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REGIONAL HYDROGEOLOGY OF THE NAVAJC AND HOPI
INDIAN RESERVATIONS, ARIZONA, NEW MEXICO,
: AND UTAH

By
M. E, Cooley, J. W. Harshbarger, J. P. Akers,

and W, ¥, Hardi
with & section on Vegetation by C. N, Hicks

The Navajo and Hopi Indian Reservations have an area of
about 25, 000 sgquare miles and are in the south-central part of the
Colorado Plateaus physiographic province. The reservations are
underlain by gedimentary rocks that range in age from 'Cambrian to
Tertiary, but Permian and younger rocks are exposed in about 95 per-
cent of the area. Ignecus and metamorphic basement rocks of Pre-
cambrian age underlie the sedimentary rocks at depths ranging be-
tween 1, 000 and 10, 000 feet. Much of the area is mantled by thin
alluvial, eolian, and terrace depogits, which mainly are between 10

and 50 feet thick,

-12-



The Navajo country was a part of the easgtern shself area of
the Cordiner.an geosyncline during Paleczoic and Early Trisssic tine
an part of the southwestera sheifl ares of the Rocky biountain geo-
synciine in Late Jurassic snd Cretaceocus time, The shelf areas were
inundated {reguently by seuss that exiended {rowm mé centiral parts of
the geocsynciinea. 48 a rosuit, compiex intertonguing and ‘rnpld facies
changes are prevalant in the sedimentary rocks and formu so:mce of the
principal centrols on the ground-water hydrology, Reglonal uplift be-
ginning in Late Cretaceous time dazstroyed the Rocky Mountain geo-
syucline and form ed the structural bagins that infivanced sedimentation
and erosion throaghout Cenozele time,

The rocks are charscierizea by the absence of severe defor~
maeticn., The area has been relatively stable since late Precambrian
tiime and was affecied only moderataly by the orogeny of Late Creta-
cecus and eariy Tertiary tiwe, which produced a variely of folda.
Later, in Tertiary and Guaternsry tlme, the srea was upwarped and
locally faulted,

The reservations are divided inte several hydrogeciogle sub-
divisions based on differences in the exposed sedimentary rocks,
structure, and physiography. The cccurrence of ground water in each

subdivision is conirolied principally by the geology. :



The climate of the MNavajo coanicy varies widely, ranging
from semiarid below 4, 00 feet to relstively hui:;:zid abowve 7, 500 feet.
.!”reci#itatic»n has a sirong and fairly wsiformn re;atim tc aliftude and
the orograplic effects of the physlography. Mean annual temperaturs
ia a function of aldiude but iz affected also by the local physiographie
position of the weather staticn. Dunes and other eolian deposits are
comuon and were laid down imtermitiently throughout Quaternary and
part of Tertlary time. The distribution and orientation of the dunes
and the direction of crogsheds indicate that the nrevailing wind dur-
ing mucﬁ of prehlatorie time was {rom the southwest and therefore
waé sinilar to the preaent vrevailing wind pattern, .

Vegetation is divided into broad zones — consisting of grass-
shrub at altitudes below §, 500 feeti, pinyon-juniper between &, 500 and
7, 500 feet, and pine forest above T, 500 feet, 1o the grm-shru'b and
pinyon-juniper zones, some of the plamt assemblages are controlled

by the types of sedimentary rocks exposed,
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The Culorado River ik-av«-:mped in late Cenozolc tine us a
superimpogesd stream on the folded rocks of the Colorado Platesus.,
Continuous do«wuc:iéting cy the river and its trivutaries reaulted in
entrencament of the entire systen:. Enlrenclunent was at a maxirous
f..lm"mglate. Filocene and Fleistoceue time and wasg about 1, 800 feet in
Glen and San Juan Caayons and as muﬁ;’n as 1, 000 feet glong the Little
Colorado 8iver. AU runcff fr@m the reservations is to the Colorade
Hiver. The Cdalorado snd 3an Juan Rivers are perennial, All the
other streams are epheserazl or intermittent except for mw}'s ceaches
downstream: from large springs and where the stream bed ltergects

the water tabie. Nearly one-zixth of ihs arvee drains interaally.



Thke aguifers are composed of beds of sandstone between
hearly impermeable layers of siltstone and mudsione. The main
aguifers s.reb in the Coconine Sandstone, Navajo Sandstone, and the
alluvium; hut 2li other units locally yield sorue water to wells and
springs. The su'tststcne and mudsicne Llayérs act a3 aquicludes, thus
confining the water in the underiying sandstone aquifers wnder artesian :
pressure in much of the area. Ior the most part, the aguifers in the
consolidated sedimentary rocks are fine grained and do not transmit
water rapidly. Coeflieients of perceability are generally less than
10 gpd (ga;;llons per day) per square foot, and many are lese than 2
gpd per square foot. Vields from wells in these aquifers usually are
less than 25 gpm (gailons per wmiinute), Most specific capacities com-
puted from tests of wellé are between C, 3 and 5.0 gpm per foot of
drawdown.

The bagine and uplifis conirol the movernent of ground water
in the sedimentary roclig; the other siructurval features afiect the oc-
currence of ground water only localiy. The larger folds divide the
regervations into five general areas, which are considered as aeparate
hydrologic baains — Plack Mesa, 3an Juan, Elanding, Henry. and

LKaiparowits hydrologic basins.
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The main areas of recharge to the ground-water reservoirs

are on the highiands -~ Defiance Plateau, Zuni Riountains, Mogolion

- Slope, San Francisco Plateau, and Navajc Uplsods—along the atruc-

tural divides between the hydrologic basins, Movement of the ground
water in each hydrologic basin is downdip from the highlands and to-
ward the Colorado, Littie Colorado, or San Juan Rivers and their
larger tributaries rather than toward the centers of the basins., Black
Mesa bagin i8 unique in that nearly ail water discharges into the Little
Colorade River from Blue Spring, which flowe at about 220 cfs {cubic
feet per second). Naturai discharge is from 1, 000 springs and nu-
mereus seepa. Artificial discharge is from 1, 300 drilled wells and

550 dug wells, which are used chieliy for domestic and stock purpuses.



