge from the base of the cliffs and feed a continuous

band of dense vegetation along the contact zone. This out-

crop is the Coconino sandstone and varies from over 400 to

less than 200 feet in the Grand Canyon. It is second only

to the Redwall limestone as a topographic barrier. The

unit is composed of huge crossbeds of pale orange to white,

well sorted, very fine grained quartz sandstone cemented by

silica. Individual sets of crossbeds range from 5 to 75

feet in thickness and occur as sweeping, gently dipping

wedges. The upper contact is remarkably sharp and
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absolutely flat over the entire Grand Canyon region. Joints

are spaced at more than 4 feet except where the unit is

faulted. In fault zones, joints occur as close as a few

inches for tens of feet from the fracture plane. The rock

may be disaggregated to loose sand in the fault itself.

As Figure 12 indicates, the Coconino sandstone thins to the

north at a rate of about 9 feet per mile until it wedges

out approximately 6 miles south of Jacob Lake.

Ground water circulation in the Coconino is not

restricted to joints as in underlying units; rather, water

can pass through the matrix of unfractured specimens, de-

pending on the degree of silica cementation. One repre-

sentative sample collected in Warm Springs canyon was tested

in the laboratory and found to have a permeability of 0.12

gallons/day-foot 2 measured perpendicular to the laminations

forming a crossbed. The permeability is probably as much

as one order of magnitude greater if joints are considered.

Like the Supai and Hermit, circulation along joints is in-

dicated by the presence of minerals deposited in the part-

ings and staining of the surrounding rock. Faults cause

intensive shattering of the Coconino for distances up to a

few hundred feet from the slip planes so these zones have

extremely large transmission capabilities. Ground water

movement in the Coconino is predominantly lateral due

to the small permeability of the underlying Hermit shale.
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Seeps occur as a continuous belt above the Coconino-

Hermit contact wherever the rocks dip toward the outcrop.

This seepage zone is very prominent along the eastern wall

of Nail canyon and supports a dense continuous belt of

vegetation for several miles. Locally, the springs have

discharges of several gallons per minute and Big springs,

the largest spring of this type on the Kaibab plateau,

discharges on the order of 1/2 cubic foot per second. In

this case, the water flows from small tubes up to a few

inches in diameter that are developed along the Coconino-

Hermit contact. Similar springs occur along the entire

east wall of Tapeats amphitheater. On the east side of the

Kaibab plateau, springs and seeps produce enough water to

support small surface brooks that flow into North canyon.

Where faults break the unit, they act as line sinks for the

laterally circulating water and the water truns vertically

downward to begin its journey through the lower Paleozoic

strata. As a result, springs are not found along faults

where the Coconino-Hermit contact is exposed.

Toroweap Formation

The Toroweap formation is one of the most litho-

logically complex units in the Grand Canyon region and was

defined by McKee (1938). The Toroweap was deposited by a

Permian sea that transgressed eastward and later retreated
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so the lithology of the unit varies laterally as well as

vertically. McKee has subdivided the Toroweap into three

members on the basis of facies. These are from bottom to

top: a redbed sequence (Gamma member), marine limestone

(Beta member) and a second redbed sequence (Alpha member).

These erode respectively to a slope, cliff and second slope

in the walls of the Grand Canyon. As Figure 13 shows, the

Toroweap thickens slightly to the northwest over the study

area; however, the thickness of the individual members does

not follow this trend. In general, the Toroweap becomes

more sandy to the east and the marine limestone (Beta

member) wedges out to the east and southeast of the study

area. (McKee, 1938, Fig , 2).

The lithologie character of the Toroweap is ex-

tremely variable in a vertical section. The Gamma member

is the lower redbed sequence and contains interbedded, cal-

careous sandstone, mudstone, shale, minor gypsum and lime-

stone in very thin to thick beds. This member thickens

toward the east from 11 feet in Warm Springs canyon to 73

feet in Bedrock canyon. In general, the lithology grades

eastward from a complex interbedded mix of sedimentary

types to a sandy or silty limestone.

The Beta member is a light gray, massive, resistant,

pure, calcareous marine limestone that has gradational

contacts with both the Alpha and Gamma members. It thins
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toward the east from about 175 feet in Warm Springs canyon

to 46 feet at Bedrock canyon. Some chert occurs in the

western sections but is missing on the east side.

The Alpha member is a sequence of interbedded

gypsum, calcareous sandstone, siltstone, mudstone and lime-

stone. Beds range from very thin to thin and the particle

size of the elastics ranges from silt to very fine sand.

Gypsum is abundant in the eastern and western portions of

the study area and pure beds up to 5 feet thick are not

uncommon; however, gypsum is very rare in the outcrops in

the vicinity of Bright Angel canyon. The Alpha member thins

slightly to the south from almost 200 feet at Warm Springs

and Bedrock canyons to 125 feet at Muav saddle. The upper

contact with the Kaibab is disconformable and has a chan-

neled relief of a few feet.

Joint spacings in the Toroweap are variable from 2

inches to a few feet in the redbeds to spacings greater

than 8 feet in the marine limestones. They occur at inter-

vals of 1 to 2 times the thickness of the beds in which

they are found. This is the same relationship as observed

in the other units in the Paleozoic section and appears to

be a characteristic of the region.

The variable lithology and close proximity to the

top of the Kaibab plateau makes the Toroweap the most hydro-

logically complex and interesting unit in the section. The



elastic layers act as aquitards in series that resist down-

ward movement of water, whereas the gypsum and limestone

beds behave in every capacity from aquicludes to highly

permeable transmission layers depending on local conditions.

Samples collected from the Toroweap include only the mas-

sive rocks that can be transported to the laboratory intact.

Unfractured samples of the marine limestone were imperme-

able. Surprisingly, a very massive sample of gypsum

yielded a permeability of 0.15 gallons/day-foot 2 . Close

examination revealed that the sample was intricately

shattered and shot through with small solution channels up

to 1 millimeter in diameter.

Springs occur in both the upper and lower redbed

sequences because each of these members contains aquitards

that cannot transmit all of the water introduced onto their

upper surfaces. Seeps are common from these units and are

most active during the wet season. The lower redbed se-

quence is by far the best water producer. Springs and seep

zones with discharges up to several gallons per minute dis-

charge from this member wherever the dip is toward the out-

crop. As a result, a dense belt of scrubs usually covers

the lower slope of the Toroweap. Good springs with flows

of several gallons per minute discharge from the lower

member on the west side of the Kaibab plateau in Tapeats

and Shinumo amphitheaters and on the east side along the
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cliffs overlooking the Cocks Combs.

The Toroweap plays a second important role in the

plateau hydrology as it crops out in most deep ravines and

floors the larger parks of the Kaibab. In these places,

it acts as a sink for surface water. The gypsum members

of the Alpha and Gamma members are extremely soluable and

sinkholes occur wherever the plateau surface is immediately

underlain by them.

Kaibab Formation

The Kaibab formation represents the top of the

Paleozoic section in northern Arizona and crops out over

most of the Kaibab plateau. Figure 14 indicates that it

ranges from about 300 to 350 feet thick in the region and

thins toward the east and northeast. McKee has interpreted

the Kaibab formation as the product of a transgression and

regression of the Permian sea much like the underlying

Toroweap. He has found it convenient to subdivide the

formation into three members which are from bottom to top;

Gamma, period of transgression; Beta, period of extended

sea; and Alpha, period of retreating sea. The Gamma member

is missing everywhere in the study area as is the upper

portion of the Alpha member which was apparently eroded

before the overlying Mesozoic sequence was deposited.

McKee (1938, p. 45-47) has recognized and defined

several facies in the Beta member, three of which occur in
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the study area. Facies 1 lies on the western flank of the

Kaibab plateau and crops out in Tapeats amphitheater and

along the walls of Nail canyon. Characteristically, this

facies consists of pinkish to light gray, thin bedded,

dolomitic, crystaline limestone with hard, round concre-

tions up to 5 or 6 inches in diameter. This facies grades
eastward into Facies 2 which is composed of thin bedded,

sandy limestone containing abundant bedded chert. In both

Facies 1 and 2 chart can exceed 50 percent of the rock.

The rocks of Facies 2 lie in a belt e4	 ending north-south

through the west central portion of the Kaibab plateau and

are found between Bright Angel canyon and Shinumo amphi-

theater. Facies 2 grades southeastward into Facies 3 in

the Grand Canyon and is composed of non-calcareous, fine

grained sandstone. The sections of the Beta member in

Bedrock canyon are composed primarily of thin to thick

bedded, cherty dolomites that erode to a step-bench topo-

graphy.

The Alpha member is present over most of the study

area but is usually less than 50 feet thick. It is com-

posed of thin bedded, fine grained limestone interbedded

with redbeds of silt and fine sand. Joint spacings in the

Alpha member range from 2 inches to 2 feet, whereas the

thick bedded, massive, cherty dolomites of the Beta member

contain joints every 4 to 8 or more feet. In general, they
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are spaced from 1 to 2 times the bed thickness.

The Kaibab formation is the principal recharge med-

ium of the Kaibab plateau. Normally, unfractured samples

of the rocks are impermeable. Two samples of the Beta mem-

ber were collected in Warm Springs canyon from thin bedded

carbonate deposits; one from a cherty zone and a second

from a sandy layer at a lower elevation. The cherty sample

was impermeable as expected, whereas the sandy sample reg-

istered a permeability of 2.7 x 10-3 gallon/day-foot 2 . The

latter was composed of silt size and fine grained, clastic

particles in a carbonate matrix. Porosity was evident and

consisted of irregularly spaced voids up to 0.1 millimeter

in diameter. It is apparent that the rocks composing the

formation do not have significant primary permeabilities to

account for the water movement through them. Rather, perm-

eability is controlled by secondary factors including solu-

tion widening of joints and bedding planes. Evidence for

solution is abundant over the Kaibab plateau and includes

innumerable sinkholes ranging up to several hundred feet in

diameter and small solution channels up to 2 feet in dia-

meter. Karstification is largely controlled by joints and

fractures and ground water movement is usually vertical.



CHAPTER 3

STRUCTURAL GEOLOGY

It has been clearly established that the primary

or pore-grain permeabilities of the rocks comprising the

Kaibab plateau are very small even when jointing is con-

sidered. It is also apparent that faults have increased

the permeabilities of the rocks several orders of magni-

tude, particularly where these structures control karst-

ification of limestones. As faulting is not homogeneous

in three dimensions, detailed tectonic maps are required

if the ground water system is to be fully understood.

The reader will notice that considerable attention has

been given to tectonic aspects and the writer estimates

that about 80 percent of the field work associated with

this study has involved structural mapping. This may be

surprising but the topic of ground water hydrology is so

interrelated with regional tectonics that the two are

practically inseparable.

Regional Setting 

The Kaibab plateau lies in the southwestern portion

of the Colorado plateau, which is a physiographic province

69
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characterized by flat lying Mesozoic and Paleozoic strata

dissected by deep canyons. The Kaibab subdivision is the

most elevated portion of the Colorado plateau in Arizona.

It lies 75 miles east and north of the Basin and Range

province which is composed of complexly structured north-

south trending mountain ranges separated by deep alluvial

valleys. North-south trending structures also dominate the

tectonic fabric of the plateaus of Arizona, and major struc-

tural belts occur at intervals of approximately 20 miles

across the northern part of the state. The most character-

istic feature of these zones is that they generally contain

an east dipping monocline. In addition the structural

zones to the west show a distinct tendency to downfault to

the west.

The Kaibab plateau has long been acclaimed for the

excellent exposures of its two margin structures, the East

Kaibab monocline and West Kaibab fault zone. In a regional

sense, the study area represents a transition zone between

great unbroken monoclinal folds to the east and faalted

monoclines to the west. Inevitably, where the monoclines

have faulted, the net movement has been to displace the

western block down which is the case along the West Kaibab

fault zone. Workers have recognized the systematic char-

acter of the regional structures since the days of Dutton

(1882, p. 185-186) and Davis (1901, p. 149). The regularity
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of the minor structures in the interior regions is also

striking and probably the most rewarding experience asso-

ciated with this study was watching the fabric of the

plateau develop as it was mapped. The fault pattern has

very definite characteristics but due to the heterogeneous

geologic materials that form the crust, local behavior of

a given structure was not always predictable and in the

parlance of the layman, the fault took a zig where it was

expected to zag.

Figures 15 and 16 show two prominent tectonic

trends; a group of north-south trending faults and mono-

clines and a series of intersecting faults that trend

northeast-southwest. For discriptive purposes, these groups

can be subdivided into zones. The north-south trending

group contains the East Kaibab and Grandview-Phantom mono-

clines, the Central Kaibab faults and the West Kaibab mono-

cline and fault zone. The northeast-southwest structures

include Fence fault on the Marble platform, the Bright

Angel-Eminence Break complex and the Sinyala fault in

Tapeats amphitheater. It seems apparent from the maps that

faults are more closely spaced in the Grand Canyon; however,

this is an illusion. The reason for this is that faults are

easily mapped in the well exposed walls of the canyons, no

matter how slight the displacement. On the other hand, only

the major structures can be detected through the dense
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forest and soil overburden of the plateau surface. Fortu-

nately, structures exert a strong influence on topography;

otherwise most of the larger faults would also go undetected

in the forest. As it is, even the largest of these features

was traced with liberal aid of aerial photographs as many of

them simply do not show on the ground. The region of the

plateau mapped by this worker includes only those areas in-

side the study area, see Figure 2. Structures restricted

to the Precambrian basement are omitted where they have not

controlled subsequent deformations. Three structural pro-

files through the plateau are illustrated on Figure 17.

East Kaibab Monocline

The East Kaibab monocline is the most majestic and

well exposed monocline in northern Arizona. The Mesozoic

cover has been stripped from the Kaibab limestone over most

of the region so the fold is represented by a single struc-

tural surface. Canyons cut perpendicularly across it in

many locations and provide excellent cross sections. The

Grand Canyon immediately south of Marble canyon follows the

monocline for 20 miles before turning sharply westward

across its axis. Remarkable sections are available along

this reach that expose the deep structure of the monocline

and the associated Butte fault.
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The East Kaibab monocline was named by Powell

(1873, p. 461), who traced it 50 miles south of Grand

Canyon. Dutton (1882, p. 183-186) explored the structure

50 miles north into Utah. Walcott (1890) studied it in

eastern Grand Canyon and made a significant contribution

by describing the relationship of the fold to the Butte

fault. His work included excellent cross sections that

have remained unchallenged to this day. The most detailed

study of the structure was made by Babenroth and Strahler

(1945) which stands as a monument in the literature of

northern Arizona geology.

The monocline is 150 miles long and extends from

the San Francisco peaks area into Utah where it terminates

near Paria. The monocline displaces the section as much as

5000 feet, west up, in a fold usually less than 3 miles

wide. Dips exceed 90 °E as some segments of the fold are
slightly overturned. The course of the structure is sin-

uous and trends from north-south to east-west. In section,

it is generally composed of a single sweeping fold but

locally it bifurcates or is faulted.

Phantom-Grandview Monocline

The Phantom-Grandview monocline is an east dipping

splinter fold that branches from the East Kaibab structure

southeast of the Grand Canyon. From the junction, the

Grandview fold trends due west for 12 miles before it turns
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abruptly toward the northwest and enters the Grand Canyon

at Grandview point with a displacement of 400 feet. The

Colorado river crosses the fold at the mouth of Bright

Angel canyon. Phantom monocline is the name given to the

segment north of the river. At the head of Phantom canyon,

there is approximately 150 feet of displacement across the

fold and it dies out about 1.5 miles northwest of Shiva

saddle in the Hindu amphitheater (Matthes, 1932). Dips

range up to 25°E in upper Phantom canyon.
A thrust fault with approximately 150 feet of dis-

placement underlies the Phantom monocline and is well

exposed on a hill on the north side of Phantom creek. The

dip of the slip) plane is 79 °SW, A similar thrust fault
underlies the Grandview segment in Cremation canyon and was

described by Maxson (1961) as having a dip of 80°SW and a
displacement on the order of 100 feet, northeast down.

Both of these faults follow the trend of the monocline and

both are restricted to the lowermost Paleozoic rocks. The

fault in Phantom canyon cuts only the Tapeats sandstone and

lower Bright Angel shale. Several closely spaced Precam-

brian faults exist in the area with similar trends and dips.

It is apparent that the amount of displacement on the thrust

fault in Phantom canyon is on the same order as the dis-

placement across the overlying monocline. The structural

relationship between the faults and monocline indicates
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that they are contemporaneous and the folding accompanied

thrust faulting along the Precambrian slip planes.

Grand Canyon Segment and Butte Fault

The East Kaibab monocline trends north-south from

Desert View for 12 miles before it turns northwestward and

leaves the canyon at Saddle mountain. The throw across the

fold at Desert View is 900 feet but increases to 2500 feet

at Saddle mountain. The intervening 20-mile reach is, with-

out a doubt, the most interesting and complex section along

the monocline. The structure of the fold has been well ex-

posed by the Colorado river which has removed over a mile

of rocks below the Kaibab formation. Walcott (1890) studied

this segment and found that most of the displacement across

the structure was taken up on the Butte fault which he

named. This fault is exposed on the south side of Nankoweap

canyon and has 500 feet of post-Paleozoic displacement, east

down. Four miles to the south in Kwagunt valley, the post-

Paleozoic displacement reaches 2000 feet. The trend of the

fault remains southerly for another 6 miles but the dis-

placement decreases. It forks at Chuar hill and the east

branch crosses the Colorado river in a southeasterly trend

with a displacement of several hundred feet but dies out

within 3 miles. The west branch has very little post-

Paleozoic displacement and continues southward from Chuar

hill for 6 miles and dies out in Tanner canyon.
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The section of the structure observed by the writer

is on the south side of Nankoweap canyon and consists of a

high angle reverse fault that dips between 70 0 and 80oW.

The Paleozoic strata dip sharply east against the slip

plane and portions of the Redwall limestone are vertical.

In other places the monoclinal folds are slightly over-

turned against the fault and the rocks are severely brec-

ciated and metamorphosed. Rocks as high as the Redwall are

displaced and it is certain that the overlying Supai was

also faulted but has since been stripped by erosion.

The East Kaibab monocline is coincident with the

Butte fault everywhere except along the west branch south

of Chuar hill and accounts for the steep dips that abut the

slip plane. Walcott (1890, p. 53) estimated that the post-

Paleozoic displacement across the fault-monocline complex

at Kwagunt valley was on the order of 2700 feet. He also

found extensive evidence that the entire fault zone was

active during Precambrian time. The structural relationship

between the post-Paleozoic monocline and fault indicates

that they are contemporaneous and it appears that thrusting

along the Precambrian fault, similar to that observed in

Phantom canyon, was responsible for the flexing of the Pale-

ozoic strata.
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Kane Segment

North of Nankoweap amphitheater, the fold curves

from a northwesterly trend to due north within 10 miles and

forms the eastern margin of the Kaibab plateau. In this

reach, deep canyons are eroded into the Paleozoic section

and rocks as low as the Redwall limestone are exposed. The

resistant upper Paleozoic units jut upward and to the west

along the margin of the downthrown axis of the fold in a

series of saw tooth ridges and have been appropriately named

the Cocks Combs. The displacement of the monocline averages

2500 feet in this region and is taken up by a graceful flex-

ing of the rock rather than a combination fold-fault as in

the region to the south. North of the Cocks Combs, the fold

bifurcates into two branches that trend northerly for 25

miles before they again join. The two folds are separated

by Kane bench which attains a maximum width of 4 miles and

is almost level. The displacements of the upper and lower

folds are 1000 and 1500 feet respectively and dips are as

great as 25°E.

Age of the Structure

Babenroth and Strahler (1945, p. 10-149) have dated

the major displacement along the northern end of the East

Kaibab monocline on the basis of an angular unconformity

between truncated Cretaceous strata involved in the fold

and flat lying Eocene (?) beds that overlie it. On the
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basis of this unconformity, they have safely concluded that

the northernmost portion of the monocline is Laramide in

age. The remainder of the structure has been assumed to be

contemporaneous but dating criteria are absent. The Lara-

mide date established for the northern terminus of the mono-

cline has been used liberally by recent workers as the date

for similar structures in the Grand Canyon region.

The West Kaibab Monocline and Fault Zone 

The West Kaibab fault zone has been so important in

controlling the topography of the western portion of the

Kaibab plateau that its trend can be readily observed at a

glance at any topographic map of the region. The north-

south trend of the faults has governed access routes into

the plateau since the area was opened by exploration in the

19th century. Present day roads follow the exact route that

the early explorers used to reach the Grand Canyon. Dutton

(1882) wrote a vivid description of his trip from Kanab,

Utah, to Point Sublime and his book makes an excellent guide

if one follows the roads along the Muav fault from Ryan to

Crystal canyon.

The fault zone extends from the Grand Canyon to

Utah. Two major faults, the Muav on the west and Big

Springs on the east trend northward 40 miles from the Grand

Canyon and converge at Ryan. The Big Springs fault, with
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over 1500 feet of displacement, continues northward from

Ryan to U.S. 89A and converges on the LaFevre graben which

lies to the east. The eastern fault of the LaFevre graben

extends northward and bifurcates into two faults that die

out in Utah. Monoclinal flexing is coincident with most

of the Big Springs and Muav faults and these folds are

named the Big Springs and Crazy Jug monoclines, respec-

tively. In the study area, minor displacements parallel

the major structures and include the Tapeats fault in

Tapeats amphitheater and the fauJts in Shinumo amphitheater.

In general, the west side is displaced down by the faults

whereas the monoclines flex the east side down. Generally,

the net displacement is west down.

The West Kaibab fault zone was named by Powell

(1873, p. 461). Dutton (1882) described various portions of

the structure and Noble (1914, p. 75-77) described in detail

and named the Muav fault in Shinumo amphitheater. Strahler

(1948) mapped and described the entire fault zone and named

the Big Springs fault. The present writer (Huntoon, 1968,

p. 33-40) examined the West Kaibab fault zone in detail in

Tapeats amphitheater and named the Crazy Jug monocline and

Tapeats fault. Later, Huntoon (1969) re-examined the struc-

ture and history of the entire zone and named the Big

Springs monocline.
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Crazy Jug Monocline and Muav Fault

Excellent sections across the Muav fault are found

in Tapeats and Shinumo amphitheaters as well as several

deep canyons to the north. Figure 18 shows the relationship

of the east dipping Crazy Jug monocline to the Muav fault.

The Crazy Jug monocline starts to appear south of Ryan and

reaches its maximum displacement at Crazy Jug point in

Tapeats amphitheater. Here, the monocline is over a mile

wide, displaces the strata a total of about 600 feet and

has a maximum dip of 10°E. Southward, the monocline dim-
inishes in throw and dies out near the Colorado river under

Point Sublime. Normally, the Muav fault lies on the lower

third of the flexure so that most of the fold lies west of

the fault; however, in Muav canyon the entire fold lies

west of the fault and in Tuna canyon it lies to the east.

The displacement of the Muav fault reaches a maximum of 730

feet at Big saddle and diminishes to about 400 feet near

Ryan. In all outcrops, the Muav fault is normal and the

slip plane dips greater than 60 °W. The fault zone is us-
ually composed of a single fracture that pulverizes the

rocks for a width of a few feet and shatters them for dis-

tances up to several hundred feet depending on the rock

type. Locally, small graben blocks that measure up to sev-

eral hundred feet wide are detached from the walls. At the

junction of the Muav and Big Springs faults, the rocks are
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severely fractured as expected and the thin wedge between

the faults is block faulted by closely spaced slip planes

for about 2.5 miles south of the junction. Noble (1914,

p. 75) found excellent stratigraphic evidence in Muav and

Flint canyons that the Muav fault and Crazy Jug monocline

overlie a fault zone that was active in Precambrian time.

This conclusion concurs with this writer's observations.

Big Springs Monocline and Fault

The Big Springs fault can be traced 50 miles from

U.S. 89A southward through Ryan and into Grand Canyon where

it dies out in Nintyfour Mile canyon. Except for the south-

ernmost 6 miles, the fault displaces the west block down

and consists of a single, high angle, west dipping slip

plane. The fault attains a maximum displacement of about

1300 feet north of Ryan but decreases in throw both to the

north and south. At Dry park, the displacement is on the

order of 300 feet. The fault controls the upper 6 miles of

Crystal canyon and in that reach the sense of displacement

changes from west down 80 feet at the north end, to east

down 150 feet where it passes through the saddle between

the Tower of Ra and Osiris Temple. Dragon canyon cuts an

excellent section through the southern portion of the struc-

ture and exposes the fault down to the Precambrian. It is

clearly reversed in this outcrop as is shown by Figure 19.

Although the sense of displacement reverses in this reach,



Figure 19. Reversed portion of the Big Springs Fault
in Hindu kmphitheater

The photograph is taken looking north up Crystal canyon.
The Big Springs fault trends toward the viewer through the
valley in the center, crosses the canyon and controls the
ravine in the foreground. The west dipping cut in the wall
of the canyon in the foreground is the reversed portion of
the fault and the west (left) side is up over 100 feet.
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the west dip of the fault plane is consistant with the nor-

mal fault north of Crystal canyon.

The Big Springs monocline is coincident but opposite

in throw to the Big Springs fault from U.S. 89A to Dry park

where it apparently dies out. The maximum throw is on the

order of 1000 feet between Big Springs and Ryan. As with

the Muav fault-Crazy Jug monocline system, the Big Springs

fault generally occurs on the lower third of the fold. Dips

on the monocline are usually less than 10°E and the fold is
up to 2 miles wide.

LaFevre Graben and North Road Fault

The LaFevre graben trends north-south and lies 2.5

miles west of the northernmost 9 miles of the Big Springs

fault. The graben is bounded on the west by a simple but

sinuous normal fault that has a maximum displacement on

the order of 300 feet. The southern 3 miles of this fault

trend northeast-southwest and show on Figure 16 one mile

east of the Big Springs fault at the top of the map. The

east side of the graben is bounded by the North Road fault

described by Strahler (1948, p. 519-522) which consists of

a single, normal, slip plane with a maximum displacement of

400 feet. The southern portion of the graben is compli-

cated by two en echelon faults with maximum displacements

of 200 feet that trend northeast-southwest but bend north-

ward as they approach the North Road fault. It appears that
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several minor fractures parallel these faults. No monocli-

nal flexing accompanies any of the LaFevre structures or

the North Road fault.

Central Kaibab Faults 

A series of normal faults controls north-south

trending valleys near the highlands of the Kaibab plateau.

Due to the poor exposures afforded by the dense forests

and alluvial cover of the valley floors, early workers had

difficulty interpreting these structures. Dutton (1882,

p. 193) mentions that Powell and Gilbert suspected that a

narrow graben extended down the center of the plateau.

Strahler (19)1)1, p. 385) felt that small scale faulting may

exist but it was not the principal control of the north-

south trending parks. However, Babenroth and Strahler

(1945, Fig. 1) later mapped several faults along the valleys

north of the National Park boundary. Maxson (1967) extended

several faults northward from the Grand Canyon into the

southern portion of the Kaibab plateau. This writer finds

the Kaibab plateau portion of Maxsonis map completely erron-

eous. It is obvious that Maxson paid no attention to struc-

tural control of the topography and, as a result, his map

makes no sense.

The Central Kaibab faults characteristically dis-

place the western block down and, for the most part, they
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closely parallel the Big Springs fault in the southern por-

tion of the plateau. North of Jacob lake, a second group

of Central Kaibab faults trends north-south and appears to

be part of the same system. As they are traced southward

toward Jacob lake, they turn sharply to the west and die

out before reaching the West Kaibab fault zone. Similarly,

the southern plateau faults also veer off toward the west

as they are followed northward. The displacement across

the fault zones is often taken up along two or more closely

spaced slip planes as is well illustrated by the parallel

Uncle Jim and Pleasant valley-DeMotte park faults. Further-

more, the Central Kaibab structures are not laterally con-

tinuous; rather, the shear zones may consist of several

closely spaced, en echelon faults. Excellent examples of

this phenomenon are seen along the DeMotte fracture zone

north of DeMotte park where one en echelon system breaks

away to the west and a second system of 4 closely spaced

faults continues northward across the upper limb of the East

Kaibab monocline. The Milk and Dragon faults in the Hindu

amphitheater of the Grand Canyon are arbitrarily included

in the Central Kaibab system.

The displacements along the Central Kaibab faults

either die out or reverse as the structures are traced

southward toward the Grand Canyon. The Uncle Jim fault

scissors at Lindberg hill and the southern 7 miles is
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reversed with the east wall dropped down along a west dip-

ping slip plane. The Roaring Springs fault, which par-

allels the Uncle Jim structure from Milk to Bright Angel

canyon, is also reversed with the east down on a west

dipping slip plane. Although these faults are reversed,

the west dip of their slip planes is consistent with the

normal faults in the system to the north. The Precambrian

structure under the Central Kaibab system is not exposed;

however, on the basis of the Precambrian faults that under-

lie both the East and West Kaibab structures, similar zones

are assumed to exist.

The displacements on the Central Kaibab structures

in the study area are less than 200 feet. The most contin-

uous fault in the system is the Uncle Jim structure which

extends for more than 20 miles from Bright Angel canyon to

Pleasant valley. The maximum displacement along it does

not appear to exceed 100 feet. As expected, the en echelon

faults in the system attain their maximum displacement mid-

way between the terminal points. The decreasing displace-

ment towardtoward a terminus is compensated by increasing

displacement on the next parallel fault in the series.

Consequently, the net displacement across each system is

relatively constant. The Milk and Dragon faults have small

displacements that do not exceed 100 feet; however, they

have been extremely important in governing the morphology
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of Hindu amphitheater. Likewise the DeMotte fracture zone,

which appears to be a system of minor normal faults, has

controlled the shape of DeMotte park.

Northeast-Southwest Trendinz_Fault Zones 

A conspicuous system of northeast-southwest trend-

ing faults cuts through the study area and includes the

Bright Angel-Eminence Break, Fence and Sinyala faults. Al-

though the sense of displacement on these structures is not

uniform over the region, they share one common character-

istic which is their remarkable linearity. For example,

the Sinyala fault trends due northeast-southwest for over

20 miles between Tapeats amphitheater and Havasu canyon.

Most of the faults in the system are normal.

Bright Angel-Eminence Break Fault System

Maxson (1961) studied the Bright Angel fault in the

Grand Canyon and established that the post-Paleozoic struc-

ture closely follows an underlying Precambrian fault zone.

Many other workers have mentioned the profound influence

that the Bright Angel fault has had on the morphology of

eastern Grand Canyon. Surprisingly, the literature has not

recorded the obvious relationship between the Bright Angel

fault and Eminence Break , Figure 15 shows that the two

faults lie on exactly the same line but are separated by the

East Kaibab monocline. The displacements of the structure
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reverse across the monocline such that the northwest side

is down to the north and the southoast side is down to the

south. It is also apparent that the Bright Angel and Em-

inence Break faults veered northward and southward respec-

tively as they approached the monocline. The intervening

7-mile wide area is the scissors point in the system and is

complexly fractured by small scale faults and master joints

that intersect at high angles. Both the Imperial fault

and Boundary graben are included in this zone and have dis-

placements that do not exceed 75 feet.

Eminence Break forms the southeastern side of a

fairly continuous graben that is up to two miles wide. In

Marble canyon, the structure is bounded by simple, high

angle, normal faults that have displacements of up to 225

feet. The net displacement across it is west down. The

western fault of the graben grades vertically upward into

a shattered, east dipping fold above the Hermit shale. Sec-

tions in Marble canyon demonstrate that the fold is not a

monoc line.

Bright Angel fault is a much simpler structure and

consists of a single, high angle, normal slip plane that

has a displacement of up to 200 feet in the study area.

Grabens occur near its northern terminus in the Paleozoic

section and this region is complicated by intersecting Cen-

tral Kaibab structures.
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Fence Fault

Fence fault is a continuous structure that crosses

the Colorado river 1.5 miles north of Vasey's Paradise in

Marble canyon. The southeast side of the fault is dis-

placed down as much as 100 feet in South canyon along a

normal, high angle slip plane. It can be traced to the

southwest toward the Kaibab plateau but is lost under cover

and is presumed to die out before reaching the East Kaibab

monocline.

Sinyala Fault

The Sinyala fault in the Tapeats amphitheater was

named by Reilly (1960, p. 68) but has been referred to as

the Chikapanagi fault by Maxson (1967) and Hamblin and Rigby

(1969). Hamblin and Rigby mention that the fault is down -

thrown to the west where it is exposed by the Colorado

river. The displacement decreases northeastward into

Tapeats amphitheater and is zero at the rim of the canyon.

The sense of displacement reverses north of the rim and the

fault is slightly reversed, east side down 25 feet north of

Sowats canyon. It appears to intersect Muav fault at Pine

Flat but is buried at this point. Deer fault lies parallel

to and east of the Sinyala fault in Deer basin and has a

displacement of about 20 feet.



9 1

Sequence of Tectonic Events 

The rocks of the Grand Canyon and surrounding pla-

teaus have recorded several tectonic episodes from Precam-

brian to post-Laramide in age. Aside from the East Kaibab

monocline, none of the post-Paleozoic structures can be

dated by known stratigraphic or radio isotope methods be-

cause the younger rocks have been eroded from the section

and there is a complete absence of post-Paleozoic volcanism

in the region. It is the opinion of this worker that rela-

tive dates can be assigned to the various classes of struc-

tures on the basis of their present geometric relationships.

Inherent in the following discussion is the assumption that

normal faults and grabens are usually associated with ten-

sional stress environments whereas folding and thrust or

reverse faulting results from compressional or wrench stress

environments. These concepts are as old as structural geo-

logy and are not startling in themselves. Because these

structures profoundly influence the ground water hydrology

of the Kaibab plateau, it is of interest to establish how

long they have been present.

Precambrian Basement

Precambrian faults and folds occur throughout the

basement rocks of the Grand Canyon and represent a long and

complex history of early tectonics. It is important to
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emphasize that many of the major Precambrian tectonic zones

coincide exactly with major post-Paleozoic deformations.

Documented examples include the Precambrian fault zones that

underlie the East and West Kaibab structures and the Bright

Angel fault. It is important to notice that these struc-

tures include all compass directions from northwest to

northeast.

The occurrence of the old and young structures at

the same place indicates that the fracture fabric of the

basement has been extremely important in governing the lo-

cation of subsequent deformations. The writer postulates

that as the crust is subjected to stress, it will tend to

fail along pre-existing weakness zones if the orientation

and dip of the structures in those zones is favorable. The

adjustment is made on a regional scale because crustal

stresses are no/mally regional in distribution. Conse-

quently, the stress can cause movements along several zones

spaced at relatively regular intervals where the interval

is, in part, a function of the intensity of the stress.

Within a given zone, a single set of basement fractures may

not have the optimum planimetric orientation to fail and

relieve the imposed stress. Consequently, two or more sets

of deep structures may yield, each having a different orien-

tation. The release of stress along intersecting sets of

deep structures would yield a subdued zig-zag pattern in
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the overlying strata and could well account for the sinu-

osity of many of the post-Paleozoic structures observed in

the study area. Lateral variation in the composition of

the basement is also a factor that governs the geometry of

subsequent fractures.

Paleozoic Tectonic History

The Paleozoic rocks in the Grand Canyon area record

gradual regional subsidence intercepted by minor periods of

uplifting that maintained the surface within a few hundred

feet above or below sea level. McKee (1969, p. 42) proposes

that the Grand Canyon region lay between the Cordilleran

trough of southern Nevada and the Sonoran trough of south-

eastern Arizona and northern Mexico. Mild regional subsi-

dence and uplift or minor changes in sea level caused

periodic transgressions and regressions of the Paleozoic

seas in the region between these basins. Consequently, the

sedimentary deposits in the study area are largely marine

or near shore shallow water types and the erosional uncon-

fo 	 mities are relatively flat.

McKee and Gutschick (1969, p. 79-80) observed angu-

lar discordance between the Redwall limestone and Supai

formation overlying the Butte fault near the Tanner trail

in eastern Grand Canyon. From their description, it appears

that the fold involved a vertical displacement on the order

of 200 feet. McKee has recognised the spatial correspondence
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of basement structures and subsequent deformations in the

Grand Canyon so he assumed the Redwall folding was related

to the Butte fault. This is, of course, consistant with

this writerls views. Unfortunately, the extent of the post-

Mississippian displacement is unknown.

Mesozoic Tectonic History

The presence of an erosion surface on top of the

Kaibab limestone indicates that the land surface was above

sea level at the beginning of Mesozoic time. Subsidence

ensued coincident with rising of the central Arizona high-

lands and clastic deposits washed into the low over the

Grand Canyon region.

Walcott (1890, p. 63-64) recorded what he considered

was a late Paleozoic uplift along the northern portion of

the East Kaibab monocline based on angular discordance be-

tween the Moenkopi formation and Shinarump conglomerate.