The ground water has a wide range in the type and an.cunt of
cﬁssoivcd chesical constituents. Most water having less than 700 ppMm
{parts per wililon) «f dissolved solids ic either ealeiwurn or s:,:dium bi-
carbonate, and water containing wowve than 700 ppm is sodium gsulfgte,
calcivan sultate, or sodivwa chioride., 7The anount of fluoride ia the
ground water in parts of the Hopi Indian Regervaiion, the valley of the
Litile Colorade River, and the San Juan basin is excesgsive and may Le
wore than 3, U ppr, ’i"he dissolved~solids coutent of 1, 300 water
saroples snelyzed rapges from B0 1o more than 25, U0U ppm. Water
from the flushed aguifers in the Navajo, Wingate, Coconine, and Le
Cheily Sandstonss on the Mogolion é‘lc«pe, Sgn Francisco Plateau,
Navaje Uplands, aud Defiance Plateau usually containg leas than 1, 000
ppic of dissoived solide. Vi ater having the greatest wncunt of dissolved

salids i8 in deep aguifers in the Black Mesa and San Juan basins,
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Intreduction

The Navajo and Hopi Indian Heservations are in the pictur-
esgue canyon and messa country of the south-centrsal part of the
Colorade Ulateaus. The area is one of physiographic and envireon-
mental contrast; the terrane conslsts of barren alluvial flats and
badlands io the main streawm valleys, bald-rock plains partly covered
by dunes, sharp-created buties and ridges, prominent and bold ¢liffs,
and {orested siopes and grassy meadows, Surface water and shallow
ground-water aupplies are plentiful mcaliy in the highlands but are
deficient in other parts of the reservations, Where water shortages
are chronic, dependable water supplies have been supplemented by

utilizing the deep ground-water reservoirs,
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Purpoge and Scope

Since the eariy 1240's, an increasing need for dependable
water supplies in the reservations has been caused by an expanding
Indian popuiation and econoay. Concurrent with thie expansion,
drought has becone more severe in the southwestern United States
"{Thomuae, 1968). As a resuit of the drought, which gtarted about
182%, surface and shallow subsurface water suppiies became less
dependebie, and many sources, previously reliable, dried wup al-
together., The decreasing rainfail necessitated the finding of new
water supplies, particulariy ground water,

in 1648 the U, 5, Geclogical Survey, at the request of the
Bureau of Indien Affairs, made a series of hydroiogic investigations
to help alleviste the water shortage in several places, In 1950, the
Ceological Survey in cooperation with the Bureau of indian Affairs
began a comprehensive regionsl investigation of the geclogy and ground-
weater regcurces of the reservations. The principai objectives were:
{1) to determine the feasibility of developing ground-water supplies
for atock, institutiona!, and industrial uses in particular az&as and at
several hundred well sites scattered throughout the reservations and
in adjolning areas owned by the Navajo Tribe, (2) to inventory the wells
and springs; (3) to investigate the geclogy and ground-water hydrology;
and (4) to appraise the potentinl for future water development.

-30-



Location

The Navajo Indian Reservation cccupies parts of Apache,
Navajo, and Coconino Counties in northeastern Arizcna, San Juan and
Mcehinley Counties in northwesiern New Mexico; and san Juan County

in southeastern Utah (fig. 1). The Hopl Indian Reservation iz in the

— = vims R e b st & e

Plguce 1 (caption on next page) beiongs near here,

central part of the Navajo Indian Reservation in ewimné. The resger-
vations have an area of about 25, U0 square nuiles, which is about
three timnes the size of New Jersey.

The terin Navaju country' {(Gregory, 1817, p, 11) is used
broadiy to {nciude the Nevaje and Hopi Indian Reservations and the
area lying princinally between the Colorado, 5an Juan, and Little
LColorado divers, The tern: ' Hop! country’ is an informael deaignstion
for the Hopi Indian Aeservation. The checkerboard area of the
Mavejo couniry, sgo-calied bécause sections are owned hy Indians,
ranchers, and Federal and itate Governroents, is along the eastern
boundary of the Navajo Indian Hegervalion in New hexico aﬁd to the

soutl: of the reservaticn in Arizona and New Aiexico (fig, 1).
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Figure 1. --Location map of the Navajo and Hopi Indian Reservations,

wing the 15~-miinute quadrangies

‘ wrizona, New Liexico, and Utah, sh

and the Bureau of Indlan sffairs' administrative digtricts,

#



The Navajo country is crossed by oniy a few rnain routes of
travel. The southern part is traversed by the atchison, Topeka, and
;miiz; ?“e Ralirvad and by U, 5. Highway 68, the site of the proposed
Intergtate Highway 40, It is cressed north-gouth by U, 5, Highway@ 29
and 894, leading frow Flagsiaif and leaving the area at Navejo Bridge
; and Glen Canyon Dan: near Page, and by U, ». Highway 686 between
Galiup and Shiprock, Page is the cnly communily that has scheduled
air service, aithough there are alr termiinels near the reservations
at Farmingion and Trallup, N. Mex,, and Winsiow snd Fiagstaff, ariz,
Alwost every other conomunity, dowever, has an alrstrip for iight
planes,

Puring the 1550's, the Navajo Tribe and the Hureau of indian
Affairs began the construction of a network of all-weather bighways.
Two main arteries acrose the reservations are nearly compieted,
Reservation Highway 3 éxtends frow Window Hock through Ganado and
the Hopi villages to Tubs City, where it joins Heservation Highway 1,
which is connected with Kayenta and Shiprock, aAnother recently com-

pieted highway conneels Cortez, Colorado, with Reservation Highway

1 eaet of Kayenta (fig. 1).



Lend~-Net Oystem

The reservations sre divided by the Fureau of Indian Affairs
into 18 adicinistrative districts. Districts 1 to & and 7 to 18 are in
the Navajo mdi:‘m Adeservation, aud district § is i the Hopil Indian Hes-
ervation.