Since Walcottts time, the Moenkopi has been dated as Tri-

assic rather than Permian as he assumed; however, his obser-

vation is sound. He found two sections in northern Houserock

valley where the Triassic Shinarump conglomerate thins west-

ward against the underlying Moenkopi formation. Both the

Shinarump and Moenkopi are missing from the top of the

Kaibab plateau and the Triassic Chinle formation rests dir-

ectly on the Kaibab limestone. Walcott concluded that some

uplifting took place along the East Kaibab monocline prior
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to Shinarump deposition. This uplift can now be dated as

Triassic but it is unknown whether similar movements occur-

red along other zones in the study area. It is interesting

to •note that Babenroth and Strahler (1945) completely failed

to mention Walcottts observation although they referenced

his paper several times. They also state (p. 149) "...no-

where was evidence of more than a single period of flexing

found (along the East Kaibab monocline)". With Walcottis

and McKee and Gutschickts discoveries, this statement can

be considered invalid.

Following Shinarump deposition, subsidence continued

on a regional scale and several thousand feet of elastics

were deposited in the study area. The general subsidence

was broken only by short periods of erosion.

Laramide Deformation

The first major tectonic pulse felt in the study

area since the Precambrian occurred in Cretaceous time. As

Babenroth and Strahler have documented (1945, p. 148), the

major movement along the East Kaibab monocline took place

during this period. Cretaceous rocks are folded by the

monocline and are unconformably overlain by the Eocene (?)

Clarion formation in southern Utah. The development of the

monocline coincides with the Laramide structural revolution

which began as a series of strong compressive pulses direc-

ted toward the east and northeast in the Colorado plateau.
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Because this was a period of intense structural

deformation in the Colorado plateau and adjacent Rocky

mountains, past workers, including the writer, have assumed

that the Laramide revolution was responsible for other mon-

°clines in the study area. Support for the coincident de-

velopment of the East and West Kaibab monoclines is the

structural relationship between the Big Springs and Phantom

monoclines. It is obvious from Figure 15 that these struc-

tures lie on the same line separated only by Hindu amphi-

theater. It appears that as the monocline developed, the

20-mile segment between Dry park and Shiva Temple did not

yield because either the underlying zone did not have a

favorable attitude or the stress field did not require de-

formation at this point.

Evidence presented earlier in this paper indicates

that the monoclines developed in response to thrust faulting

at depth along west dipping slip planes. The thrust faults

observed in the Grand Canyon include the Butte fault of the

East Kaibab monocline and the Cremation and Phantom faults

of the Grandview-Phantom monocline. The Muav fault under-

lying the Crazy Jug monocline undoubtedly belongs in this

class as it dips west and is known to have been active in

Precambrian time. It affords a good thrust surface for

stresses directed toward the east; however, post-Laramide

faulting has obliterated the evidence for thrusting.
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The great regional warping of the crust, including

emplacement of the Kaibab Arch, probably accompanied devel-

opment of the Laramide monoclines. The basis for this state-

ment is that the energy required for these large scale

deformations was obviously available during the Laramide

time. The combined effect of the monoclines and gentle warps

was to uplift the land surface several thousand feet and in-

itiate canyon cutting.

Late Cretaceous-Paleocene Period

The tectonic conditions responsible for the emplace-

ment of the Central and West Kaibab faults are not consistent

with the compressional environment that produced the Laramide

monoclines and regional warps. Rather, the faults indicate a

tensional regime or, at least, a relaxation of the Laramide

forces. Consequently, the writer has assigned the faulting

along the Central and West Kaibab zones to the post-monocline

period and assumes that it closely followed the Laramide dis-

turbance. Stratigraphic evidence is missing that could con-

clusively support a post-monocline date for these faults;

however, no reasonable mechanism has been proposed in support

of contemporaneous normal faulting and monoclinal flexing in

the same zone. Therefore, it is assumed that these struc-

tures were emplaced as the crust attempted to reach equil-

ibrium in the post-compression environment.
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Strahler (1948, p. 524-526) argues that both the

Central and West Kaibab folding and faulting was contempor-

aneous and represents a single period of deformation that

he dates as Laramide. His conclusion does not agree with

Dutton (1882, p. 183-186), Davis (1901, p. 149), Noble

(1914, p. 76) or Huntoon (1969, p. 72-73) who argue that the

monoclines were subsequently faulted. The discrepancy

results because the early workers observed only downbending

of the strata on the west side of the faults and they

assumed that the faults cut through pre-existing monoclines.

Strahler failed to observe the excellent sections afforded

by the Grand Canyon in Muav and Crazy Jug canyons where up-

turning of the eastern limb is obvious as it approaches the

fault. Consequently, he proposed that the folding was not

due to monoclinal flexing. Notice, the folding is anti-

thetic to the movement on the fault.

A slightly more subtle argument, that this writer

feels is invalid, has been used by workers to explain the

sequence of events along the West Kaibab fault zone. Workers

in the area have been aware that up to several thousand feet

of Mesozoic sediments may have overlain the Paleozoics when

the structures were emplaced. Noble (1914, p. 77) suggested

that an early movement caused the Crazy Jug monocline to de-

form by folding rather than faulting because the rocks were

loaded by the Mesozoics. He concluded that a later tectonic
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pulse resulted in faulting along the same zone because the

Mesozoics were no longer present. Strahler (1948, p. 539),

discussing the same structures concluded that the fault and

fold were contemporaneous and folding along the fault proved

that the section was loaded. Notice, both men used the same

argument but one established two periods of deformation

whereas the other assumed one.

It is apparent that the argument of loading is not

sufficient to make substantive statements about the mode of

deformation. In the study area, the structures are largely

a function of the stress responsible for their emplacment.

It appears that the rocks have tended to fold under a com-

pressional environment if the deformation was slow or slight

enough that the rocks couldaccommodate the strain by folding.

On the other hand, they have faulted when the stress environ-

ment was tensional as long as the displacement was fast or

great enough to overcome the plastic properties of the rock.

Although the writer agrees with Noble's interpretation of

the history of the West Kaibab structure, he finds Noble's

reasoning insuffiecient and concludes that it is unknown

whether or not the Mesozoics were present when the faulting

ensued.

Later Faulting

It is obvious that the northeast-southwest trending

faults do not exhibit structural trends similar to the
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Central and West Kaibab faults nor do they consistently dis-

place the west block down. As a result, it is assumed that

they constitute a separable system. Their geometric rela-

tionship to the north-south trending faults suggests that

they were emplaced during a later period of deformation.

Figure 15 illustrates that in many cases the northeast-

southwest trending faults either terminate or curve to a

sub-parallel position as they are traced toward a north-

south fault or monocline. This is well illustrated by the

Sinyala fault which bends northward before intersecting the

Muav fault. Likewise, the Eminence Break and Bright Angel

structures veer away from the East Kaibab monocline as they

approach it.

The reverse faulting that drops the east down along

the Uncle Jim and Roaring Springs faults may be related to

the emplacement of the Bright Angel-Eminence Break struc-

tures. It is apparent from the tectonic map that the Bright

Angel fault attempted to turn northward parallel to the East

Kaibab monocline and displace the east block down. As this

occurred, the nearby Uncle Jim and Roaring Springs faults

may have been re-activated such that the new movement caused

the eastern block to be downthrown in reverse fashion along

the existing west dipping fault planes. Such a hypothesis

is strictly speculative; however, it explains not only the

reverse movement on these faults but also the fact the Uncle
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Jim and Roaring Springs faults terminate against the Bright

Angel structure.

In the immediate vicinity of the study area, the

combined displacements across the northeast-southwest trend-

ing faults cannot be resolved into a simple warp or wrench.

This suggests that individual components of these systems

may represent different periods of faulting. The implica-

tion of several minor post-Laramide tectonic episodes in

the Grand Canyon region is consistant with events known to

have occurred elsewhere on the Colorado plateau. An excel-

lent summary of documented post-Laramide faulting is given

in McKee, Wilson, Breed and Breed (1967) and indicates that

faulting has occurred on the Colorado plateau intermittantly

from the Laramide to the present. It is preposterous to

assume that the Grand Canyon area, which lies in the center

of this activity, is unique in having only one Laramide or

post-Laramide period of faulting.

The writer concludes on the basis of the relation-

ships between the various classes of structures in the study

area and history of post-Laramide activity documented else-

where on the Colorado plateau, that several post-Laramide

tectonic pulses have left their mark on the rocks in the

Grand Canyon region. These deformations appear to be re-

sponsible for the northeast-southwest trending faults and

scissoring along the Central and West Kaibab faults. It is
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apparent from the measured displacements that these events

were very mild in comparison to the deformations along the

older Central and West Kaibab structures. It must be em-

phasized that the tectonic history of the study area is not

documented beyond the emplacement of the monoclines during

Laramide time. Figure 20 is a structural contour map of the

approximate top of the Paleozoic section and shows the net

result of the post-Paleozoic deformations that have shaped

the Kaibab plateau.

Blackwelder (193 ) , p. 563-564), Longwell (1946,

p. 54) 0 McKee, Wilson, Breed and Breed (1967, p. 58) and

Hunt (1969 0 p. 127) agree that the Colorado river was a

through flowing stream in the Grand Canyon region by Plio-

cene or Miocene time. This implies that the Grand Canyon

started to erode during this period. Most if not all of the

tectonic structures in the study area were emplaced by this

time as is demonstrated by the strong control they have on

the landscape. Consequently, the hydrologic system that

exists today has developed without a great deal of struc-

tural alteration since the Colorado river started to excavate

the Grand Canyon.

Permeability and Structural Deformation 

Now that the reader is aware of the types and dis-

tribution of structures in the study area, it is appropriate
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to examine the influence these have on permeability. The

problem is complicated because the rocks represent a wide

spectrum of lithologies that range from extremely brittle

lithified sandstones and limestones to poorly cemented or

plastic rock types. Also, two distinct modes of deformation

are present, folding and faulting.

Brittle Rocks

The brittle rocks in the Paleozoic section include

from the top down the Kaibab formation; the Beta member of

the Toroweap formation; the Coconino sandstone; the massive

sandstone units in the Supai formation; the Redwall„ Temple

Butte and Muav limestones; and the Tapeats sandstone. These

units are classified as brittle because they have usually

broken cleanly along a single slip plane in faulted out-

crops. In the case of small faults with displacements of

less than 100 feet, the fault zones are normally less than

20 feet wide and contain gouge and breccia. Larger faults

cause a wider zone of disturbance which may exceed 100 feet

and include blocks up to several tens of feet across that

have been torn from the walls. Minor drag folds are common

along faults in these rocks.

A zone of shattered rock normally lies adjacent to

the slip planes and accompanies faults of all magnitudes.

In the case of the poorly cemented Coconino sandstone, this

zone may be several hundred feet wide and consist of
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fractures spaced every few inches. The massive Redwall and

Temple Butte limestones do not shatter as readily as the

Coconino and this zone may only affect an area a few tens

of feet wide along faults. Ground water readily seeps

through the brecciated and shattered rocks and uses the

faults as high permeability conduits. In addition, inten-

sive fracturing of the limestones renders these rocks highly

susceptible to solution.

The thick, brittle limestone sequence formed by the

Redwall, Temple Butte and Muav limestones exhibits an inter-

esting and important subsidiary fracture pattern in the

vicinity of faults. This consists of a system of master

joints that are spaced at intervals of 1000 feet to 3000

feet in a rectilinear network that extends up to 4 or 5
miles on either side of major faults. These fractures form

very prominent lines on the limestone cliffs but show no

displacement. Excellent examples can be found parallel and

perpendicular to the Bright Angel and Imperial faults. In

some cases the fracturing extends upward through several

• overlying units and controls the shape of many of the tem-

ples and buttes that are separated from the canyon rim.

Noble (1914, p. 79-80) recognized these structures in Shin-

umo amphitheater and remarked on their influence in con-

trolling topography. The fractures exert a strong influence

on ground water circulation through the limestones because
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they form continuous shattered zones along which solution

channels have developed.

Solutioning of master joints is well documented

along the Imperial fault which extends for 4 miles across
northwestern Nankoweap amphitheater. The fault is well ex-

posed by 5 canyons. To date, 3 caves have been discovered
in the Mooney Falls member of the Redwall limestone that

lie along or within 1/4 mile of the fault zone. Each of

these caves has a ch2racteristic rectilinear plan of inter-

secting passageways developed along joints spaced several

hundreds of feet apart. The solution enlarged joints are

usually less than 10 feet wide but normally exceed 50 feet

in height. The map of Silent River cave, Figure 21, illus-

trates the scale and form of these caves. The cave lies

under the northern part of the Walhalla plateau and is en-

tered through the Imperial fault which controls the north-

east-southwest trending passage on the right side of the

map. Notice that only 900 feet of the known cave lies on

the fault but over a mile of passage is controlled by the

large scale rectilinear joint network to the northwest. The

cave can be considered to extend linearly along the Imperial

fault and every major joint shown on the map; however, these

passages are blocked or too narrow to allow human passage.

Water enters the cave from the overlying rocks through

the joints and readily moves through the Redwall. Horizontal
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flow is restricted to zones where downward circulation is

retarded by incomplete solution of the fractures or passages

that have been plugged with sediment. It is interesting to

notice that the small stream shown on the map flows away

from the canyon wall toward the northwest. This portion of

the Imperial cave system probably channels most of the ground

water entering it to karst springs at the head of Bright

Angel canyon 2.5 miles downdip to the southwest.

The brittle rocks in the Paleozoic section have been

folded by the monoclines and respond by a combination of

plastic deformation and intensified jointing. In the case

of extreme folding such as that found adjacent to the Butte

fault on the East Kaibab monocline„ the brittle limestones

are completely shattered and readily yield to erosion. In

the gentle flexures, such as the East Kaibab monocline near

the Cocks Combs, joint intensity is 2 to 4 times that in

undisturbed regions. There is no question that the mono-

clines have enhanced the permeabilities of brittle rocks

through increased jointing, but the overall effect does not

appear to be important unless these rocks are exposed to

the surface. In the sections of the East Kaibab monocline

north of the Cocks Combs, the Hermit shale and shale beds

in the Supai flex without appreciable fracturing and seal

the underlying Redwall from circulating ground water. On
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the other hand, the fractured Redwall exposed in the Cocks

Combs acts as a sink for all but the largest flood flows

that pass over it from the adjacent Kaibab plateau. Numer-

ous mall solution tubes up to 2 feet in diameter are common

in the Redwall outcrops and it is apparent that karstifica-

tion of the joints emplaced along the monocline has aided

the recharge process.

Along the West Kaibab monoclines the effect of joint

permeability in the brittle rocks is largely masked by the

intense fracturing associated with the West Kaibab faults.

Consequently, fault structures dominate the permeability

regime in that zone. The regional warping that caused the

Kaibab Arch is gentle enough that it does not appear to have

intensified jointing in the Kaibab limestone outcrops on the

plateau surface.

Shaly Rocks and Gypsum

The ahaly members in the section, including portions

of the Toroweap, Hermit, Supai, Muav and Bright Angel forma-

tions, make up an interesting class of rocks that have been

relatively flexible under the tectonic stresses imposed on

them in the Grand Canyon region. In the case of the gypsum

units of the Alpha and Gamma members of the Toroweap, defor-

mation has been accomplished by actual flowage in some fault

zones and simple plastic bending along the monoclines. The

thick sequences of shales have deformed by flexing along
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several minor faults. It appears that the flexing bakes

place by minute movements along the tiny partings and joints

that give the rocks their friable character.

The difference in behavior of these rocks compared

to the brittle members is spectacularly illustrated by a

minor reverse fault exposed by Marble canyon 2.5 miles

northwest of Eminence Break near Rock point. See Figure 22.

Notice that the Supai, Coconino, and Beta and Gamma members

of the Toroweap have failed along simple faults. It is

apparent that the northwestern limb of the Kaibab formation

has sagged downward into the Toroweap along a normal fault

that is antithetic to the displacement of the underlying

structure. The deformation in the Toroweap was accomplished

by flowage of the gypsum in the Alpha member toward the

northwest. The reverse faults terminate in this same plas-

tic zone. The minor faults near the top of the section die

out vertically downward in the Hermit shale in shattered

flexures. Both the brittle Coconino and Kaibab are com-

pletely shattered by the disturbance.

All of the shaly units fail as simple faults if the

displacement is large enough to exceed their capacity to

flex or flow. Where faulted, the slip planes usually con-

sist of a narrow zone of brecciated country rock up to 10

feet wide. Drag folds commonly accompany the faults but

shattering appears to be subdued in comparison to the brittle
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of	 Rock	 Point.
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rocks. Feather fractures are very common in the Bright

Angel shale and Muav limestone and may extend up to several

tens of feet away from the main displacement.

The shales and gypsum are very permeable where

faulted except the Bright Angel shale which develops an im-

permeable gouge that seals the fault plane. Where gently

folded, the shales and gypsum are not appreciably altered

and the permeability remains very small. This has a pro-

found effect of the ground water circulation in minor faults

where folding rather than fracturing occurs in the thick

shale series.

Fault Termini

When faults are traced to their termini in the study

area, fracturing is observed to continue up to several miles

beyond the point of zero displacement. The fractures behave

identically to faults in the brittle rocks and can be assumed

to have permeability characteristics approaching those of

faults. Fortunately, most of the fracture continuations of

fault zones have markedly controlled the topography so it is

very easy to trace them on the ground or on aerial photo-

graphs.



CHAPTER 4

GROUND WATER CIRCULATION IN UNFRACTURED ZONES

The most important hydrologic fact concerning the

Kaibab plateau is that no streams drain from its surface.

The only runoff that occurs follows very infrequent and

intense rain storms. As a result, it can be stated with

certainty that most of the water falling on the plateau

leaves through evaporation or transpiration or enters the

ground water system.

Important insight may be gained on the ground water

system by comparing the annual distribution of precipitation

at North Rim and the discharge of Bright Angel creek.

Bright Angel creek is fed by springs that drain from the

ground water system of the Kaibab plateau. Figure 4 illus-

trates that the precipitation distribution is bimodal and

the largest portion of the water falls in the winter months

of December to April. On the other hand, Figure 23 indi-

cates that the discharge from Bright Angel creek has one

peak that is displaced approximately 4 months from the heavy

winter precipitation. Two important facts emerge from this

comparison; first, the water from the summer storms is

largely absent from the hydrograph and second, the system
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annual	 discharge (1924-1969) at

Bright	 Angel	 Gauging	 Station,	 Bright

Angel	 Creek, Grand Canyon, Arizona.



115

induces a lag between the winter rainfall and discharge.

Evaporation and transpiration from the Kaibab forest, which

is at the peak of its growing season during the summer per-

iod, accounts for the missing summer rainfall pulse. The

reason for the lag between winter precipitation and dis-

charge is not as readily apparent. The most important fac-

tor contributing to the lag is that a large portion of the

winter precipitation falling on the plateau is locked up as

snow or ice that is released only after the spring thaw.

Secondly, the ground water system that feeds the springs in

Bright kngel canyon induces a lag between infiltration and

subsequent gauging at Phantom ranch.