Few detailed waps of the reservations were available at the
tiine of this study, but 13-minate planiretric rmaps cowipiled from
aeriai photographs were availabie, These maps are nuibered arbi-
trarily fron. 1 1o 151, starting in the upper right corner of the reaser-

vations and numbering consecutively frow rigat to left in rows {fig. 1).
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Topographic Relief

The major part of the reservations congists of plateauilke
features between 4, 090 and 7, 000 feet above sea level, Q{iszing to
altitudes of more than 8, 000 feet are Navajo Mountain, Defiance
Plateau, the Carrizo, Chuska, and Zuni Mountains, and the northern
part of Slack Mesa; at altitudes of less than 3, 00y feet arc the deep
canyens of the Coloredo River— Grand, Marble, ana Clen Canyons;
the van Juan Canyon, and the canyon of the Little Colorado River {fig,

2). In general, the valleys of the iittle Colorasdo River, Chinle Wash,

Pigure 2 {caption on next page) heiongs nesr here,

and Chaco snd Sen Juan Hivers range froie 4,008 to &, 500 feet in
altituce. The highest point oa the reservations is Navajo Mountain,
10, 344 feet, and the lowest is the mouth of the Little Colorado River,

about 2, 860 feet,






Organization of the Report

Thle rencrt {8 divided into separate shanters of U, 5. Seuvlogical
b o

ESR S

Jurvey Professional Paner . 1he chapters describe the geology

¢

and hyaroiozy of tie sedimoentary and valcanic rocks of the reservations.

L%

Sl G

Stratigravhic descoriptions of the upper most Trizasic and the Jurassic

151

(R

racks previcusly have been mnblizhed a8 Professional Paper

(Mimrshbarger, Hepeuning, and Irwin, 1557) and sre not included in this

-

report,
The basic geohiydrologic data— vecords of wells ano springs;

selectedu chemnical analyses; and selected drillers' logs, lithologic logs,

ic gections—are pubilished sepa

and stratigraphi atelyv-as Arizona State

L d

Land Departoent Yater Kesources Reports Nog, 1:4-4, 12-E, 12-C,

gnd 14-3,






Few topographic maps were availlahle during the fleld investi-
gation, Water develupinents and cultural features were located on the
aerigl photographs, aad altitudes were obtained by aneroid varometer,
ywhere possible, these altitudes were checked with the topographie
aapE.

Geelogic investigation consisted prlncipai.’zy of surface and
subsurface geclogic mapping, measurement and description of strati~
graphic sections, and analysis of saxuple cuttings fromw new wells,
These inethods delineated the aquifers and aided in understending the
intertonguing, facies changes, and uiher geologic faciors that affect
the water-bearing characteristics of the rocks,

Hratigraphic gections of rocks ranging in age fronm Perndan
to Recent were measmired anc descrived, Fieidwork was concentrated
principally on Triassic, Jurassic, and Cretacecus rocks in the part of
the MNavajo country in Arizona., Wiost lithologic descriptions were
made in the {ield with the aid of a 10~power hand lens, Sainples were
taken ai the time of measurement for anailysis of heavy-mineral con-

tent, size range of graine, and other iithologic characteriatics,



Exasmination of sexuple cuttings frome water wells was an
integral part of the ground-water investigation, 'i?nwéahcd gample
cuttiﬁ@ coliected at 10-fuot intervais were described by a geologist
using a binccular soicroscope. The sample cuttings and drillers’ logs
of most weils are on file at the Arizona Mate Land Department Lab-
_ora‘tory at the Museuwm: of Northern Arizona, Flagsstaff, and at the
Arizone Bureau of Mines depository, Tucson.

Hydrologic fieldwork consisted priuncipally of an inventory
and tests of weils and springs. Preasure tests were made of most
flowing welis, particularly those io the San Juan basin, Cores of
the main water-bearing rocks were analyzed in the hydrologle iab-
sratory of the Geeiogical survey, Denver, Coic,, to determine their
permeability, porosity, specific retention, and specific yield, A
widespread network of observation wells was ncaintained for a few
years 10 asceriain possible loag-terws fluctuations of the water tabie.
In areas of concentrated pumping, water-level measurements in

selected wells are continuous,
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4 fleld inveniory completed in 1856 described 2, 338 ground-
water suppiies consisting of 846 drilled wells, 537 dug wells, and
865 gpringe. Since 1856, about 400 additional welis have been drilled
and inventoried, Water levele in nearly all walls and the yields of
Springs were measured, and more than 1, 300 water samples from
selected wells and springs were analyzed by the Geological Survey,

FPuniping or belling tests were made of most welis, Moat
were of wells tapping the Navaje 3andsione; the Coconino Jandstone
and {ts lateral equivalents, the Ue Chelly Sandstone and Glorieta
sandsione, or aquifers in rocks of Cretaceous age, Generally, no
observation welig ware involved in the tests, All newly drilled welis
were tested by bailing or short-term puiaping to deteraine yield anc

drawdown.
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Frevious Investipations

- The first description of the Navajo country was by J, 5,
Mewberry (1881, 1878}, who was with the Ives and N aconb expeditions
that studied parts of northwestern Mew i exico, northeastern Arizona,
and Utah, Marvioe and flowell of the Wheeier Survey, as recorded
by Howell (1875} end Hounes (1877) of the Fayden Survey, described
gome geologic feagiures in the Defisnce Flateau~Carrize Mountains
aresa., i.arly comprehensive reporis that included parts of tue Wavajo
comntry wers wade by Duttor (1832; 188%) in the Grand Canyon region
and scutheast of the reserveiions in New Mexico, Shortiy after 1900

the coai deposits in the Sen Jusn basin received considerskble attention

and were described by Schrader (1806), Shaler {1807), ana Gardner

The basic gevlogic framework of the Navajo country was out-
lined by Gregory {1816, 1517}, who published the first geclogic map
and ade a hydroiogie reconnaisgance, Jdany gtratigraphic units that

Jregory described originally sre accepted as staudard,
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Cther reports that have contributed substantially to the
geologic knowledge of the reservations were by Darien (1310), Wood-
ruff (1812), Robinson (1813), Reeaide (19?«&), NMiser (1824, 1538),
Gregory and Moore (1231), Baker {1936), fﬂreger'y {1838), Sears,
Hunt, and Heundricks (1841), Williams (1 9?6), Allen and Bailk (1?54),
. Kelley (1955), O'Sulliven {(1953), and Strobell {1856),
4s a result of the present study, 27 papers were published,

These are iizted in the bibliography and mavrked with an agterisk.
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History of the Froject, Including Personnel

The first request fron: the Burean of Indian Affairs for tech-~
nical assistance from the Geological Survey concerrning ground-water

problexos on the Navajo Indian Regervation was inade (o thz Technical

Coordination Eranch of the Survey in 1928, H, V. Peterson nade

»

‘several spol investigations in 1046 and 1847, 5ite investigations were

seniinued by L, . Hulpenay, 8. £, Brown, and Y. A Cvhitconb in

ona, and by L. i Griges I~ New Mexico, all of the Growumd Water
Y znae g Nr“y) a rocdional oe AT 7 3~ d ; -( -~ vf‘\l"h i TrEY A 5 M WnRe T DI
ranan. NG refuanal gaoiHnIc WEPOIGELT nvestil € wWase Lepun

in 1950 under the general supervision of 5. F. Turner, district

P e o v -7wi|~ s BT At T . b ey 1 a < N & s 1kie o33 »
SnginesY, AVZONa, tArQunGt v ater & PAaNC:, and dpaer e Glrec:
supervision of L., C. falpenny, Technical assistance in planning
Ky = 1~ Py 6 I AR . W ‘ L AlF TNy EY e G 4w
uring the sarly phases was given by O, V. Theig, ¥, . Thomas

{laler veplaced by H. A. Vaite), and 8. W. Lohman (later replaced

by . G. Melauvghlin), who were disirict supervisors of New Mexico,

y

Utak, and Coiorado, respectively, and all of the Ground Water Branch.

55

when L. €. Falpenny sueceeded 5. ¥, Turner ag district engineer, J.
W. Farshbarger became chisf of the Navajo CGround Water FProject.,
Most of the information in this report represents the collective efforts
of the follewing personnal, who were enpicyed for all o part of the
period 1850-55: 4, P. Akers, J. T. Callahap, Wi, B, Coeley, ©, I,
Davisg, S. B, Galloway, E. L. Gillespie, W. ¥, Hardi, J. H. Irwin,

~%4-
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Viork on the project continued only iateriitiently between
1952 and 1960, but in 1960 a renewed ={fort to coraplete and publish
the reporte was begun under the supervision of ¥, 1., Deuppis, who
s;uccmdmj J. W. BHarshvarger au district geologist for the Cround

—
Fox
-

fater Frapch in Arizeong, and under the project leadership of »., K,

Cocley, assisted chiefly by J. P. Akers and £, il, McGaveek, This
work consisted principally «f cormipliing the basic data and illustrations,

review and revision of the text, and the updsating and inlegrating of the

sections already written with the infori ation obtained since 13384,
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Description of Sedimentary Features

The rock type, color, particle gize, rounding, sorting, com-
position, accessory rcinerals, and cemenimtion are recorded in all
Hthologic deseriptions of the sedimentary rocks. Grain sizes of
detrital rocks are described generally in accordance with the classgifi-
cation preseated by Wentworth (1826), In his classification, detrital
rocks are lMeted in order of Increasing coarseness as ciaystone,
siitatone, sandstone, granule couglomerate, and pebbie conglomerate.
These itypes grade into one another, and suodifying terms cen be used,
such sz “sandy giitstone'' or silty sandstone. ' additionally, the
term "mudstone'’ is used to designate & rock containing nearly egual
proportions of silt and elay. The color designation was determined
from the rock-color chart distributed by the National Research Couneil
{Goddard, 19438), snd the determmination of grain size, roundnese, and
degree of sorting was made by visual cowparisen with charts prepared
by Payne {1842). ~Particie size in ovder of increasing grain size in-
cludes clay; silt. very fine grained, fine-grained, medivuo-grained,
coarse-grained, and very coarse grained sand; granule; pebble;
cobble; and boulder, according to the Wentworth grade scale {table 1).
Ihe grains are classified as well rounded, rounded, subrounded, sub-
angular, or angular, The sorting is indicated as well sorted, fair
sorted, and poorly sorted and, in gemrai. iz restricted {o sandstone.
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Table 1. --Wentworth's size classification for detrital rocks

Grade limits

(diameters) s
ARove 280 A0X0 i s e B s e Boulder
BOO08 TOW. [0 o sine S bt i TR AL St dol Cobble
BT &AMV 4 ¢ i5u i v R o R PO A el e Pebble
s S L SRR A T P e e R Granule
-l B R D S | T S e g T Very coarse sand
0 i VAR e TSR - B < Coarse sand
13304 momy i i e e e R Medium sand
TH=118 i e e B s i e Bk Fine sand
LB LA . o e R TR e L A Very fine sand
IR0~ 1TR08 M. 3 i bk tlh s e kB Silt
Relow 1288 0000 00 ol iiedillie oy ob et s Clay




jaterial is well sorted if more than 80 percent of the grains is in two
adjacent particle-size renges (Payne, 1842), or fair sorted if mor;
then 50 percent of the grains falls into three or four sdjacent ranges.
Guartz grains are the miain constituents of the sediments, and they
are descri‘bed as clear, atni:_‘wd, frosted, or amber. Readily identi-
fighle sccesgory minerals are pyrite, gypswm, calcite, and mica,
Whex;e the accessory minerals sre not easily identiftable, their color
prevalence and other readily distinguished characteristios are de-
seribed, The elastic rotks are well, firmly, and weakly cemented,
and, where recognizable, the compoaition of the cement is nntbd.. A
noncalcareous, weakly cemented sediment is considered e have an

"argillaceous' cement,
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The description of the bedding and splitting propertica in
most chapters of this report closely follows the badding descripiion
of MeXae and Weir (1953), as wmodified by Harshbarger, Repenning,
and Irwin (1057), with the excaption that thinly lmninated and
.lamingwd bedding x:iay be referred io as very thin bedded {table 2).