The present topography of the Kaibab plateau pre-

cludes large surface runoffs. Road cuts and canyon walls

illustrate the open jointing of the Kaibab formation. Most

of the joints are solution widened near the surface which

proves that they function as vertical conduits for recharging

water. Thousands of small closed solutional basins called

sinkholes dot the landscape and obviously channel the surface

water into the ground. On a larger scale, many of the parks

and valleys are closed and consist of rolling hills sep-

arated by sinkholes. DeMotte park, which is 8 miles long

and lies in the highest rainfall belt on the plateau, is an

interior drainage basin. Another excellent example of in-

terior drainage is Lookout canyon along the Big Springs



11 6

Table 2. Mean monthly discharge of Bright Angel creek
(1924-1969) at Bright Angel gauging station,

Grand Canyon, Arizona

Average
Discharge	 Percent of

Month	 (cfs)	 Annual Total

January 22.5 5.3

February 24.9 5.9

March 27.6 6.5

April 8 0 .6 19.1

May 102.1 24.1

June 33.1 7.8

July 23.1 5.5

August 22.5 5.3

September 21.7 5.1

October 21.0 5. 0

November 21.6 5.1

December 22.4 5.3

fault. This valley drains an area of approximately 35 square

miles but surface water never flows through it because it is

now floored by a chain of sinkholes. These valleys are

typical of others found on the higher portions of the Kaibab

plateau, particularly those located in the vicinity of fault

zones.

The disposition of the water after it enters the

plateau is the primary concern of this paper. Because there
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is only one deep well in the entire region, ground water

circulation cannot be monitored adequately by wells. Conse-

quently, the hydrologist is forced to study the discharge

points to determine their hydrologic significance. This

approach has yielded a wealth of knowledge on the mechanics

of the system.

There are two classes of springs in the study area:

1) structurally controlled and 2) stratigraphically con-

trolled. The former group account for the bulk of the ground

water leaving the plateau in liquid form. Stratigraphically

controlled springs are certainly less important in total dis-

charge but yield more hydrologic information than any other

observable component in the system. This follows because the

stratigraphic position of these springs shows where the water

is in the section and indicates the relative permeabilities

of successive layers.

Henry Darcy (1856) discovered that laminar flow

through saturated porous media is described by the equation

(1)

where

v = volumetric flow,

P = permeability of the rock, an experimentally derived
constant that is a function of the type and condi-
tion of the fluid and the geometry of the flow path
in the media,
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h = hydraulic head and

s = distance along the flow path.

Hubbert (1940) demonstrated that a hydraulic potential exists

in a saturated ground water system that has the form

= gY + -

	

( 2 )
P

where

0 = velocity potential,

g = acceleration of gravity,

y = elevation above an arbitrary datum,

p = gauge pressure at any point, total pressure less
atmospheric pressure, and

P = density of water.

If the potential expression is divided by g, the resulting

equation is in terms of head which is a readily measurable

quantity. Furthermore, the new equation is also a potential

function. Field and laboratory studies have demonstrated

that Darcyts law can adequately describe flow through a wide

range of field conditions including circulation through frac-

tured rocks if a large enough volume is sampled. The impli-

cation is that a three dimensionally jointed rock behaves as

a porous media as long as the joints are saturated and the

flow is laminar.

This fact suggests that it may be possible to derive

analytical models based on Darcy- Is law that would describe

the ground water circulation system in the Kaibab plateau if
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saturation is assumed. In actual practice, however, analyt-

ic solutions are almost impossible to derive using known

mathematics for any but the simplest boundary and internal

geometries. The present flexed and layered state of the

rocks in the Kaibab plateau certainly does not have the re-

quired simple geometry; consequently, another approach is

needed. Since the advent of the computer, a number of

known numerical techniques can now be utilized to solve the

differential equations that govern flow fields, even in

cases as complex as the Kaibab plateau.

An adequate description of the flow system in the

Kaibab plateau would be a map of the hydraulic potential.

The direction of the velocity vectors can be easily deter-

mined from such a map and flow rates through various cross

sectional areas can be readily computed if desired. Finite

difference numerical modeling is the most versatile approach

to this type of problem because it can handle any boundary

geometry. This method is also commonly referred to as relax-

ation and consists of dividing the region of integration into

a discrete number of points or nodes. The resulting grid is

called a net which may have a rectilinear, triangular or

hexagonal pattern. Individual nodes may be connected by

lines called strings for graphic convenience. A rectilinear

net will be used here. Finite difference equations that

relate the value of the head at one node to the values of
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the head at adjacent nodes are derived from the differential

equation governing the flow field. Using these finite dif-

ference equations, boundary conditions can be interpolated

into the grid by evaluating the head at every node. This

process is repeated until there is no significant charge be-

tween successive values of the solution. It is seen that

each pass through the grid improves the solution and the

values adjust themselves to the imposed boundary conditions.

The power and usefulness of the method is beyond question.

The beauty of the method is its mathematical sim-

plicity and complete generality. By choosing the correct

differential equation, solutions can be obtained in 1, 2 or

3-dimensions no matter how complex the boundary conditions.

The method has two chief disadvantages. First, tremendous

numbers of elementary computations are required for each sol-

ution. Second, the accuracy of the calculated compared to

the true solution depends on the spacing of the nodes. Finer

nets give better results but add logarithmically to the num-

ber of computations. Both difficulties have been overcome

by the computer; however, complex problems are not always

economical to solve using numerical methods. Rather, some

form of analog model may be more desirable.
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Two Dimensional Flow Model 

Darcyfs law, equation 1, may be restated as follows

to yield the velocity in both the x and y directions

	

D h	 D h	VP --	 and	 v =P -- •

	

X	 x Dx	 Y	 Y DY

It will be assumed that the media is saturated with water

and the system has reached steady state. For steady flow

of an incompressible fluid, the continuity equation in 2-

dimensions takes the form

x	 aV
+ --Z = 0	 (3)

	

9x	 .DY

Substitution of the Darcy expression for the velocity

components yields the steady state form of the Richards

equation (Richards, 1931),

	

D( p „Dhl	 fp Dh\	'x Dxl	 y	 - 1 	.
Dx	 +	 (4)

Notice that both head and permeability are space variables.

This form of the Richards equation assumes that the flow

system has the following characteristics:

1. steady state,

2. saturation with an incompressible fluid and

3. 2-dimensional Darcian flow.

A finite difference equation having the form of

the Richards equation is required if a numerical scheme is

to be devised. It will be convenient to use a rectangular

net with the arbitrary coordinate system shown on Figure 24.
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Figure 24.--Rectangular	 relaxation net.
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It is seen that the Richards equation is composed of first

order derivatives having the form

Df(u) 
D u

where f(u) is a function in the coordinate u. A finite

difference term having this form may be derived from the

Taylor series

f(a+k) = f(a) + k ft(a) + k2 fu(a) +2!

k3 fitt(a) 44 o e

21

Notice that this remarkable equation gives the value of a

function f(u) at a point a+ k in terms of the values of

the function and all its derivatives at u a. The actual

function, f(u) need not be known and as long as it is

continuous, there is no restriction on the magnitude of

k. See Figure 25.

Likewise, the Taylor series can be written to find

the value of f(u) at a - k and is

f(a-k) = f(a) - k fl(a) + k 2 fn(a)22

k3 fllt(a) 	... •21
(6)

If equation 6 is subtracted from equation 5 and divided

by 2k, the result is

f(a+k) - f(a-k) - fl(a) + k2 
fm(a) +

2k	 31

4 f""t(a) +...+.
51

(5)

(7)
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Figure 25.--Geometric	 interpretation of the Taylor

series relationship between f(a) and

f(a+k).
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Equation 7 allows the value of the first derivative at

point a to be solved in terms of the values of f(u) at

points a k and a - k, and the values of the odd deriva-

tives of f(u) at a. Notice that nothing else need be known

about the function f(u). If the magnitude of k is allowed

to shrink to infinitesimal size, it follows that the high-

er order derivative terms become negligible. They would,

of course, vanish in the limit; however, in finite form,

equation 7 simplifies to

f	 af(u) 	f(a+k) 	f(a-k)
	(8)?(a) - 2kja

when k is mall. The notation ()
a 
means the value of the

enclosed function at a. Equation 8 is the desired finite

difference form of a first order partial derivative.

Figure 26 shows a node labled E and four adjacent

nodes A l B, C and D. The primed points are the halfway

positions between E and an adjacent node. Consider the

first term of the Richards equation,

This may be evaluated in terms of the values of the function

3.11P	 at points Al and B? using equation 8 which givesx .ax

(alp

x R) \
ax JE

p	(ah)
13	

_ p
?	 ax Bt	 At	 ax At 	(9)

j.
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Figure 26.-- No de	 lettering	 convention.
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The terms

and	 P	 ('dh)P 	(Ph7-x-)A'

	

AT	 13!

must be evaluated in a like manner. This can be accomp-

lished by realizing that if i is small, the change in the

permeability in the intervals A and E, and E and B can be

assumed to be linear or,

At =	P A	 PE 	and	 PBI - 
PE + PB . (10)

	2 	 2

The terms

( 43x )

Dand	 ( h7-,-)

At 	 B'

are also first partials and may be written in finite dif-

ference form by using equation 8 and evaluating hAl and

hB , in terms of the values of h at nodes A and E y and

E and B respectively. This yields

hE 	hA. 	1213	 hE

At
and   •

x)	 x) B
(11)

Substituting expressions 10 and 11 into 9 results in the

finite difference form

(p	 ill
X Dx/ 
ax 

(PEI-PB)(hB-hE)-(PA+PE)(hE-hA) 

2i 2

The second term of the Richards equation is derived in an

identical manner. Consequently, the completed finite dif-

ference form of the Richards equation is
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(FE+PB )(hB -hE )-(PA+PE )(hE-hA ) 
22i

( E+PD ) (hD-hE ) - (P c +PE ) (liE-hc )
-0 . (12 )

2j2

Solving for hE yields

,2 -
hE hA (PA+ PE )+32B (PB+ PE ) +.2

ha (PG* PE )1-hp (PD+ P

.7 2
[(2

E
p +p

A
 +p

B
 )4-2p

E
 +p

C
 +p

D I	 (13)12

It should be made clear that this finite difference

equation has all the assumptions of the Richards equation

built into it. Also, to be used with any accuracy, the net

spacings i and j must be small; otherwise, the higher order

terms of the Taylor series that were assumed negligible will

cause errors and the assumption of linearity of the permea-

bility function between nodes will become invalid. The

three dimensional form of this equation can be derived in

an identical manner. Freeze and Witherspoon (1966, p. 38)

used a similar 2- dimensional equation; however, they allow-

ed the permeability to have tensor properties.

Equation 13 is entirely general for interior nodes

in the area of integration; however, boundary conditions

require special adaptations. The derivation of a few of
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the many special cases will illustrate how boundary con-

ditions are handled. For the cases that follow, it will

be assumed that the 2-dimensional net overlies a vertical

region.

Infiltration Zone

An infiltration zone can be easily modeled by as-

suming the surface is covered by an infinatesimal film of

water that keeps the underlying region saturated. The

Bernoulli equation can be used advantageously to find the

value of the hydraulic head at a node lying on such a

surface,

h =y
pg 2g

This expression holds for every point in a potential flow

field so it may be applied to any portion of the saturated

ground water system being modeled. In ground water appli-

cations, the velocity term is generally negligible and is

dropped. The simplified equation

h = y + -P-Pg
('L'.)

is seen to be the basis for the velocity potential as

defined by Hubbert. For a node on the infiltration sur-

face, p = 0 so h ,-,- y and the head is simply equal to the

elevation of the node with respect to an arbitrary datum.
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Seepage Faces

The head along a seepage face can also be analyzed

using the Bernoulli equation. Figure 27 shows a seepage

face that discharges into a pond of water. It is readily

apparent that h = y along the seepage face above the water

level because p = 0.

Below the water level, the Bernoulli equation has

the form

h = y	 .

In the case of standing water, p = pgd, where d is the depth

to the node and the Bernoulli equation simplifies to

h F y 4- d .

Figure 27 shows that h is a constant everywhere on the seep

face below the water level and has the value y.

Impermeable Boundaries and Planes of Symmetry

Impermeable boundaries and planes of symmetry may

be handled by simplifying the general finite difference

equation. Consider the vertical symmetry plane in Figure

28. Because the halves of the flow system mirror each

other, the centerline is a plane of symmetry. It is clear

that no water passes through it. Mathematically this is

stated -- 0 which means that there is no head differenceaX
or gradient across the centerline to induce flow in the x

direction. Using equation 8, the partial derivative is
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Figure 27.---Boundary conditions	 along a seep face.
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written as

II\ = hB	 hA
2i	 - 0TR 

hA = hB

See Figure 28, case A. The boundary condition for a node

on the symmetry plane can be satisfied by substituting

equation 15 into the general equation and setting PB = PA

because node B is an image of A.

Because there can be no flow across an impermeable

boundary, the flow line adjacent to the boundary is abso-

lutely parallel to it. This implies that no tangential

gradient exists. Consequently, equation 15 also satisfies

this boundary condition. Notice there is no mathematical

difference between a plane of symmetry and an impermeable

boundary.

Identical reasoning is used to modify the general

equation if horizontal symmetry planes or impermeable

boundaries exist.

Impermeable Corners and Corners of Symmetry

The bottom node on both the centerline and imper-

meable boundary of Figure 28 is enlarged as case B. In

potential theory, both the lines A-E-B and C-E-D can be

taken as symmetry planes or impermeable boundaries. By

using the results developed for vertical or horizontal

133
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symmetry planes, the general finite difference equation

representing point E is simplified as follows:

from symmetry plane C-E-D,

hB = hA 	and	 PB p A
and from symmetry plane A-E-B,

ho = hp 	and	 P C	 D °

Homogeneous Regions

The computational problems associated with equation

13 can be greatly eased if a simplified equation is used

in regions having a constant permeability; that is, if

PA = PB = P C = PD = PE 2

equation 13 reduces to

J 2

2 ( hAhE  	 hB) hC hDi

This is a finite difference form of the important Laplace

equation. Equation 16 can be derived using the 2-dimen-

sional form of the Taylor series. See Appendix B.

Equal Grid Spacings

If the grid is laid out such that i = j, equation

13 simplifies to

hA (PA+PE )+hB (PB+PE ).4-ho (P oi.PE )+hp (P ptPE )

2 (1-2- + 1).2

(16)

hE	
PB+PC+PD	

(17)



and if the permeability is constant,

hE
hA + hB + hC + hD .

4

Equation 18 is the simplest 2-dimensional finite differ-

ence form of the Laplace equation. All boundary conditions

may be accommodated in equations 17 and 18 by making the

proper substitutions derived in the preceding sections.

Curvilinear Boundaries

Curvilinear boundaries are very common in practical

problems and may be dealt with in two ways when finite dif-

ference methods are employed. The easiest is to fit such a

fine net into the region of integration that the boundaries

are closely approximated by the stairstep pattern of the

nodes adjacent to it. A second approach is to develop

special relaxation equations for the nodes adjacent to the

boundary. In the application of finite difference solutions

to the flow system in the Kaibab plateau, it was found that

the solutions were particularly sensative to the assumed

shape of the water table surface along the top of the cross

sections. Allen (1954, p. 102-104) gives an excellent in-

troduction on boundary equations for such cases and this

work is the basis for the derivation that follows. Assume

that all the conditions specified for the Richards equation

hold and in addition, the permeability is constant in the

vicinity of the node. Then Px P and equation 4 reduces

135

(18 )



136

to the Laplace form,

2h 2h ^ ,
ax2	 Dy2

A finite difference expression may be derived for the La-

place equation by considering each second order tevm sep-

arately and combining the result. Consider the arrangement

of nodes in Figure 29. The value of the function h(x,y) at

DI equals the elevation because this point lies on the water

table. DI is spaced a distance aj from E where a is a

multiplying factor such that 0<ctl. Writing the Taylor

expansion about point E for points D/ and C gives:

point DI,

f(DT) = f(E) + Œj ft(E) + (a j) 2 f/(E)

(aj) 3 fut(E) +ea.+
3!

and point C I

.2 f 11 (E)
f(C) = f(E) - j ft(E) + j —Tr--

.3 f In (E) ..
31	

.

2
Dividing the first equation in this pair by a j2 ,

 the sec-

2ond by j and then summing gives,

1 (f (D') 	1 + 1 1(	I 	f"(E) t,	 )(C) - f(E) la 	++f	 la-+C(1.2	 .2	 2.

	

• fut(E) (a2_1)	 .
31

21



WATER TABLE (h=elevation)

Figure 29.--A short string caused by the water

table positioned between nodes D and E.
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If j is sufficiently small, the third and higher order

terms become negligible and may be dropped. Solving for

the second order terms yields

	(a2h	 = 2 NI' 	2 110 	2
	@ ,72	 j2 a(14-a)	 .2 TITTT	 hE •)E 

J

The finite difference form of the second partial with re-

spect to x can be written in terms of hA and hE in an

identical manner but in this case, the multiplying factor

is 1 so the expression has the form

	32h)	 hA 4. N.	 2 1,
Dx2 E = .2 ' .2 - .2 "E •

( 3. 	11

Combining the x and y expressions and setting the result

to zero yields a finite difference form of the Laplace

equation. Solving for hE yields

21	 211 	 2h1

2 hA+ hB	 1-1-r7h,	 ( 1 -Fa )
hE -

Of course, if C4 = 1, equation 19 reduces to equation 16 as

it should. It is interesting to note here that the relax-

ation equations may be derived for more than one short

string. Situations rarely arise where more than two short

strings are, encountered. If they do, it is indicative that

the net is too coarse and should be dispensed with in favor

of finer spacings.

2(1!1)•.2	 a

(19)



139

Unsaturated Zones

Unsaturated zones may occur where highly perilleable

rocks underlie rocks with small permeabilities and both are

open to a seepage face. Because the lower zone is capable

of transmitting more water than can be introduced onto its

upper surface, air enters it through the seep face. Exper-

imental results indicate that entrainment of air occurs in

response to negative pressure that develops in unsaturated

zones. To solve the potential field through such a region,

a modified form of Darcyts law is required where perme-

ability is written as a function of water content or pres-

sure. A satisfactory model relating permeability to one of

these variables has yet to be developed. Currently, the

functional relationship is experimentally established by

testing samples of the aquifer. This process is not feasible

for the types of aquifer rocks found in the study area and

as a result, the necessary data are unavailable. In order

to model unsaturated zones, the head was assumed to equal

the elevation at the unsaturated node. This assumes that

the pressure term is zero in the Bernoulli equation. Because

the pressure is normally found to be negative, the simplify-

ing assumption is invalid as an exact representation of the

Physical situation.