Crossbedding or eross stratifiestion is divided into m«
types——simgple, planar, and trough-—based on the external features
of a unit displaying sixdlarly oriented ercssbeds, as described by
ﬁaz'ahbm'ger and others (1857, p. 58) as follows: 'The simple type
shows no apparent signs of erosion along the bounding surfaces of the
individuel groups of crosgheds, The planar type i8 marked by fiat
surfaces of erosion bounding the group. The trough type i& macked
by curved surfaces of ercsion bounding the group. Fesioon cross-
’bedding would be a specialization within the {rough type, as its lower
boundary ia obviously a curved surface of ercsion. What often has
been referred to as torrential crossbedding ordinarily falle into the
pianar type. Mincr descriptive terms used to modify the three major
types are tabular {(parallel planar surfaces), wedge {(converging pluuf
surfaces), and lenticular (converging curved surfaces). ' The cross-
beds, as shown in the following tabulation, are classified as to shape,

angle of dip, size, and thickness,



Table 2, --Classification of bedding and splitting properties of

layered rocks

[Afte'r Harshbarger and others (1957)]

Bedding Splitting property Thickness
Very »thick ......... DMLY ) o o'y e v et More than 120 cm (4 ft)
Thiek L i O Blely o 60-120 cm (2 ft-4 ft)
TREEIL b v e E . e R e I P 6-60 cm (2 in-2 ft)
Very ihin .o 008 4R o S e 1-5 cm (1/2 in-2 in)

Shaly (mudstone) ......... 2 mm-1cm
Laminated ........ | |Platy (limestone and

Thinly laminated .. |

sandstone)

0 e ¢ o 0 9 w e e e e O

Fissile

------------------

2 mm-1 cm

Less than 2 mm (paper

thin)




. BRAPE c..iresrsreecssstasasss CONCEVE Or CONVEX
‘ {upw ard)

Angle of dip
BigH cooovinissnnssannnss THOTE than S0°
Medinm . sovrsssnven PERIES | ok -
1.6w less than 10°
Size or scale
large .......00iivveenes  more than 20 feet
Medium .. .cvctvsrenecare 110 20 foet
Small ...ovveesnrecensoss less than § foot
TDICANERE oo v cneonaniononsas gsuie as ciassification for
bedding
Paeudocrossbedding, formed by a progressive advance of
ripples upon each other, is comwmon in silty fine-grained sandstone and
giligtone beds. Commonly, the upper part of the ripple mark has been
removed and only the lewer part is preserved, Well-formed ripple
marks are not common within a pseudecrossbedded unit, although they

may occur at the top of the unit,
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The cther features of the sedimentary rocks relate to
weathering and tepographic expression, such as siopes, ledges, clilfs,
snd the size of blocks and particles produced by weathering, For the
most pai’t, the terms are self-explanaiory. Platy weathering generally
is associated with very thin bedded units and flaggy weathering with
thin- to thick-bedded sediments, especially those consisting of aiternat-
ing sandstone snd siltstone layers. Hoodoo weathering pertaing to
rounded, irregular, or pillarlike forms, which often have been de~

scribed as "rock babies.”

Ceology and Cecurrence of Ground Water

Practically all the ground water in the reservations occurs in
gedimentary rocks that overlie reiatively impermeable granitic and
metaxcorphic basement rociks. The water-bearing sedirmentary rocks
consist of sandstone, conglomeerate, and limestone, Those that do
not bear water consist of wmudstene, siltstone, and silty sandstone.
The thickness, Uthology, and water-bearing characteristics of the

sedimentary rocks are sununariged in table 3.



Table 3, --Brief descriptions of the water-bearing characteristics
of sedimentary rocks in the Navajo and Hopi Indian Reservations,

Arizona, New Mexico, and Utah

('I'ABLE 3 I3 IN ENVELOPE 1 OF ILLUSTRATIONS. )



Most of the rocks of the Navajq country econtain some water,
but only a few formations yield water readily to wells, The major
water-yielding units are the Navajo and Coconino Sandstones, which
form multiple aquifer systems with the adjacent gtrata, and the al-
luviwm, wﬁich receives considerable water as discharge from the sed-
imentéry rocks. _Minor water-yielding units, in ascending strétigraphic
ordef, are the Shinarump Member of the Chinle Forrmation, Lukachukai
Member of the Wingate Sandstone, Lntrada Sandstone, Cow 3Springs
Sandstone, Morriscon Formation, Dakota Sandstone, Toreva Forma-
tion, Gallup Sandstone, Crevagse Canyon Formation, Point Lookout
Sandstone, Menefee Formation, Cliff House Sandstone, Chuska Sand-
stone, and voleanic rocks. Other units that vield water in adjoining
regions but only small amonunts ¢n the reservations are the Supal For-
mation, Sonsela Sandatone Bed of the Chinle Formation, Ojo Alamo

Sandstone, and the Bidahochi Formation.
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Hasernent Rocks

The rocks of the basement coruplex in the Navajo country are
eof Precambrian age and are generally between &, 000 and 7, 000 feet
below the land surface., They are exnosed within the confines of the

regervationa in oniy three small areas on the Defiance Flateau (fig. 3),

Figure 3 (caption on next page} belongs nesr hers,

Other exposures of basement rocks near the reservations are in the
Grand Cenyon and Zuni Mountains,

The basement complex in the Grand Canyon i& divided hstez_:mally
into the older &nd younger Precambrian rocks, The older Precambrisn
rocke consist chiefly of gneise and different amounts of schist, granite,
aplite, end igneous rocks of maflc compomition, Many of the meta-
morphic rocks in the Grand Canyon are assigned to the Vishau Schist
{Mcoble, 1814, p. 32-36). The Vishnu Schist, based on meager deep-
well data, apparently is not distributed extensively to the east in the

Navajo eountry.



Figure

» §, ~=~Geologic map of the Navajo and Hopi indian Reservations,

Aripona, New Mexleo, and Utah,

b



The Grand Canyon Series of younger Precambrian age over-
lies the Vishnu Schist unconformably, is nearly 12, 000 feet thick, and
conaists of Bandstoﬁe, shale, and limestone. The younger Frecarbrian
rocks are weakly metamorphosed and were involved in large-scale
normal faulting before Farly Cambrian time. The Grand Canyon Series
may have been deposited over much of the western Nﬁvajo country and
was removed by erosion during late Precambrian and early FPaleozoic
time.

Baseraent rocks pregumably of Precambrian age are exposed
on the Defiance Plateau in two small canyons near Hunters Point and
in Bonito Canyon {fig. 3). ‘The exposures near Hunters Point consist
of granite, quartzite, schist, silicified limegtone, greenstone, and a
low-grade phyllite (J. P, Akers and P, R. Stevens, written communi-
cation, 1855; Lance, 1858, p. 69-70). These rocks underlie the Supai
Formation unconformably, but because the outcrops are small and
isolated, their stratigraphic relations are not apparent. The gquartziie
expeosed in Bonito Canyon is highly fractured, containg pebbles of

guartzite and phyllite, and digplays some crossbhedding,
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¢ Although the bagsement rocks are fractured and way yield
some water locally, these rocks as a whole form the basal confining
layér to the hydrologic systems in the overlying sedimentary rocks.
Small amounts of water issue from seeps and gmall 8springs in fractured
and weathered parts of the Vighnu Schiat in the Grand Canyon {Metzger,
1981,‘ p. 114, 124), and water moving along fractures in the guartziie
of Ecnito Canyen may discharge into the alluvium along FEonito Creek

west of Fort Defiance,
Sedimentary Rocks

The outcropping sedimentary rocks in the reservations range
in age from Early Cambrian to late Tertiary. Rocks of Permian and
younger age are exposed in about 85 percent of the area. The aggregate
thickness of the sedimentary rocks ranges from 1, 100 feest on the
Defiance FPlateau to more than 10, 000 feet in the San Juan basin. The
sédimentary rocks are overlain by thin, discontinuous mantles of
weakly consolidated dune sand, alluvium, terrace deposiis, and

landslide rubble.




The sedimentary rocks consist, in order of decreasing
abundance, oif mudstone, siltstone, sandstone, siity st. Ume-~
stone, eouglomeratq. coal, and gypsum. Nudstone and siltstone units
are distributed throughout the geologic celumn and are of marine,
fluvial, and iacustrine origin, The sandstone and most silty sandstone
unita‘ are composed of very fine to medium- grémed sand and represent
fluvigl, eclian, snd near-shore msarine environn.ents, Scine of the
sandgtone units of fluvial ¢rigin contain lenses of conglomerate or
sones of pebbly mato.ria-l. Limestona is relatively wncornmon in the
area, but it was depogited in ruarine and lacusirine environments.
Delomite was racely deposited and, where found, is usually with lime-
gione, .‘Rainll deposits of gypsuns, as beds, nodules, or selenite pimtes,
may occur in wueh of the stratigraphic section. Impure cosly sedi-
menis deposited along the wmarglns of marine seas are conunon through-
out the Cretaceous rocks, Relatively pure coal beds, some of which
have been mined intermittently for several decades, occur in only a

few formaeations,



Hegional controls of sedimentation

Sedimentation waz infivenced by two wajor geosynelines, The -
Cordilleran geosyncline to the west of the Navajo country lasted through-

cut sl the Falevzoic ¥ra and part of Triassic thoe (fig. 4). The Rocky

Figure 4 {caption on next page) belongs near here.

Mountain gecsyncline to the north and northeaat wes during Jurassic
and Cretaceous tine. Regione! upwarping and orogeny at the end of
the Liesozoic Xra deatroyed the Rocky k.ountain geosyncline and formed

basing, which were centers of deposgition during much of Cenozoic tima,
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Figure 4, --Map of the southwestern United States, showing regional
siructural festures that influenced gedimentation ia the Navajo and

Hopi Indian Reservations,



During Paleczoic time, the Navajo country was part of a
rather stable shelf region, which extended eastward from the Cordilleran
geogyneline. Rag:@al gtructural warping caused 'rtmﬁmd advance and
withdrawal of the sea across the shelf, where, in general, deposiis
are thinner than those to the west in the Cordilieran gecgynclins Mck“ A
1851, p. 488). During the late Faleoxole and for part of Triassic thne,
seversl highlands were elevaied and were a source for much of the
sediment depesit;ad in the Navajo country, The Yncompahgre Highlands
were elevsted to the northeast (Burbank, 1883, p. 641-852) and con-
fributed much material to the late Faleoszelc and Triasasic rocks, The
Wogollen Highlands were formed in Early Triassic time (Cosley, M. E,,
1887, Geology of the Chinle Formation in the upper Little Colorade River
| éfainage area, Arizona and New Mexico: Univ. Arizona, Tucsen, un-
published master's thesis) and were a source for much of the Mesozoie

deposition (Harshberger, Repemuing, and Irwin, 1857, p, 44).



During l.ate Triassic and Harly Juraessic time, major regional
struétural changes occurred in the southwestern United States. The
area occupied by tfxg Cordilleran gaoaayncl_ine was elevated and s new
structural trough, the Rocky Mountain gevayncline, was formed in
centrai No'rth :‘;zx%srica {fig. 4}, The area of the eompahgre fﬁiigkr
lands northeust of the Navajo country was generally low, and the
Mogéiim filghlands to the south continued to furnish sediment to for-
mations deposited in the Rocky Mountain geosyncline, Az a resuit,
Jurassic ﬁnd Cretaceous sediments are coarse nearer the Mogolien
Highlands but thicken and are {iner grained northeastward toward the
Rocky Mouantain geosyncline,

Near the end of Mesczoic tinme another disturbance, scmpetimes
called the Laramide orogeny, which lasted from 'Late Cretaceous to early
Tertiary tiwe, caused the final withdrawal of marine waiers and the
fox’mation of structural basing of the Colorado Flateaus and nearby
regions, 'The thickest accumulations of Tertiary sediments were in
the San Juan snd Ulnta basins, Moat of these sedinents were removed
largely by late Cenozole erosion., Regional upwarping in late Tertiary
tine resulted in the outiining of the Colorade Plateaus and nearby

mountains and the develcpinent of the Colorado River system,
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- Faleczole rocks