140

Application of the Finite  Difference Model 

The finite difference equations developed in the

previous section are written in 2-dimensional fo/u and may

be used to solve for the hydraulic potential in any 2-dim-

ensional plane. However, solutions of vertical profiles

are the most informative. The ideal location of a profile

is perpendicular to both the faults and the strike of the

strata. Such a profile can be assumed to contain the

streamlines between the plateau surface and the fault

drains. If these ideal conditions are realized, the maxi-

mum vertical and horizontal velocity components are repre-

sented in the solution and velocity and flow rates can be

calculated.

The geologic cross-sections shown on Figure 17 were

chosen with the modeling requirements in mind. If the

reader will notice the location of the profiles on Figures

15 and 16, he will observe that they trend perpendicular to

the major faults. With the exception of the Marble platform

portion of Section B, the profiles also lie perpendicular to

the strike of the beds. Potential solutions were determined

for each of the profiles on Figure 17 and are shown on

Figure 30.

The digital model used to solve these potential

fields is described in detail in Appendix C. Essentially,

the user chooses an arbitrary net of nodes and overlays it
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on the section. From this, he specifies the finite dif-

ference equation that should be used at each node depending

on the boundary conditions present. The only other input

required is the permeability at each node. This presents

the major difficulty as good permeability data are virtu-

ally lacking for in situ aquifer rocks. This is indeed the

case for the Kaibab plateau as no aquifer tests have been

conducted to date that could yield adequate values. Table

3 is a list of the permeabilities used in the model.

Table 3.	 Permeability values

Unit

used in the model

Permeability

SEILLILY:ILEI

Kaibab formation 10

Toroweap formation 10

Coconino sandstone 1

Hermit shale 0.001

Supai formation 0.0001

Redwall limestone 0.0001

Temple Butte limestone 0.0001

Muav limestone 0.0001

Bright Angel shale 0

These values are based on laboratory measurements

made from samples. Because the samples were not jointed,

the total permeability was assumed to be one order of mag-

nitude larger than the measured value. The samples from
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below the Coconino sandstone were impermeable. However,

the existance of small seeps as well as leaching of iron

oxides and deposition of calcite along joints in these

units demonstrates that they have a finite permeability.

Consequently, arbitrarily small values were assigned to

them. The seeps that occur near the top of the Supai form-

ation indicate that it has a smaller permeability than the

overlying units so a smaller value was assigned to it.

The profiles on Figure 30 were assumed to be sat-

urated, a condition that is probably never realized in

nature but is best approached after the spring thaw. As a

result, the potential solution shown can be assumed to rep-

resent spring conditions. The potential that exists in

drier periods has the same gross characteristics but por-

tions of the system are unsaturated.

Results of the Numerical Simulations

Gradients

By definition, the total space derivative of a

potential function will yield the velocity vector. Graph-

ically, this means that the streamlines, the actual paths

the particles of water follow, are the orthogonal trajec-

tories of the potential lines. Using this fact, the path

of any particle may be traced from its source on the

plateau surface to the fault drains by tracing a path that
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perpendicularly crosses the potential lines between these

two points.

Figure 30 demonstrates that flow is predominantly

horizontal in the Kaibab plateau. Gradients are greatest

in the iirariediate vicinity of faults but decrease sharply

with distance from them. Gradients may be calculated dir-

ectly from the figure and are seen to exceed 200 percent

adjacent to faults but decrease to less than 50 percent

within a mile. Gradients of less than 3 percent prevail in

regions lying over 2 miles from faults and these small

values dominate the flow field.

Ground Water Divides

A ground water divide is defined as the surface that

separates two adjacent ground water systems. In a cross

section of the flow field, the divide is represented by the

dividing streamline between the systems and may be found

from the solution by connecting the nodes that have the

greatest potential at each elevation. The divides are shown

in each profile of Figure 30. They eminate from the highest

saturated node in each region because these points have the

greatest potential.

It is interesting to point out that the divides

shown on Figure 30 are transient in time. The situation

shown is the case when the section is fully saturated and

represents the wet season. As the dry season approaches,



infiltration falls off and the water level declines. The

system will reach equilibrium by draining the regions of

highest potential which are those underlying the highest

elevations. The result will be for the water table to

smooth out and the peak to move downdip. The divide will

also move with the peak and tend to become vertical.

Effect of Dip

It appears that the dip of the strata is a primary

control of the configuration of the solution; however, this

is an erroneous observation. Dip is a factor but the prin-

cipal agent governing the flow system is the elevation of

the highest saturated zone. Convincing evidence for this

statement is provided by the dividing streamlines. For ex-

ample, observe the block between the Big Springs and Mo-

quitch faults in Section A. The dividing streamline may be

traced downward through the section to the top of the Bright

Angel shale. Here, the water to the east must move updip

as much as 1.5 miles to discharge into a fault. Of course,

it is going down in potential which is the governing factor.

Peiweability Zonation

Figure 30 illustrates that the potential lines tend

to be vertical in the rocks above the Hermit shale. This

occurs because the upper layers have large permeabilities

and the circulation is largely confined to them. This fact
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can be amply demonstrated by calculating the flow through

each unit using Darcy's law. Table 4 shows the discharge

through a column one foot wide in each unit using the per-

meabilities in Table 3 and a gradient of 2.5 x 10 -2 ft/ft.

Table 4. Discharge through a column 1 foot wide
under a gradient of 0.025 ft./ft.

Thickness	 Permeability	 Quantity
	of Unit	 of Flow

Unit 	(feet) 	IELL_LInaLil LELLIILL
Kaibab 325 10 81.5

Toroweap 325 10 81.5

Coconino 200 1 5.00

Hermit 500 0.001 0.0125

Supai 850 0.0001 0.00222

Redwall and
Temple Butte 600 0.0001 0.00150

Muav 500 0.0001 0.00125

It is clear from Table 4 that the rocks below the

Coconino sandstone do not transmit significant quantities

of water. The total flow through these rocks would barely

equal one quarter of that in the Coconino alone even if the

initial estimate of permeability were off two orders of

magnitude for all of them. The Kaibab formation is normally

unsaturated so the bulk of the flow takes place in the lower

Toroweap and Coconino formations which lie no more than 900

feet below the top of the 3500 foot thick Paleozoic section.
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Seepage Zones

The solutions on Figure 30 show that the potential

lines are almost vertical in the units above the Hermit

shale so flow is largely horizontal through these rocks.

Between this fact and Table 4, it may be concluded that most

of the ground water leaving the unfractured portions of the

plateau discharges through springs and seeps above the Her-

mit shale. This agrees with field observations. Likewise,

the faults that drain the section derive most of their water

from these same stratigraphie zones.

Figure 31 is an infrared photograph that shows the

entire study area and conclusively demonstrates that most

of the stratigraphically controlled ground water discharge

occurs above the Hermit shale. To interpret the photograph,

it is necessary to realize that the areas covered by vege-

tation are red when this particular type of film and filter

are used. The primary source of water for the plants on

the canyon walls is seepage from the plateau. Notice that

there are two dominant continuous bands of vegetation below

the rim, one directly under the rim and a second below the

prominent white Coconino cliffs near the top of the section.

The upper band covers the Kaibab and Toroweap outcrops and

the lower lies on the slopes of the Hermit shale directly

below the Coconino-Hermit contact. The vegetation on the

Kaibab and Toroweap slopes is fed by seeps in those units



Figure 31. Infrared photograph of the southern portion
of the Kaibab Plateau

Photograph looking west with the Walhalla plateau in the
center. Red areas are covered by vegetation.
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whereas the principal source of water for the vegetation

on the Hermit discharges from the Coconino-Hermit contact.

Notice that the sparce vegetation on the Supai slope lies

in horizontal bands. This results from two conditions,

first the vegetation is fed by minute seeps above shale

beds and secondly the shales produce soils that can support

the plants. Notice that the outcrops below the Supai are

essentially barren which indicates that virtually no ground

water discharges through them.



CHAPTER 5

FAULT CONTROLLED GROUND WATER CIRCULATION

The evidence that faults act as ground water con-

duits in the Kaibab plateau is overwhelming. The most con-

clusive fact supporting this statement is the presence of

large karst springs on or near faults in the lower part of

the Paleozoic section. The close correlation between faults

and major springs is graphically illustrated on Figures 15

and 16.

The Ma'or Sprin s that Drain the Kaibab Plateau

Table 5 lists the major springs that drain the

Kaibab plateau. The discharges are adjusted to represent

an instantaneous measurement taken in the interval from

July 10 to 20, 1969. See 4.nnendix D for the source of

these data. A discharge of approximately 125 cubic feet

per second is represented by these springs excluding an

unknown amount in the Mile 31.7 and 34.1 springs. Over 70

percent of the measurable discharge occurs in the Tapeats

amphitheater on the west side of the Kaibab plateau.

The U.S. Geological Survey has made periodic dis-

charge measurements at several of the springs and these data

149
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Table 5. Major springs that drain the Kaibab Plateau and
their discharge during the period July 10-20, 1969

Discharge
in the Period

July 10-20, 1969
(cfs)

Tapeats amphitheater and Deer basin

Deer and Dutton springs

Thunder spring

Tapeats spring
Shinume amphitheater

Shinumo spring

Noble spring

Abyss river spring

Hindu amphitheater

Crystal spring

Dragon spring

Lower Bright Angel canyon

Phantom spring

Haunted spring

Ribbon spring

Transept spring

Upper Bright Angel canyon

Roaring springs

Emmett spring

Angel spring

Nankoweap amphitheater

At Last spring

Marble canyon

Vasey's Paradise

Mile 31.7 and 34.1 springs

5 (est)
21

48

1.9
0.12

0.90

0.20

1.4

0.16

0.96

0.41
0.12

9.6

0.48

12.8

0. 58

4 (est)

unknown
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are compiled in Johnson and Sanderson (1968). Continuous

records have been made at the mouth of Bright Angel creek

since 1924. Five measurements made by the U.S. Geological

Survey at Roaring springs have been correlated with the

total flow in Bright Angel creek and show an excellent

linear relationship. See Figure 32. The discharges between

Tapeats creek, which rises from Thunder and Tapeats springs,

has been correlated with Bright Angel creek as shown on

Figure 33 , Figure 34 shows the correlation between the dis-

charge in Tapeats creek versus that in Thunder river. It

is apparent from Figures 32 and 33 that the large karstic

systems have almost identical discharge characteristics.

Figure 23 illustrates that the strongest flows occur

after the thaw. These discharges average about five times

those in other seasons and turn their respective creeks into

swollen torrents. Of equal hydrologic importance is the

fact that the karstic systems are susceptible to flooding

in the wake of major storms. This phenomenon has been ob-

served by several parties of cave explorers who have exper-

ienced rapid rises in stream levels in the caves. The best

documented example of flooding of the karstic systems in

Bright Angel canyon resulted from the flood of December,

1966. Over 12 inches of water fell on portions of the

Kaibab plateau as a result of this elorm between December 3

and 8. The flood peak reached 2500	 )5..c feet per second
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at the Bright Angel gauging station on December 6 only

three days after the creek started to rise. In surveying

the damage to facilities in the canyon, the National Park

Service photographed enormous flows from the karst springs

that feed the creek. At Emmett spring, the cavern ran full

of water turned red by transported sediment.

During the Easter weekend of 1961, the writer ob-

served a similar but smaller rise in the flow of Thunder

river. This was caused by the rapid melt of about 3 feet

of snow in a period of a few days. Three days after the

bulk of the snow had melted from the plateau, the discharge

from Thunder cave increased about 25 percent. Two conclu-

sions may be drawn from these observations: 1) the springs

are drains for the ground water system and 2) the karstic

systems are floodways for water introduced directly into

the fault zones that control them.

A great deal of information may be obtained on the

karstic system by examining the springs. Mary of the

springs discharge from caves that have been explored as far

as a few miles under the canyon rim. In the last few years,

cave explorers from the UAAC and Central Arizona Grottoes

of the National Speleological Society have mapped several

of the caves in the Grand Canyon. Two of their maps follow

in this section and offer invaluable insight into the struc-

tural control of the caves.
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Springs in Tapeats Amphitheater and Deer Basin

As Table 5 shows, Thunder, Tapeats, Deer and Dutton

springs represent over 70 percent of the measurable water

discharging from the Kaibab plateau. Figure 15 shows that

these springs are obviously controlled by minor faults as-

sociated with the West Kaibab fault zone. All four springs

discharge from the base of the Muav limestone immediately

above the Bright Angel shale. Tapeats spring is the largest

in the system with a recorded peak discharge of 156 cubic

feet per second and normal flows of 35 to 50 cfs. The water

emerges from the base of a minor graben developed along the

Tapeats fault. An enterable cave opens above the spring

that leads to about 1.1 miles of large river passage that

ranges up to 100 feet wide and 300 feet high. Throughout

the cave, sand bars and dunes line the passages and attest

to sediment transport through the karst system. The entry

portion of the cave is shown on Figure 35 and lines up

closely with but slightly to the west of the eastern graben

fault. Small slippages that trend parallel to Tapeats fault

can be found along fissures in the walls of the passage.

The cave telminates abruptly against a ceiling collapse.

Thunder spring is the most scenic of the karst

springs in the Grand Canyon and is shown with a moderate

flow in Figure 36. The range of recorded discharges for

the spring is 114-4 to 127 cf s. The water pours from a
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Figure 35.-- Plan metric	 map of the entry portion of Tapeats Cave.	 (From Huntoon, 1968, fig. 13)



Figure 36. Thunder Spring

The top of the slope directly below the spring marks the
approximate level of the Muav limestone-Bright Angel shale
contact. Thunder fault lies slightly to the left of the
photograph.
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large cave that is passable for about 3/4 of a mile. Fig-

ure 37 shows the entry portion of the cave and two dominant

structural controls are obvious. The east-west trending

passages have developed along joints that parallel slip

planes associated with an enormous gravity collapse in Sur-

prise valley. The north-south passages are controlled by

Thunder fault which has only a few feet of displacement.

None of the known passageways lie directly on the fault;

rather ) they have developed along parallel joints to the

east. Figure 38 illustrates a typical reach of stream pas-

sage that is controlled by a vertical joint. Passages

range up to 50 feet wide and 80 feet high and the depth

of water is from a few feet to several tens of feet. The

cave terminates where the ceiling dips below the water.

Dutton and Deer springs are controlled by Deer fault

and comprise a single hydraulic system. Dutton spring is

intermittant and discharges from a small cave in the east

wall of Deer canyon. Deer spring is perennial and rises

from the base of talus. It appears that the orifice feeding

Deer spring is not capable of discharging the entire flow

in the system and during wet periods the excess discharges

through Dutton cave. The exact structural relationship be-

tween the two caves is uncertain because Dutton cave can

only be entered for a few hundred feet.
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Figure 37.-- Planimetric	 map of	 Thunder	 Cave.	 (From	 Huntoon, 1968, fig. 15)



Figure 38. Joint controlled stream passage
in Thunder Cave

The joint that controls this portion of the cave is vertical
and trends parallel to the stream through the center of the
passage.
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The caves in the Tapeats-Deer systems are obviously

fault controlled and their stratigraphie position is deter-

mined by the insoluable Bright Ingel shale. The gradients

of the streams in the caves are small, normally less than 3

degrees, and are identical to the regional dip of the rocks.

Springs in Shinumo Amphitheater

Three springs feed a permanent clear water stream

that flows through Shinumo amphitheater. Two of these,

Shinumo and Noble springs rise in Merlin Abyss and the

third discharges from a cave in Modred Abyss. Shinumo

spring is the largest with a recorded discharge of 1.9 cfs

in July, 1969. The water rises from the bed of Merlin can-

yon from a fault zone that has about 40 feet of displace-

ment. See Figure 15. The spring lies a few tens of feet

above the Muav-Bright Angel contact.

A small but scenic spring discharges about 0.1 cfs

from the wall of a tributary canyon on the north side of

Merlin Abyss 1/2 mile downstream from Shinumo spring. This

spring is herein named Noble spring after Levy Noble who

worked in the area. Noble spring discharges from joints

near the base of the Muav limestone and appears to be hydro-

logically related to Shinumo spring which lies updip along

the same fracture system.

Abyss spring discharges from a small cave in the

northern portion of Modred Abyss. The spring is developed
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along joints at the base of the Muav limestone and dischar-

ged almost 1 cfs in July, 1969. A portion of the water

flows directly from the cave entrance and a second stream

leaks through joints to a source in the bed of Modred can-

yon a few hundred feet upstream. A map of the known cave

appears on Figure 39 and the joint control is obvious.

Figure 40 illustrates a typical stream passage which aver-

ages about 6 feet high and 3 feet wide. The known cave

terminates against a collapse zone in a large room and is

not extensive enough to demonstrate a dominant structural

control.

The canyons of the northern portion of Shinumo am-

phitheater are controlled by a set of master joints associ-

ated with the West Kaibab fault zone. The dominant trends

of the fractures are northeast-southwest and northwest-

southeast. Numerous small caves occur along joints in the

system and crop out in the walls of canyons in the Redwall

and Muav limestones. The existance of these features proves

that jointing has been a dominant control on the ground

water circulation in the area. Abyss spring could draw

water from any number of these zones; however, the most

likely source is through joints that drain the Big Springs

fault 3 miles updip to the northeast.
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Figure 40. Joint controlled passage
in Abyss River Cave

The passage is approximately 6 feet high and the controlling
joint is obvious in the ceiling.
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Springs in Hindu Amphitheater

Crystal and Dragon springs are located in Hindu

amphitheater and are the only major springs in the study

area that do not discharge directly from karstified lime-

stone. Rather, they rise from the beds of their respective

canyons below the base of the Muav limestone. The temper-

ature of Dragon spring was 62 oF and discharged 1.4 cfs.
Crystal spring discharged 0.2 cfs at 65 °F. These temper-
atures are unusually high compared to the 52°F average for
the karst springs so it is apparent that the water is not

discharging directly from the Kaibab plateau ground water

system. Pools occur in the floors of the canyons upstream

from both springs which suggests that the springs are fed

by underflow. The exact source of the water is unknown but

probably represents drainage from the Big Springs, Milk and

Dragon faults. The presence of karst springs along the

faults cannot be verified because the Muav-Bright Angel con-

tact is buried by alluvium in each case; however, there are

no springs or seeps in the amphitheater above the Muav that

are capable of supporting the measured flows. The writer

concludes that the water has its source from the lower lime-

stones and probably originates from karstic springs along

the faults.
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• Springs in Lower Bright Angel Canyon

Four small karst springs, each with a measured dis-

charge of less than 1 cfs s drain the small portion of the

Kaibab plateau that lies between Dragon and Bright Angel

canyons. As a group, these springs have several common

characteristics. Each is located on or near the Muav-Bright

Angel contact, the water temperature ranged from 55° to 57oF
in July, 1969, and the actual karstic source is buried by

talus or alluvium.