The basal ‘Paleozoic rocks, Early and Middle Cambrisn in
age, are, in ascending order, the Tapeats Sendstone, Bright Angel
Shale, and Muav Limestone (tabie 3). These units record the earliest
ruarine invasion of the Navajo country from the Cordilleran gecsyacline
during Paleoroic time. Disconformably sbove these rocks are ren-
nants of the Devonian Temple Butte Limestone, which are 'sandwiched"
iocally between the Muav Linestone and the Redwall Limestone of
Miigsissippian age., The Redwell i8 more than 530 feet thick in the
Grand Canyon and is the thickest liriestone unit in the Navajo country,
These older Faleczoic rocke are exposed near the Colorado River and

are in the subsurface in all but the southeastern part of the reservations

(MeKee, 1051, pl, 1). Rocks of Ordovician and Siiurian age are missing,

and it is doubtful that any *a?ere deposited. Because the older Paleogoic
rocks are buried to depths of more than i, 500 feet, they are not utilized
as aguifers. A few springs issue from these rocks in canyons of the
Color;ﬂa and Little Colorade Rivers, Blué Spring, the largest spring
in northern Arizona, discharges from the Redwall Limestone in the

caryon of the Little Colorado River,




Younger Pzleoxoic rocks of Penngylvanian and Permian age
rest wnconformably on the Redwall Limestone and older rocks through-
out the southern pér't of the Colorado Plateaus (fig. 3 and table 3). In
the Navajo country they range in thickness from 1, 000 to nearly 3, 600
feet. The formations of Pennsyivanian age-—the Hermosa and Rico
Ekn%namfons ﬁathe'parﬂzamxitheEﬂacolFornuuian,mmdthz lower part
of theiﬁupai Formation in the south—represent various combinations
of continental and marine depositional! environments and consist of
shale, limestone, and sandstone.

Rocks of Penngylvanien age grade upward and intertongue with
a red-bed sequence, chiefiy of Fermian age, that is of centineantal,
near-ghore, and shallow-water marine origin, This sequence includes
the upper partz of the Supai, Cutler, and Yeso Formations, Giant
wedgea and lenticular masses of eclian crossbedded sandstone are in-
tercalated within the red beds. The principal eoli\s.n rocks are the
Coconine Sandstone and parts of the Glorieta and De Chelly Sandstones.

The youngest Fermian rocks record the last Paleozoic marin"e
transgression in the Navajo country, The San Andres Limestone was
deposited in the southeastern part of the Navajo country and the Kaibab
I imestone and Toroweap Formation in the western part, Facies changes
in the Kaibab and Toroweap are thought by McKee (1938) to be indicative
of multiple transgressions and regressions of the seas,
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The Coconino Bandstone and its lateral equivalents, the De
Chelly and Glorieta Sandstones, are the chief Paleozoié water-bearing
units in the southefn part of the Colorado Plateaus. These units are
interc@ected hydraulically and, with the Supai Formation and Kaibab
Limestone, form the C muitiple aquifer system. The hydrologic
characteristics of the system seem to be controlled regionally by

lithologic characteristics and bedding ({ig. 5) and locally by fractures

Figure & (caption on next page) belongs near here.

and joints.



Figure b, -~Ceneralized thickness map and sections of the C multiple

)

aquifer systey:, showing variation in the regional hydrologic

characieristics.
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 Moenkopi and Chinle Formations

The Moenkopl and Chinle Formations in the Navajo country
unconformably overlie the Permian rocks and are a mudstone and
siltsione seéquence that erodes into spectacular multicolored badlands
and "painted deserts’ in many parie of the Colorado Flateaus, These
rocks are bef‘waen»l, 100 and 1, 600 feet thick and form the upper con-
fining layer of the C multiple aquifer systern. The Moeenkopi Forma-
tlon was deposited during the last eastward transgression of the gea
from the Cordilleran gecsyncline. After a period of widespread
erogion, the Chinle Formation was deposited by streams originating
in the Mogollon and Unecompahgre Highlands, The sediments of both
formations are slightly ccarser in the southeastera part of the Navajo
country, where several thin persistent beds of sandstone and cone-

glonierate yield small amounts of water {o wells.
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Glen Canyon Group of Triassic and Jurassic aﬂ_

The Glen Canyon Group, a sequence of orange-red and grayish-
red sendstone and silistone beds, includes, in ascending order, the
Wingate Sandstone, Moensve Formation, Kayenta Formation, mnd
Navajo Sandstone, The basal Heek Foint Member of the Wingate gen-
erally is conforinabie with the topmost members of the undeﬂymx
Chinle Foretion, bat the other units of the group seem everywhere
to be disconformable with the Chinle (Harshbarger and others, 1857,

p. 5-7). The Glen Canyon Group decréases in thickness from 2, 362

feet near the Colorado River to legs than 260 feet in the Zunl Mountaias,

and no uait of the group is present in all parte of the reservations., The

“Wingate Sandgtone wedges out in the northwestern part, and the cther
formations wedge out to the scutheast (fig. 3).
The Navajo Jandstone and the Lukachukai lisinber of the

‘x#’ingat.e Sandstone are even-grained sandstone units displaying large-
scale crossbeds, and both probably were deposited by wind, In con-
trasi, the other units cf the Glen Canyun Group are compoged of siit-
stone and silty se.ndstone deposited by streais that flowed from high-
iands generslly east of the reservations. Intertonguing is promninent

between all the units of the group.
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o The sandstone aquifers of the Glen Canyon Group are utilized
extengively in the northern and western parts of the reservations.
The ylelds are depéndable, although generally small, ahd the water is
of good chemical guality, The Navajo Sandatone is the chief aguifer.
in the sort!.l—cen%.ral part of the reservationsg the Navajo combines
hydraulically with the sandy facies of the Kayenta Formation and with
the Lukachukai Mermber of the Wingate Sandsione to form the IV multiple
aguifer systen:. In the western part of the reservations the silty facies
of the Kayenta actz ag a confining bed and separates the ground water

in the Navajo Sandatone from that in the Lukachukai Member of the

Wingate.