Phantom and Haunted springs are the respective head-

waters of Phantom and Haunted creeks. In July, 1969, they

discharged a combined flow of slightly more than 1 cfs. The

springs are controlled by a rectangular net of widely spaced

master joints that are associated with the Bright Angel and

Hermit faults. The master joints occur at intervals of a

few thousand feet and trend northeast-southwest or north-

west-southeast through the area.

Ribbon spring, which is the source of a scenic small

stream that enters Bright Angel creek from the west, dis-

charges from talus and alluvium that floors the canyon in

which it rises. It appears to be controlled by intense

jointing in the Muav limestone that trends northward under

Wildforss point. The spring undoubtedly draws water from

the joint network associated with the Bright Angel fault.

The recorded discharge in July, 1969, was 0.0 cfs and the

water temperature was 57°F.
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Transept spring rises from the bed of the Transept.

The recorded dscharge on Table 5 is an underestimate be-
cause the bulk of the water occurs as underflow. The loca-

tion of the spring is controlled by intense jointing on the

north side of the canyon. The water apparently drains

through joints from Roaring Springs fault which lies 2

miles to the northwest. The northeast-southwest trending

joints associated with the Bright Angel fault are well ex-

posed in the Transept. The southwesterly dip of the Bright

Angel shale provides a favorable gradient toward the spr-

ing for water entering these joints from the Roaring Spr-

ings fault.

Springs in Upper Bright Angel Canyon

The second largest group of springs that discharges

from the Kaibab plateau lies in upper Bright Angel canyon

and accounts for over 20 percent of the measurable water

leaving the plateau. Three major springs are included in

the group: Roaring, Emmett and Angel springs. Collectiv-

ely, they drain the extensive Uncle Jim fault zone. The

recorded temperature at Angel spring in July, 1969, was

48 °F which was the coldest water found by this worker in the
Grand Canyon.

Roaring springs is the present water supply for

North Rim and is currently being developed to supply water

to Grand Canyon Village on the south rim. The recorded
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discharges from the spring range from 7 to 26 cfs and in

July the water temperature was 51°F. The spring is located
on the north side of Roaring Springs canyon where the water

cascades from several solution tubes. Figure 41 is a map

of the enterable portion of Roaring Springs cave and illus-

trates the obvious joint control of the system. The dom-

inant trends of the passageways are toward the northeast

along master joints that parallel the Bright Angel fault.

The trend of the known cave is exactly perpendicular to the

strike of the Muav-Bright Angel contact in this vicinity so

the hydraulic gradient imposed by the dip has been important

in controlling the cave. The slope of the passages is

gentle and rarely exceeds 3 degrees.

The terminus of the cave lies over 4000 feet from

the entrance and over 1 mile from the perpendicularly trend-

ing Roaring Springs fault. The northeastward trend of the

cave and its updip position from the fault suggests that

there is no hydrologic connection between the two. Rather,

the cave is on an intersecting course with the Uncle Jim

fault which drains a large area and can account for the

flows observed at the springs. Jointing associated with the

Bright Angel fault controls the principal passages in the

cave. It is interesting to notice from Figure 41 that the

stream in the cave bifurcates in the downstream direction

which is a fairly con	 Ian occurrence in karstic systems. The
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Figure 41.-- Planimetric	 map of Roaring Springs Cave.	 (Adapted from a map prepared by the Central Arizona Grotto of the	 National Speleological Society, 1965)
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excellent structural observations that can be made from

this cave lend ample support to the conclusion that the

water in Transept spring finds its way from Roaring Springs

fault southwestward through a similar system.

Emmett spring discharges from a small cave on the

westernmost branch of the Bright Angel fault and was gauged

at less than 1/2 cfs in July, 1969. The cave from which

the spring pours is developed in the upper Muav limestone.

Its high stratigraphic position is controlled by a thick

sequence of shales that occurs locally in the upper portion

of the Muav formation. The cave is choked with collapsed

debris from the ceiling within a few hundred feet of the

entrance; however, the trend of the passageways is toward

the northeast and lies directly on a branch of the Bright

Angel fault. See Figure 15. The spring probably drains

a portion of the Bright Angel fault zone.

Angel spring is the headwaters of Bright Angel

creek and discharges from the western wall of the canyon

near stream level. The water gushes from dozens of small

solution tubes developed along a single bedding plane near

the top of the Muav limestone as shown on Figure 42. The

spring is located less than 100 yards from a major segment

of the Bright Angel fault and represents water circulating

downdip along the structure from the southern portion of

the Kaibab plateau. As with the other karst springs in the



Figure 42. Angel Spring

Angel spring discharges from dozens of solution tubes
aligned along a single bedding plane on the east side of
Bright Angel canyon near the top of the Muav limestone.
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canyon., Angel spring has a variable discharge that probably

accounts for several hundred cubic feet per second of the

flood flows recorded at the Bright Angel gauging station.

The discharge of the spring in July, 1969, was 12.8 cfs.

At Last Spring

At Last spring lies at the base of the Muav lime-

stone and is the only known karst spring that drains from

the Kaibab plateau to Nankoweap amphitheater. The measured

flow in June s 1969, was about 0.6 cfs. The water flows from

a small cave high on the slopes of a canyon under Woolsey

point and supports a lush growth of pines and broadleaf

trees before it cascades over a 200-foot cliff of Tapeats

sandstone to the floor of the canyon. The discharge is not

strong enough to support a perennial stream in the canyon

and the entire flow sinks in the bed about 1 mile down-

stream.

At Last cave is the source of the spring and con-

tains some of the smallest and most sinuous passageways

known in the caves of the Muav. Passages are usually sev-

eral tens of feet high but rarely more than 2 feet wide.

The cave is intricately controlled by an intense joint

system that lies adjacent to the Imperial fault. Figure 43

shows that the cave trends toward the southwest and will

intersect the Imperial fault which lies to the northwest

if this trend continues. Although the fault is a minor
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structure with less than 50 feet of displacement, it has

controlled the development of 4 known caves. Three are in

the Redwall and At Last is at the base of the Muav.

Springs in Marble Canyon

At least three major karst springs discharge from

the Redwall limestone into Marble canyon. Two of these,

Mile 31 9 7 and 3401 springs discharge into the Colorado river

below stream level and have been described in the literature

by Moore (1925, p. 137) and Lange (1956, p. 17). Mile 31.7

spring discharges directly from the Fence fault zone near

the mouth of South canyon. Moore states:

Springs that follow fractures in the vicinity of the
faults enter the river from both sides, and one on
the left (east?) bank has a considerable flow. South
of the faults for some distance there is considerable
evidence of solution of the Redwall limestone, some
of the cliffs showing the limestone to be very caver-
nous. The position of the springs and the character
of the local geologic structure indicate that the
water is derived essentially from the country south
of the fault,

Lange says of Mile 34.1 spring:

...two springs align along a travertine-cemented
fracture zone, rise under pressure on opposite sides
of the river, and the clear waters stream along the
banks for about 30 feet before losing their identity
amid the muddy river water of the Colorado.

It is impossible to gauge these springs; however,

it is certain that at least a portion of the water in Mile

31.7 spring flows from the Kaibab plateau through the Fence

fault. It is highly likely that some of the water in Mile
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34.1 spring is also derived from the Kaibab plateau along

parallel fractures.

A third spring spouts from a cave at the base of

the Mooney Falls member of the Redwall limestone 125 feet

above the Colorado river. The spring is named Vaseyts

Paradise which reflects the refreshing release the spec-

tacular falls afford the river parties from the barren walls

of Marble canyon. Vaseyts Paradise is located about 0.3

miles downstream from Mile 31.7 spring and is developed

along joints associated with Fence fault. Within the last

six years, cave explorers from the UAAC and Central Arizona

Grottoes of the National Speleological Society have entered

the cavern by scaling the cliff to an intermittently dry

entrance a few tens of feet from the main springs. Their

efforts were well rewarded as they found the longest known

cave in Arizona. They named it Falls cave. To date, some

4 miles of passages have been explored and the cavers have
mapped their way almost two miles under the north rim of

Marble platform. Figure )1)1 is the result of their mapping

to date and represents an enormous amount of tedious work.

It is obvious that the passages are joint controlled. The

long linear segments are developed along master joints that

parallel the Fence fault. The general trend of the cave is

toward the southwest and if it continues in this direction,

it will tangentially intersect the Fence fault. The map
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conclusively demonstrates that if a stream cave does not

lie directly on a fault, the major passageways develop

along parallel fractures. The geometry of the master joints

indicates that they are structurally related to and contem-

poraneous with the Fence fault.

The discharge from Falls cave has never been accur-

ately measured but it has been estimated by various U.S.

Geological Survey personnel to be 10 cfs or less. Tempera-

tures of the water average •about 65°F. The spring is known
to have a seasonal response similar to the major karst

springs in Bright Angel canyon and Tapeats amphitheater.

As Figure )111 shows, the cave has three openings to Marble

canyon. One of these is constantly flooded and is capable

of carrying the normal fall and winter discharges from the

system. During higher flows, the cave entrance floods and

water pours from the other two openings. Flooding of the

entrance has been experienced by the cave explorers with

near fatal results.

On the morning of January 26, 1969, four explorers

entered Falls cave during a rain and snow storii. Precip-

itation had been falling in the area since January 24 and

was mild in intensity. The cavers found the discharge to

be low and near the entrance there was only 3 to 4 inches
of standing water, all of it exiting the cave through the

solution tube that leads to the main spring on the cliff
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face. After 18 hours in the cave, the explorers returned

to the entrance complex and found to their horror that a

lake over 7 feet deep filled the passages where they had
walked a few hours earlier. Fortunately 5 inches of air
space remained between the water and the low spots in the

ceiling. They swam to safety at 3 AM on January 27. With-

in 5 hours, water was cascading from the dry entrance

through which they had entered indicating a water level

rise of approximately 2 more feet. The main spring was

under considerable pressure and spouted water furiously.

The hydrologic significance of this tale is that Vasey's

Paradise experiences flooding within a day or two after

storm events. The response is much too rapid to be at-

tributed to surges through porous media. Rather, open

conduits connecting with the surface are certain.

The Ground Water Sub-Basins of the Kaibab Plateau 

Enough information has been presented on the

hydrology of the unfractured sedimentary blocks and fault

controlled drainage channels of the Kaibab plateau that it

is now possible to divide the plateau into ground water

sub-basins. As used here, the term sub-basin will have its

standard hydrologic connotation as a portion of the total

ground water system that drains toward a common point.

Two distinct types of sub-basins must be recognized

in the plateau: 1) those composed of unfractured sedimentary
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blocks that drain toward fractures and discharge through a

common system of karst springs and 2) unfractured sedimen-

tary blocks that drain directly to a canyon wall and dis-

charge their waters over a disseminated seep zone. The

latter type is clearly the most difficult to treat quanti-

tatively because the nature of the ground water discharge

makes it impossible to measure the total flow. In fact,

the seep zones support sufficient vegetation that virtually

no liquid water escapes from the canyon slopes; rather, it

is lost to the atmosphere through evaporation or transpir-

ation. This type of sub-basin comprises a substantial por-

tion of the ground water system in the Kaibab plateau but

as a potential source of water, it must be written off.

The sub-basins that feed the fault controlled karst

springs in the Redwall and Muav limestones can be delineated

by outlining the areas drained by the faults. Ground water

divides between these drainage systems can be established

on the basis of the quantitatively derived results of Figure

30 which indicates that the divides are located approximate-

ly under the highest portions of the plateau between two

faults. In plan, the problem is reduced to determining the

gradients that exist in the fault controlled conduits.

Structural contouring offers a very sound quantita-

tive but graphic solution to this problem. To use this

technique effectively, it must be realized that the faults
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are acting as drains that collect water seeping into them

and carry it to springs through karstic conduits in the

lower Paleozoic limestones. The stratigraphie level in

which most of the karstic development has taken place is

the base of the Muav limestone. This suggests that a struc-

tural contour map of the top of the Bright Angel shale will

provide a map of the hydraulic gradients that exist in the

fault zones. The method is physically sound and very easy

to implement.

Figures 45 and 46 show structural contour maps of
the tops of the Hermit and Bright Angel shales. These maps

were constructed by summing the thicknesses of the strati-

graphic units that overlie the respective contact using

the isopach maps in Chapter 2. Next the total was sub-

tracted from the structural contour map of the top of the

Kaibab formation, Figure 20. Because the accuracy of these

maps is a function of the accuracy of each of the isopach

maps used in the sum, they have definite limitations. The

writer judges that the elevations shown are good to one con-

tour interval which is entirely adequate for reconnaissance

purposes.

The use of structural contour maps can be illus-

trated by examining the gradients in West Kaibab fault zone.

Notice on Figure 46 that the structural high of the Bright

Angel shale along the Big Springs fault lies under Dry park.
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If it is assumed that water drains through caves developed

along the fault above the Bright Angel, a ground water di-

vide exists in the fault near this high. The water that

enters the fault south of Dry park flows toward Shinumo and

Hindu amphitheaters as is verified by the springs in Modred

Abyss and Crystal canyon. Water entering the fault north

of Dry park must flow northward away from the Grand Canyon.

This result is startling but the structural contour map

conclusively demonstrates that this is indeed the direction

of decreasing gradient. As the Big Springs fault is traced

northward, the surface of the Bright Angel shale continues

to decline. At the intersection of the Muav and Big Springs

faults at Ryan, the surface is almost 600 feet below the

karst springs in Tapeats amphitheater. Consequently, the

water level in the fault at Ryan lies at an elevation of at

least 3600 feet which is the approximate elevation of the

top of the Bright Angel shale at Tapeats spring. This alti-

tude is still well below the 5200 foot elevation of the top

of the Bright Angel shale at Dry park so it is certain that

the water entering the Big Springs fault north of Dry park

drains to Tapeats and Thunder springs via Ryan.

The circulation system in the Uncle Jim and DeMotte

faults illustrates the limitations of the structural con-

tour method. Figure 46 shows that the gradient in the fault

zone south of DeMotte park is toward the springs in upper
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Bright Angel canyon. North of the park, the gradient in

the fault is very small and it is not certain if water

moves northward or southward in this region. Consequently,

the placement of the northern divide in the Bright Angel

sub-basin is subjective. It is the writer's opinion that

the water entering the fault zone in DeMotte park moves

southward. The water balance that follows will lend support

for this opinion.

Figure 47 shows the approximate shape of the ground

water sub-basins that drain to major springs in the Grand

Canyon. The remaining areas discharge directly to seeps

along the canyons. The sub-basin boundaries were determined

using the criteria outlined above. The map illustrates that

the Thunder-Tapeats sub-basin is the largest in the plateau.

This drainage system extends northward into Utah and encom-

passes most of the western side of the Kaibab plateau. The

Bright Angel sub-basin is the second largest and drains the

south-central portion of the plateau. The northward extent

of the Vaseyts Paradise sub-basin is uncertain.

Table 6 shows the approximate areas of the Kaibab

plateau drained by each sub-basin. The Kaibab plateau has

an area of approximately 880 square miles which includes

the Kane Structural Bench. The data in Table 6 do not in-

clude portions of the sub-basins that lie on the Kanab

plateau or Marble plateau.
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Table 6. Areas of the sub-basins on the
Kaibab Plateau that drain toward karst springs

186

Percent of
Area	 Area of

(miles 2 ) 	Kaibab Plateau

380	 43.1

14.1 1.60

12.8 1.45

11.4 1.29

22.8 2.58

6.9 0.78

4.2 0.48

55.0 6.23

3.8 0.43

42.3 (?)	 4.8 

553.3	 62.74

Sub-Basin

Thunder -Tapeats

Shinumo

Abyss

Crystal

Dragon

Lower Bright Angel

Transept

Upper Bright Angel

At Last

Vasey's Paradise

Total

It is significant that structurally controlled karst

springs drain over 60 percent of the Kaibab plateau. This

figure could be raised as much as 10 percent if the Vasey's

Paradise sub-basin extends further north than shown on

Figure 47.

It is possible to test the validity of these area

assignments by employing a water balance between the dis-

charges of the springs and the recharge occurring in the

basins. If it is assumed that the ground water recharge is
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directly proportional to the rainfall on a sub-basin, re-

charge can be taken into account by linearly weighting the

area of the sub-basin by the average rainfall. The data in

Table 5 are used as an estimate of the discharge. Because
these are the only available measurements, it is necessary

to assume that they are representative of the long term

average discharges from their respective basins.

Only sub-basins with measurable discharges can be

included in the balance. This excludes the large areas

that drain directly to seeps along the canyon walls and

the Vaseyls Paradise sub-basin that in part discharges

below the level of the Colorado river to springs that can-

not be gauged. The results of the water balance appear

in Table 7.

The correlation coefficient between these data for

a linear fit is 0.99; however, the standard error of esti-

mate is large at 3.0 and indicates the obvious spread of

the data. Significant anomolies include the small discharge

versus large area of the Crystal and Dragon sub-basins. The

large discharge of the upper Bright Angel springs indicates

that the area of this sub-basin may be underestimated on

Figure 47.
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Table 7 - Water balance between the area weighted
by the average annual rainfall and the discharge in

the period July 10-20, 1969, for
sub-basins with measurable discharges

Sub-Basin
Percent
Discharge

Percent Area Weighted by
Avera e Annual Rainfall

Thunder-Tapeats 71.4 74.9

Shinumo 1.90 2.70

Abyss 0.87 2.45

Crystal 0.194 2.18

Dragon 1.39 4.37

Lower Bright Angel 1.47 1.32

Trancept 0.116 0.85

Bright Angel 22.1 10.5

At Last 0.56 0.73

Total 100.00 100.00

Potential Ground Water Supplies 

In general, the prospects for developing ground

water supplies on the Kaibab plateau are dismal. The ele-

vated position of the plateau coupled with well integrated

solution channels along the fault zones have produced a

draining hydrologic system with very little year to year

storage.

Unfractured Blocks

There is no question that a great deal of ground

water circulates through the unfractured rocks between fault
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zones. Most of this circulation takes place above the

Hermit shale within the upper 900 feet of the plateau sur-

face. The primary problem with developing ground water

supplies from these rocks is that they are well drained by

faults. In places the lower portion of the Toroweap and

Coconino formations contain saturated zones. This water

lies over 500 feet below the land surface and offers little

economic incentive to a developer. The permeabilities of

these saturated rocks are generally so mall that very

little water could be produced from a well sunk into them.

Table 4 amply demonstrates this fact. If it is assumed that

one were lucky enough to penetrate a saturated zone that in-

cluded the full thickness of the Coconino sandstone and

lower 100 feet of the Toroweap, the production capacity of

the well would be on the order of a few gallons per day,

hardly satisfactory considering the well would have to be up

to 900 feet deep.

Fault Zones

The presence of abundant water supplies along most

of the major fault zones has been well documented in pre-

vious sections. The difficulty with developing these

sources is that the water circulates through the Muav or

Redwall limestones near the base of the Paleozoic section.

Consequently, the depth to water is generally greater than

3000 feet. Circulation occurs in solution tubes developed
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in a finite zone along the fractures. These would be dif-

ficult to drill into. Furthermore, those systems are

drainage networks that contain very little if any saturated

rock even where large flows pass continuously through them.

Due to the depth to water and high risk involved, develop-

ment of water from fault zones is generally unattractive.

West Kaibab Saturated Zone

The West Kaibab fault zone offers one major excep-

tion to the statements in the previous paragraph. The karst

springs in the Tapeats amphitheater discharge from an ele-

vation of approximately 3600 feet. The springs lie updip

from the base of the Muav limestone further to the north

along the Muav fault. At Ryan, 18 miles to the north, the

elevation of the Muav-Bright Angel contact is about 3000

feet. See Figure 46. This implies that at least 600 feet

of saturated carbonate rocks underlie Ryan. Furthermore,

most of the water discharging from the Tapeats amphitheater

springs circulates through this zone. When it is realized

that the combined flows of Thunder and Tapeats springs have

never gauged below 50 cubic feet per second, the potential

for ground water development along the West Kaibab fault

zone is considerable. Like other faults, the chief deter-

rent is the depth to water. A well drilled at Ryan, which

is the lowest topographic point along the fault north of

the Grand Canyon, would have to be at least 2800 feet deep
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before the saturated zone is penetrated. To take advantage

of the full thickness of the saturated carbonates, the well

would have to be about 3400 feet deep. Although costly,

the success of such a development is virtually guaranteed.

Similar success could be attained with deep wells along

miles of the Big Springs fault north of Ryan.

The prevailing economic status of water precludes

these types of developments so the present potential for the

Kaibab ground water supplies is restricted to full develop-

ment of the many small surface springs and seeps that dis-

charge from the Kaibab, Toroweap and Coconino formations.

The karst springs that discharge large amounts of water deep

in the Grand Canyon could be utilized at the surface but are

protected from development by their status inside the Grand

Canyon National Park. Although these springs offer assured

supplies, the water would still have to be pumped over 3/4

mile uphill to users outside the canyon.



CHAPTER 6

SUNMARY

Ground Water H,drologz

Due to its elevated position adjacent to deep can-

yons, the ground water system in the Kaibab plateau operates

as a simple drain that has little year to year storage. The

system is composed of two principal and separable components:

1) fracture controlled large capacity conduits that function

as line sinks throughout the plateau and 2) the intervening

sedimentary blocks that drain toward the fractures or dir-

ectly to canyon walls.

The unfractured sedimentary blocks are up to tens of

miles across and are composed of Paleozoic sedimentary rocks

that range up to 4000 feet thick. Ground water circulation

takes place through the entire section but is most active

above the Hermit shale in the upper 900 feet of the section.

This situation exists because the deeper rocks have extremely

small permeabilities and do not readily transmit water.

The surface of the Kaibab plateau is composed of

outcrops of the Kaibab and Toroweap formations which are

largely composed of soluable carbonates. These units are

excellent recharging media and conduct most of the

1 92
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precipitation falling on the plateau directly into the

ground water system. Recharge takes place through open

joints below the soil surface and the numerous solutional

depressions that dot the landscape. The karstic landscape

is so well developed that large areas of the plateau are

no longer drained by surface streams. In the sub-surface,

the water drains toward fault zones or canyon walls. Be-

cause the distance separating faults is usually on the

order of tens of miles, ground water circulation is pri-

marily lateral and calculated gradients in the system range

from 10-2 to 3 ft/ft.

Fault zones and master joints accept drainage from

the sedimentary blocks and conduct the water to major

springs in the deep canyons surrounding the plateau. These

structures are especially suited for this role because the

fracturing has created high capacity conduits that extend

vertically through the section as well as laterally for

tens of miles.

Over one thousand feet of soluable limestones occur

near the base of the sedimentary pile and extensive karst

systems have developed along the fractures in them. Water

discharges from these systems into the deep canyons of the

Colorado river over a mile below the recharge area. The

karstic networks act not only as drains for the ground water

system but also as floodways for storm waters that enter the
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system directly from the surface. At the present time, the

karst systems are so well developed that they are usurping

the function of surface streams. Sediment transport through

the caves is demonstrated by the presence of sand bars and

dunes that line passageways.

The correspondance between large springs and major

faults is well documented and allows the hydrologist to

divide the plateau into ground water sub-basins. Approx-

imately 40 percent of the Kaibab plateau is composed of

unfractured sedimentary rocks that drain directly to canyon

walls. The ground water leaving these systems discharges

through disseminated seep zones along the canyon walls and

is almost totally lost to the atmosphere through evapor-

ation or transpiration. Consequently, the quantity of water

circulating through these regions is not measurable.

The sub-basins that drain to faults discharge meas-

urable flows that average approximately 100 cubic feet per

second. The discharges following the thaw are approximately

L. times this figure. Karstic springs drain at least 60 per-

cent or about 550 square miles of the 880 square mile Kaibab

plateau. Nine groups of springs drain into the Grand Canyon

and one group discharges into Marble canyon from this

system. Of these, the Tapeats amphitheater springs dis-

charge 70 percent of the measurable ground water leaving the

plateau and drain over 40 percent of its surface. The
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Bright Angel springs located in upper Bright Angel canyon

account for approximately 20 percent of the measurable dis-

charge and drain the central portion of the plateau through

the extensive Uncle Jim fault zone. The remaining 40 per-

cent of the karstic discharge drains through 8 groups of

springs and accounts for the water falling on approximately

10 percent of the plateau surface.

Ground Water Supplies 

Wells are not an attractive alternative for devel-

oping water supplies in the unfractured portions of the

plateau because the permeabilities of these rocks are very

small. Most of the small quantities of water moving through

the system OCCUT in the Toroweap and Coconino formations

between 500 and 900 feet below the surface. Wells developed

in these zones would produce only a few gallons per day.

The fault controlled drainage system contains large

quantities of water. These supplies lie more than 3000

feet below the land surface in finite channels that would

be difficult to penetrate even if it were economically fea-

sible to drill to these depths. The West Kaibab fault zone

north of Tapeats amphitheater is the only fault that con-

tains an appreciable saturated zone. At Ryan, there is at

least 600 feet of saturation above the Bright Angel shale

but the depth to water is at least 2800 feet.
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Appraisal of the Techniques Used in This Study

The exploration techniques used in this study were

designed especially for use in reconnaissance surveys where

a minimum of hydrologic information is available. The

technique consists of the following steps. 1) A detailed

field investigation is made that delineates the strati-

graphie and geographic occurrence of ground water. The

physical geologic setting is established by recording

stratigraphie and tectonic information in sufficient detail

that good tectonic maps can be prepared and reconnaissance

quality isopach and structural contour maps can be con-

structed for horizons or units that are of interest. 2)

Structural sections through the hydrologically active rocks

are prepared and their hydrologic properties are determined

through the use of finite difference modelling. Input for

these models consists of the best description of boundary

conditions and permeabilities available. 3) Next, the pro-

files are interpreted so that the hydrologist can determine

the most active components of the systems and make a judge-

ment regarding the feasibility of well development in the

section. 4) The last phase involves a division of the

region into ground water sub-basins by analyzing the hydro-

logic gradients in the system. These are determined from

the numerical simulations of the cross sections and struc-

tural contour maps.
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These techniques appear to have yielded excellent

results for the Kaibab plateau. They have provided the

hydrologist with an inexpensive exploratory procedure that

can be carried out in a relatively short period of time.

As a reconnaissance tool, the approach appears to be ex-

cellent. Where extensive data have been collected in a

basin, the technique can be refined to yield extremely

accurate results. The writer envisions that the finite

difference model could be readily adapted to non-steady

state cases where sufficient data are available.



APPENDIX A

DATA COLTRCTION

Stratigraphie and spring data were collected

throughout the course of this study. In order to facilitate

data collection and maintain uniformity in the information

taken, standardized forms were prepared in advance and car-

ried in the field. These could be rapidly filled out and

saved appreciable time and effort. The two forms used are

illustrated on the following pages. The various strati-

graphic classifications are those in standard usage and

were adapted from similar forms used by Harshbarger (1961,

p. 662-664).
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Rock type:	 Unit:
Thickness:
Color: fresh:	 weathered:
Texture:

precipitate
clay	 (0-0.004 mm)
silt	 (0.004-0.065 mm)
very fine	 (0.065-0.125 mw)
fine	 (0.125-0.25 mm)
medium	 (0.25-0.5 mm)
coarse	 (0.5-1.0 mm)
very coarse (1.0-2.0 mw)

Grains:	 well rounded	 sub-rounded	 angular
rounded	 sub-angular

Sorting:	 good	 fair	 poor
Cementation:	 hard	 firm	 weak	 type:
Minerals: dominant:	 accessory:
Inclusions:	 rare	 common	 abundant
Bedding:

flat	 laminated (0-1/2")
massive	 very thin (1/2-2")
gnarly	 thin	 (2"-2t)
irregular thick	 (21-40,

very thick (4) - )
Cross bedding:	 thickness of sets:

low angel (0-)5° )	 small (0-1')
high angel (45'-90 ° )	 medium (1-20')

large (20t- )
Base:	 gradational	 flat

sharp	 irregular
Topographic expression:

cliff	 slope
step-bench	 covered

Joint Spacing:
0-2"	 11-2'
2"-lf	 2t-41

Weathering products: 	 silt	 sand	 gravel
blocks:	 shaly or platy (0-1/2")

flaggy	 (1/2-2")
slabby	 (2n-20
blocky	 (2-4))
massive	 (4)- )

Fossils:	 none	 rare	 abundant
Solutional Features:
Other:

type:

Page:

Figure 48. Stratgraphic data collection form
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Spring:

Date observed:

Location:

Geographic:

Township	 Range	 0 Section

Elevation:

USGS topographic sheet	 Is spring shown:

Discharge:

Geology:

Rock unit spring discharges from:

Structural control:

Natural drainage from spring:

Development:

Sample:

Where taken:

Temperature;
	 oF

Surface contamination that might affect sample:

Owner:

Other comments:

Figure 49. Spring data collection form



APPENDIX B

DERIVATION OF THE 2-DIMENSIONAL FINITE DIFFERENCE
APPROXIMATION OF THE LAPLACE EQUATION

FOR A RECTANGULAR NET

The Laplace equation is a simplification of the

Richards equation (equation 4, Chapter 4) and is obtained

by setting Px = P. It has the form

2h B 2h n
2	 2 - - •

This equation assumes:

1. steady state,

2, saturation with an incompressible fluid,

3. 2-dimensional Darcian flow and

4. homogenous media.

The Laplace finite difference equation for a rec-

tangular net can be derived from the 2-dimensional Taylor

series which is expanded about the point (a 2b). This has

the form

f(a+i,b+j)	 f(alb) + i fx (a,b)	 j fy (a 0 b)

[i 2 f (a 0 b) + 2ij fxy (a,b) + j 2fyy (a 0 b)

+ • • • +

where f denotes the first partial derivative with respect

to x, etc. Using the notation of Figure 50, it is evident
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that the finite difference equation should be written in

terms of the head at nodes (a,b-j), (a,b+j), (a-i,b) and

(afi,b). The Taylor series expanded about (a lb) for each

of these nodes yields the following expressions:

node (a s b-j)„

1 .2 4,f(a,b-j)	 f(a,b)	 j fx(a,b) + 7T J txx(a,b)

node (a,b+j),

f(a,b+j) = f(a,b) + j fx(a2b)	 J2 fxx ( a9b)

+...+

node (a-i 0 b)„

1f(a-i,b) = f(a l b)	 f(ab)„b) +	 i fyy (a,b)

and node (a+i,b),

f(a+i,b) =f(a,b) + I f (a p b) + -1, i 2 f	 (a h)
Y	 2;	 YY 2

+ • • • + •

In order to separate the desired second order terms

from these 4 equations, the first pair is multiplied by
.2/ 23 and the last pair by 2/i 2 . When the equations are

summed, only the even order derivative terms remain. If

i and j are allowed to shrink to infinatesimal size, the

4th and higher order terms become negligible and may be

dropped. Solving for the second order partial derivatives

yeilds
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	f (a h) + f	  (a,b) =xx	 YY

1
+ f(a,b+j)1 +.1 2

1
— [ra-i) + f(a+i,b)] -i 2

2	 2

	

I(a,o)	 i(a,o).2	 .2

The second order partial derivatives have the foi.m of the

Laplace equation so the right side represents the Laplace

finite difference approximation for a 2-dimensional

rectangular net. By setting these expressions to zero and

using the notation of Figure 26 in Chapter 4, hE may be

solved out as shown below

.2

hE	

(hlA +hE) + h +hp.2

.2

	

2(	
)

2— + 1
.2

This expression is, of course, identical to equation 16

in Chapter 4. By letting i = j, it reduces to equation 18.



APPENDIX C

STEADY STATE FLOW MODEL

Program Capabilitz

The program listed at the end of this section is

written in FORTRAN IV and is adapted for use in the Control

Data Corporation 6000 series high speed computers. Two of

the input routines are specifically designed for these

machines so the use of the program on other systems may re-

quire slight modification.

The program is designed to solve the steady state

hydraulic potential in 2-dimensional saturated vertical

sections where permeability may be a simple space variable.

The steady state form of the Richards equation, equation 4

of Chapter 5, describes such a flow system. The program

utilizes a finite difference numerical scheme that allows

maximum versatility in handling a wide range of complex

boundary conditions. Unsaturated zones within the region

of integration may be solved if it is assumed that the head

is equal to the elevation of the unsaturated node. This is

clearly recognized as a gross simplification of the physical

problem; however, the program can be used to good advantage

if this feature is used judiciously.
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Figure 51 shows the coordinate system and the nota-

tion used in the program. The lettering scheme for the

nodes conforms to that used in Chapter 5. Table 8 shows
the specific geometries that the program can accommodate.

Other boundary conditions may be added as needed.

Operation of the Pro ram

The region to be integrated is laid out on a 2-

dimensional rectilinear net. The program assumes that the

elevation increases toward the top of the net. Both the

dimensions of the grid and spacing between the nodes are

variable and are set by the user for each problem. An oper-

ation code is read in that tells the program which equation

to use at each node. Permeabilities are assigned to each

node by a similar code. The initial value of head assigned

to the nodes is the elevation of the node above an arbi-

trary datum that the user specifies.

The relaxarion process proceeds from the upper left

corner downward by rows and stops at the lower right corner

of the net. One such iteration is called a loop. As each

node is evaluated, the program records the absolute value

of the difference between the previous and newly calculated

solution. These differences are summed for each loop and

the sum is called the residual. When the residual is suf-

ficiently small, the iterative process is terminated and

the result is printed.
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Table 8. Operation code for the digital model

Code Assumed Geometry

Remarks or simplifications
made in equation 13.
Computation at node E.   

General Points 
A	 .D	 Richards equation, equation

.A	 .E	 .B	 13. (Do not use if 1=1,
.0	 I=IMAX„ J=1 or J=JMAX)

N	 .D	 Laplace equation, equation 16.
.A	 .E	 .B	 PA=PB=P C=PD=PE 	 (Do not use

.0	 if 1=1, I=IMAX, J.1 or J=JMAX)

No Computation
.D
	

Assumes hE = elevation of node
E. T must be used for every

.c	 water	 node that represents a high or

table	 low point on the water table.

T must occur in columns 1 and
JMAX or the program will fail.
Only one T should be used in

each column.

Assumes hE . elevation of node
E. Use M for all nodes that

fall outside the region of

integration. (See T)
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Table 8. Operation code for the digital model, continued

Code Assumed Geometry

Remarks or simplifications
made in equation 13.
Computation at node E.   

0
	

hThA, PBA
.A	 E	 .B	 (Do not use if I=1 or I=IMAX;

see Q)

IlD	 hA=hB' AB
.A.A 	E .B	 (Do not use if I=1 or I=IMAX;

see R)

hB=hA PB= PA
.13	 hehD„ P c= PD

(Do not use if 1=1 or J=1)

.A

hA=hB' PA=PB
hc=hD , P c-PD

(Do not use if I=1 or J=1)

.D
A
\\\\\\\\\\\\

.0

hd, hD , P c =PD

(Do not use if 1=1, J=1 or
J=JMAX)

Nodes on Seep Faces 

D	 .D	 PB=PE
.A	 .E	 (Do not use if I=1, I=IMAX,

.0	 fault	 J=1 or J=JMAX; see J)

PB=PE
P C=PH
(Do not use if I=1, I=IMAX,
J=1 or J=JMAX; see J)
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Table 8. Operation code for the digital model, continued

Remarks or simplifications
made in equation 13.
Computation at node E.

PD=PI
PB=PE
(Do not use if I=1, I-IMAX,
J-1 or J-_,JMAX; see J)

Code Assumed Geometrz

fault
.A

.0

G	 .D	 PA=PE
	.E	 .B	 (Do not use if 1=1, 1=1MAX,

fault	 .0	 J=1 or J=JMAX; see K)

H	 .D	 PA=PE
---4,_	 .E	 .B	 P C =PG

	fault--- ,Ç	 .G	 (Do not use if 1=1, 1=1MAX,
J=1 or J=JMILX; see K)

fault	 .F	 PD=PF

A=PE
	.c	 (Do not use if 1=1, I=IMAX,

J=1 or J=JMAX; see K)

fault PB=PE
hc=hD , P c=PD

(Do not use if J=1 or

J.JMAX)

PA=PE
h0=b100 P c -PD

(Do not use if J=1 or

J=JMAX)
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Table 8. Operation code for the digital model, continued

Code Assumed Geometry

Remarks or simplifications
made in equation 13.
22mputation at node E.   

Unsaturat

,D

.A	 „El	 .B

.0

node lies to LEFT

of a symmetry plane

or impermeable

boundary

ed Zones

The program computes hE using

équation 13. If hE less than

hA , hE is set equal to hA ;

otherwise, hE retains the

computed value.

(Do not use if 1=1, 1IMAX,

J=1 or J=JMAX)

.D

.0

node lies to RIGHT

of a symmetry plane

or impermeable

boundary

water

Dr.A	 .E	 .B

• 0

The program computes hE using

equation 13. If hE less than

hB , hE is set equal to hB ;

otherwise, hE retains the

computed value.

(Do not use if 1=1, I=IMAX,

J=1 or J=JMAX)

Code U is generated by the

program as it is needed.

(Do not use)

L I V,W,X,Y„Z
	 Open codes that may be used

as needed. (See Program

Modifications)
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Because the program uses a finite difference scheme,

the physical geometry is necessarily modified to  the shape

of the grid of nodes. This simply means that non-rectangular

boundaries are replaced by straight line segments that

make a stair-step approximation of the curve. To fully

appreciate the assumed versus the actual geometry, plot the

cross section on graph paper and redraw the boundaries to

conform to those that the program can allow. It will become

apparent that a fine net is required if regions containing

several curvilinear boundaries are to be accurately repre-

sented.

Over relaxation methods were not employed in this

program. Extensive testing showed that the optimum over

relaxation coefficients required for complex problems were

often so small that it took the machine more time to over

relax than to work the problem by brute force. A discussion

of over relaxation can be found in any elementary text on

finite difference techniques.

Input 

Four groups of data are read into the program: 1)

program parameters, 2) operation code, 3) permeability

values and 4) permeability code. The READ statements for

these data groups are clearly marked in the program listing

by a comment card that begins C-READ-. The FORMAT
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corresponding to the read statement directly follows the

READ.

COMMON

In addition to the read in data, the user may find

it necessary to change the COMMON declaration for large

arrays. The COMMON card is the fourth card in the source

deck and reads:

COMMON IOP(i,j), P(i,j) H(i,j), ALPHA (j), MROW (j)

where i must be equal to or greater than IMAX and j must be

equal to or greater than JMAX as defined below.

Program Parameters

There are eight parameters read in on the first

data card.

1. 'MAX - number of rows in the net,

2. JMAX	 - number of columns in the net,

3. NO	 - number of different permeability
values to be read in,

4. ELEVT - elevation of the top row of nodes, the
system of units is arbitrary but must
be identical to that used in ELEVB and
DX,

ELEVB - elevation of the bottom row of nodes,

6. DX	 node separation in the horizontal dir-
ection, see Figure 51,

7. FMT	 - a left justified E or F format speci-
fication that determines the spacing
and decimal accuracy in the printed
solution, see discussion below, and



8. TEST	 - the residual below which the itera-
tive process stops, see discussion
below.

FMT determines the form of the printed table that

contains the solution. It is extremely important to use

this specification with care or costly errors will result.

FMT is an E or F specification that is punched left justi-

fied in its field on the input card. The letter E or F

must appear in the first column in the field. Most punch-

ing errors will result in an automatic STOP. The table is

printed out so that adjacent enteries abut each other. If

leading blanks are desired as column separators, increase

the field width 1 or 2 spaces. For example, assume that

ELEVT is 100.00 and ELEVB is -2000.00. If the solution is

worked to 1 percent accuracy, there is no need to print

the decimal portion of the numbers in the solution. This

means a field width of at least 6 is required to write

-2000. If one leading blank is desired, the field width

must be increased by 1 to 7. Formats F7.0 or E11.4 are

sufficient. Because E format uses more space, it is recom-

mended that it be used judiciously. Do not use field widths

of less than 3 or more than 20.

TEST is the residual below which relaxation ceases.

The user will soon determine the best TEST value for the

problems he is solving, see Operational Hints. The writer

has found the following emperical equation to be most
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useful in establishing an initial TEST value.

TEST - (IMAX)(JMAX)(1ELEVT-ELET1 )(% accuracy desired) 
200,000	

(20)

Operation Code

The operation code is an array that is road in by

rows that tells the program which equation to use to com-

pute the value of h at each node. The letter code is found

in Table 8. Each row must start a new data card; however,

more than one card may be used for a given row. The oper-

ation code is entered on the card from left to right cor-

responding to the nodes in the row. The code for each row

is determined by an asterisk. The cards are ordered from

the top to the bottom of the net. The operation code must

contain exactly JMAJC codes per row for IMAX rows.

An operation code for a row containing 10 nodes

(JMAX-10) may be as follows:

MAANNNNPMM.

The operation code can be punched as:

MAANNNNPMM* .

In most problems several adjacent nodes have the same oper-

ation code so the program allows grouping of a repeated

letter. To use this facility, punch the number of repeti-

tions and immediately follow this number by the code. The

above code may be punched as:

M2A4NP2M* .
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Individual or grouped codes may be separated by any number

of non-letter or numeral characters including blanks if

desired. Where a repetition of the same letter Occurs, a

mixture of individual and grouped specifications can be

used. Consequently, the above code may be written as:

M s 2A 1 4N, P s 2M*

(M AA N) 2N, N P 211 *

if such an arrangement is useful to the operator. Notice

that the number is immediately followed by the operation

code where repeat groupings are used. Failure to follow

this rule will cause the program to terminate.

Permeability Values

Up to 26 different permeability values may be read

into the program, one to a card. The program arranges

these in the order in which they are received and assigns

them a corresponding alphabetic code starting with A. For

example, the permeability values shown below are ordered as

they were read in:

Permeability	 Permeability
Code	 Values

A
	

100

1000

10

D	 100

Duplicate codes such as A and D are allowed. The number of
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permeability values must exactly equal NO, see Program

Parameters.

Permeability Code

The permeability code tells the program which per-

meability value to assign to each node. It is identical in

form to the operation code. See the operation code section

for programming details.

Multiple Data Decks

More than one problem may be run at a time. To take

advantage of this capability, arrange additional data decks

one after the other. Do not separate them by anything.

Output 

In a normal run, the following information will be

printed out:

1. operation code as read in,

2. value of DX and DY,

3. permeability values and their corresponding per-
meability code,

L. permeability code as read in,

5. the number of relaxation loops and the residual
at the time computation ceased,

6. a table containing the solution.

Abnormal stops will occur under the following circumstances

and an error message will be printed:
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1. most FMT punching errors on data card 1,

2. operation code error if the number of code
entries in a row does not equal JMAX„

3. operation code error if the operation code does
not contain a T in the JMAX column,

4. permeability code error if the number of code
entries in a row does not equal JMAX.

All other errors will result in abnormal exits or erroneous

results. Errors caused by faulty operation or permeability

codes may be very expensive so care is warranted. Be ex-

tremely careful in adding print routines as some of the

loops in the program are used several million times on large

problem and the output would be staggering. As written,

the output is noimally less than 20 pages.

Sample Problem

To familiarize the reader with the operation of this

program s the sample problem shown on Figure 52A will be

solved. Figure 52B shows the best geometric fit that the

program can allow with the finite difference routines listed

in Table 8.

Figure 53A shows the operation code corresponding to

the geometry on Figure 52B. Notice first that a T is placed

in columns 1 and 11 as required by the T operation code.

The circled N codes will be automatically changed to opera-

tion code U by the program. M is used everyplace outside

the region of integration including those areas above the
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MMMMMM	 MMT

MMM G NNO

MN GNNO
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A. OPERATION CODE

B. 'PERMEABILITY CODE

Figure 53,--Operation a nd pc r m ea bility codes

for the sample problem.
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infiltration surface and the impermeable region in the

lower left corner. An examination of the remainder of the

operation code will demonstrate the use of the codes listed

in Table 8. If the use of operation code N is ever in

doubt, be safe and use A. The use of operation codes B and

C will take painful practice.

The permeability code for the sample problem is

shown on Figure 53B. The circled codes are arbitrary be-

cause these values are never used. This can be verified

from Table 8 by observing the assumptions in the operation

codes for nodes adjacent to these points.

Assume that the following data are used in the

model,

P1 = 100
	

IMAX = JMAX = 11

P
2 
= 10
	

ELEVT = 100

P3 = 1
	

ELEVB =	 0.

DX .10 because the net is equispaced. A convenient FMT is

F5.0 if 1 percent accuracy is desired. TEST	 0.06 using

equation 20. The input data should appear as follows if

the format statements listed with the program are used.

Card 1, program parameters (h represents a blank):

bbbllbbbllbbbb4100.bbbbbb0.bbbbbbbb10.bbbbbbbF5.0b.06

Cards 2-12, operation code:
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T6MTMMT*

MNNT3MGNNO*

M5NTGNNO*

M4NDMGNNO*

M4NDMGNNO*

M4NDMGAA0*

M4NEMGAA0*

M3SJMI3N0*

6MG3N0*

6MG3N0*

6MK3SQ*

Cards 13-15, permeability values, number in parentheses is

the permeability code automatically assigned to the permea-

bility value:

100.	 (A)

10.	 (B)

1.	 (C)

Cards 16-26, permeability code:

7C4A*

7C4A*

7C1A.A*

7C4A*

7CLI_A*

7C4A*

7C4B*



223

Cards 16-26, permeability code: continued 

6C5B*

11B*

11B* .

Figure 54 shows the solution. It should be realized

that the net is too coarse for a problem of this complexity.

A 100 by 100 net would give excellent results.

Program Limitations

The program has the following limitations:

1. only 26 different permeability values are
allowed,

2. only 26 different operation codes are
allowed,

the size of the problem that the program
can solve is limited to the size of the
central memory of the computer,

4 certain portions of the program are written
specifically for the CDC system and may
require modification if used on a different
system, see Adaption to Other Systems.

Program Modifications 

Additional Operation Codes

New finite difference routines can be added to the

program as needed. Operation codes L I V IW,X,Y and Z may be

used. The operation code assumes that node E is being eval-

uated and surrounding points in the P (permeability) and H

(head) arrays are subscripted as shown on Figure 51. The

following symbols are defined before they reach operation



Potential line

A. NUMERICAL  SOLUTION

Sample stream line

224

Potential line

B. SOLUTION FITTED TO PHYSICAL SITUATION

Figure 54.--Potential solution for the sam pie problem.
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routine:

I = I	 HC = H(I-1 0 J)

J = J	 HD = H(I+1,J)

IC = I-1	 PA = P(I„J-1)

ID = I+1	 PB = P(I,J+1)

JA	 J-1	 PC - P(I+1,J)

JB = J+1	 PD = P(I+1,J)

HA = H(I 0 J+1)	 PIJ = P(I,J) .

HB = H(I 1 J+1)

These words are provided so that the user does not have to

keep track of subscripting in simple routines.

To add routines, program the finite difference

equation in terms of the variables listed above. If P or

H terms cannot be obtained by using one of the incoming

words, subscripting in I,J notation may be used. Always

call the new value at node E HNEW. To program the new

routine, choose one of the unused operation codes and locate

it in the listing under the comment card having the form:

	 CASE V.

Notice that this card is immediately followed by one that

has the form:

125	 GO TO 129.

This card must be removed and discarded but the statement

number, in this case 125, must be used on the first card in

the new routine. Failure to do this will cause an abnormal
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exit. At the end of the routine, the card

GO TO 55

must appear. When these steps are completed, the user may

call his routine by specifying the appropriate letter in

the operation code in the data deck.

A trivial example will help clarify these steps.

Assume that the fault shown in the sample problem, Figure

52B, is saturated with water to y - 35. This would mean

that the head in the fault at nodes (8 6), (9,6), (10,6)

and (11,6) would have a constant value of 35. The following

routine would accomplish this if it is designated as oper-

ation V:

125 HNEW=35.

GO TO 55

and would replace

125 GO TO 129.

The operation codes for nodes (8,6), (9,6), (10,6) and

(11,6) would be specified by the letter V.

Line Spacing in the Output

The table containing the solution is double spaced.

If single spacing is preferred, remove the two cards in the

listing labeled SKIP in the right most punch positions. If

more than one line is to be skipped add the desired number

of slashes inside the parentheses in folmat 888.
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Emergency Exit

An emergency exit is provided in the relaxation

loop in case an input or programming error results in a

divergent solution. The exit is an IF statement that will

terminate the computation after an arbitrary number of

loops. This card is indicated in the listing by LOOP

printed in the right most punch postions and has the form:

IF(LOOP.EQ.4000) GO TO 200.

200 is the routine used to print the solution. When testing

a new operation routine, it is advisable to reduce the 4000

to some small number such as 10 to see if the routine is

operating properly. Gradually increase LOOP to a large

enough value that the iterative process terminates by the

normal residual test.

Adaptation to Othems

The program is written in standard FORTRAN IV; how-

ever, five features must be considered if the program is

used on another system.

READ and WRITE

The statements:

READ (1,fmt)

WRITE (2 1 fmt)

assume that the INPUT FILE is tape 1 and the OUTPUT FILE is

tape 2. The numbering of these files may have to be changed
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for other systems.

FORMAT

Literal information printed in a Hollerith field is

terminated by asterisks in CDC FORMAT statements as follows:

*MESSAGE* .

Other systems may require different terminators or the

statements may be written in standard Hollerith form as:

7HMESSAGE

End of File Test

An end of file test is used to determine if addi-

tional data decks are to be processed. This is card 8 in

the source program and should be checked for compatibility

with the user's system.

System Subroutines

The compatibility of the system subroutines used

in the program should be checked against those available on

other systems. Those used in the program are:

FLOAT	 ENCODE

SRI I1' 	IABS

DECODE	 ABS

Non-Standard Routines

Two identical routines are used in the program to

read the operation and permeability codes. These routines
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are written specifically for use on the CDC 6000 series

machines and may require modifications if used on another

system. Each routine is contained in a single DO loop as

follows:

DO 1 I=1,IMAX	 DO 16 I=1,IMAX

1	 CONTINUE	 16	 CONTINUE .

These routines assume that the system character

code is represented in the machine by integer numbers that

have the correspondence shown below and appear right just-

ified and zero filled when read in under format Rl. If this

is not the case with the userls system, these routines

will fail. The logic used is simple and may be easily

understood if the user will flow some data through them

using the table below as a code sheet. It will become

obvious which statements will have to be modified. Changes

should involve only about five statements in each DO.
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Integer Representation
Symbol	 (Decimal Equivalent) 

A	J.

2

26

27

1	 28

9	 36

other	 37 or
characters	 larger

Operational Hints 

No fast rules are available for selecting the

optimum net spacing or cut off residual. An amazingly

small amount of experience will teach the user intuitive

notions on how severe the residual test should be or how

fine a net is needed. The best way to determine such fac-

tors is to program a complex problem and use several net

spacings from coarse to fine. As the finer nets are em-

ployed, successive results should agree closely. When a

net spacing is found that gives suitable accuracy, run the

program several times using a series of TEST values that

range from lax to severe. Notice the times taken to
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arrive at each solution versus the improvement of the

solution. When these various tests are completed, the user

will probably find that both an increase in the net spac-

ing and severity of the test will respectively cause loga-

rithmic increase in computation time.
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APPENDIX D

STREAM GAUGING

Most of the springs in the study area had never

been gauged so these data were collected in a 6 weeks

period in July and August 1969. This time interval cor-

responded to the declining part of the annual hydrograph

following the spring flood. As a result, the measurements

cannot be compared directly unless they are reduced to

some arbitrary time base.

Most of the springs are very remote which preclud-

ed the use of sophisticated gauging equipment. The gaug-

ing technique used was rudimentary. A uniform reach of the

stream was located and the average width and depth record-

ed. A baseline was laid off along the stream and a stick

thrown in and timed between the end points of the baseline.

The discharge was estimated by multiplying the velocity

times the average cross sectional area.

In all cases, the streams are clear and their beds

are washed free of fine grained sediments. The beds are

composed of particals from coarse gravel to cobble size

and cross sections are surprisingly uniform between streams.

Under these conditions, the maximum velocities are toward

the center of the channel and, of course, the floating

2)12
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stick took this route. As a result, all the measurements

are known to be an over estimate of the actual discharge.

The magnitude of the over estimate was roughly

determined from the measurements taken at Roaring springs.

On July 18, 1969, the writer measured the discharge of

Roaring springs as 16 cubic feet per second. On the same

day, the measured discharge of Bright Angel creek at the

Bright Angel gauging station was 27 cfs. On the basis of

Figure 32, the actual discharge from the spring was on the

order of 9.6 cfs. This figure is 0.6 times the writer's

measurement.

A check on the 0.6 factor was made by totaling the

discharge measurements made by the writer in Bright Angel

canyon and comparing these with the total discharge measur-

ed at Bright Angel gauging station. In the period July 18

to August 24, the writer measured the discharges of all the

springs on the north and west sides of Bright Angel canyon

and estimated the discharge entering from the east side.

The total, adjusted to the period of July 10 to 20 as

explained below, was 45 cfs. The discharge at the gauging

station was 27 cfs throughout this period. Again, the

accurately measured discharge was 0.6 times the writer's

estimate. This correction factor was applied to all of the

writer's measurements.
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Figure 55 shows the discharge hydrograph of Bright

Angel creek during the period of the writerts measurements.

Irregularities in the hydrograph correspond to direct

surface runoff from showers and may be neglected. If it is

assumed that the other karst systems have similar charact-

eristics, the magnitude of the discharge at Bright Angel

creek can be used to weight them to obtain the July 10-20

discharge. Justification for this assumption is provided

by the correlation curve of Figure 33.

The following equation was used to estimate the

July 10-20 discharge from the writerls measurements.

QJuly 10-20 = 0.6 (Time Weighting Factor)
Q.--.neasured

where:

QBA Creek July 10-20
Time Weighting Factor -

Table 9 shows the measured and calculated discharges. The

figures shown for Thunder and Tapeats springs were obtained

directly from Figures 33 and 34. The values for Deer creek

and Vaseyts Paradise are estimates.

QBA Creek Date of Measurement
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Table 9. Measured and calculated discharges of
the major springs that drain the Kaibab Plateau 

Sprins 

Calculated
Date	 Measured	 Time	 July 10-20

Observed Discharge Weighting 	 1969
(1969)	 (cfs)	Factor	Discharge   

Tapeats amphitheater and Deer basin

5. est
21.

148.

Deer and
Dutton sps.

Thunder sp.

Tapeats sp.

Shinumo amphitheater

Shinumo sp.	 July 13 3,1 1.0 1.9

Noble sp.	 July 13 0.20 1.0 0.12

Abyss sp.	 July 13 1.5 1.0 0.90

Hindu amphitheater

Crystal sp.	 July 31 0.34 0.97 0.20

Dragon sp	 July 30 2.5 0.97 1.4

Lower Bright Llgel canyon

Phantom sp.	 Aug. 15 0.37 0.71 0.16

Haunted sp.	 Aug. 15 2.2 0.71 0.96

Ribbon sp.	 Aug. 16 1.0 0.68 0.41

Transept sp.	 Aug. 17 0.31 0 .66 0.12

Upper Bright Angel canyon

Roaring sps.	 July 18 16. 1.0 9.6

Emmett sp.	 July 22 0.80 1.0 0.48

Angel sp.	 July ?)1 21.3 1.0 12.8

Nankoweap amphitheater

At Last sp.	 July 29 0.85 1.1 0.58

Marble canyon 

Vaseyls
Paradise	 L. est

Mile 31.7 and
34.1 sps.	 unknown
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