Upper Jurassic rocks

Upper Jurassic rocks consist of sandstone, silty sandstione,
and silteione units that are divided into the San Rafael Group, Morrison
Formation, and Cow Springs Sandstone. These rocks thin scuthward
from 1, 500 feet near the San Juan River to about 300 feet in the south-

western part of the reservationa.
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The San Rafael Group wae deposited seaward and landward of
the Late Jurassic shoreline, which advanced into the Navajo countiry
from the north. At its maximum transgression, as indicated by the
distribution of the Todilto Limestone, an arm of the Late Jurassic
sea extgndéd intoc northeastern New Mexico, The Morrison Formation
was deposited by streame during the withdrawal of the Late jurassie
gea from the southern part of the Colorade Plateaus. The Cow Springs
Sandetone and itg lateral correlative, the Bluff Sandstone, were de-
posited by the wind in the southwestern and northeastern parts of the
reservations, respectively. These sandstone units intertongue with

most formations of the San Rafael Group and with the Morrison For-

mation.
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Water in the Upper Jurassic rocks occurs chiefly in the sand-
stone units of eolian and fluvial origin. These units are the Lntrada,
Cow Springs, and. Bluff Sandstones, and sandstone beds in thé Morrison
Formation. ‘The other unite of the Upper Jurassic rocks do not yield
water to wells and generally are the confining bede between the aqui-
fers. The Cow Springs Sandatone, Morrison sandsione, and.overlying

Dakota Sandstone are connected hydraulically at their contacet and form

the D multiple aquifer system (fig. 6). Large-scale intertonguing

— . -

¢

Figure § (caption on next page) beiongs near heve,

between the Cow Springs Sendstone and the Morrison Formation {fig. 6)
greatly enhances the probability of obtaining sufficient yields from deep

-

wells in thece formaticns in many parts of the reservations.
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Plgure 8. --Stratigraphic section showing occurrence of ground water
ix the Cretaceous and Jurassic rocks and the I multiple aguifer

systemn,
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Cretaceous rocks

Roecks of Cretace-ous age crop out on Black Mesa and in the
San Juan basin (fig. 2 and table 3). Cretaceous rocks are about 1, 500
feet thick on FPlaek Mesa and more than 5, 000 feet thick in the San Juan
basin. Roeks of late Cretacecus age make up the bulk of the Cretaceons
rocks, iarly Cretaceous deposition is represcented only by the Purro
Canyon Formation in the ¥Four Corners area, and elsewhere by the
Dakota 3andstone of Early and Late Cretaceous age.

The Dakota Sandstone wasg laid down along the edge of a trans-
gressive sea, which was the last major marine immdgtian of the area.
The maximurn extent of this sea was during the deposition of the lower
part of ihe Mancos shale. From that time onward, the Cretaceous gea,
with intermittent fluctuation, gradually receded. Depositionvw ithin and
adjacent to seaways resuited in complex intertonguing between the Mancos
Shale and the continental and near-shore deposite of the Megaverde Croup.
sandatone was deposited along the advancing and retreating shorelines;

" mudstone and siitsione were deposited in the marine waters; and aand-
gstone, siltgtone, and carbonaceous material, including some coal, were

deposited shoreward of the coastal areas (fig. 7).

Figure 7 {caption on next page) beiongs near here,
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Figure 7. --3Synoptic seciicn of the western 3an Juan basin, showing
the intertonguing of the Upper Cretacecus rocks and their water-

bearing characteristics.

N



The youngest stratg of Cretaceous age are exposed only in
the northern part of the San Juan basin and were deposited during the
final withdrawal of the sea, The Cliff House Sandstone, the youngest
formation of the Iﬁeéaverde Group, intertongues with the Mancos
Shale below and the Lewis Shaie above., The Lewis Shale is between
‘the CLIf House and Pictured Ciiffs Sandstones north of the Chaco River.
South\-veatwar.d thirming and wedging out of the Lewia Shale causes a
coalescing of the CLiff House and Pictured Cliffs .*;;an&strmes wear the
Chaco River, Pufst—l-’ictured Cliffs Cretaceous deposition is repre-
sented by the coal-bearing Iruitliand Formation, the Eirtland Shale,
and the congiomeratic Ujo Alanic Jandstone., The Qjo Alamo sendstone
uwneonformably overlies the lirtland Shale and grades upward into the
Macimiento Formation of early Tertiary age.

Ground water in the Cretaceous rocks is withdrawn principally
frome the Dakota Sandstons, numerous sandstone unite of the Mesgaverde
Group in the Black Mesa and fan Juan basing, Pictured Cliffs Sand-

stone, and Ojo Alamo “andstone.
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‘The Dakota Sandstone combines hydraulically with the Cow
Springﬁ Sandstone and VWestwater Canyon Sandstone Nember of the
Morrison E"ormatioﬁand is the chief unit of the D multiple aquifer
system. ’I‘!}is aquifer system is well developed in the Black lMesa
bazin and in the southwesiern part of the San Juan basin. 7The Mancos
Shale is a thick aguiclude that separates the ground water in the Dakota
Sandgtone from that in the sandstone aquifers of the Iv)esairerde Group.
All the water-bearing units of the NMesaverde Group intertongue with
the silty units of the group and with the Mancos and Lewis SChales.
This intertonguing controls the occurrence and yield and restricts
regional movement of the ground water. North and east of the Chaco
River the Lewis Shale geparates the water of the Cliff House Sandstone—
the upperwiost unit of the Mesaverde Croup—and the water of the
Plctured Cliffs Sandstone. South of the river the Lewis wedges out,
and the CUff ouse and Fictured Cliffs Sandstones join to form a zingle
water-bearing stratum that has been tapped by numerous wells. Only
a few springs issue from the Ojo Alamo Sandstone on Mount Cisco Mesa,
and a few wells withdraw a small amoﬁnt of water from the unit eaet of

the reservations,



Tertiary rocks

Yrosion after revional upiift was the dominant geologic
process during Tertiary time; however, sedimmentary rocks of
Tertlary age are present in three areasg of the reservations (fig, 2).
The Nacimiento Formation of .Paleoéene age creps ot in the San
Juan basin, the Chuska Sandstone of I’liocene(?) age forms the thick
capping layer on the Chuska and lLukachukai Mountaine, and the
Eidahochi Formetion of Pliocene age 18 exposed in the valley of the
Littie Colorado River, The Chuska sandstove and the Bidahochi For-
sagtion overiie prominent evcsion surfaces, which bevel the pre-
Tertiary rocks. The Nacimiento Formation was depos ited duriag the
iate part of the structural episcde that formed the 3an Juan and other
basins of the Coloradc Flateavs, The Chusia Sandstone containg beds
of eolian ard fluvial origin and presumabliy is a remnant of a widegpread
deposit, It waslid down after the formation of the basins and other
fold structures end before the development ef the Colorado River sys-
tem in late Tertiary time. The Bidahochi Formaticn was laid down as

basin fiil in the ancestral vailey of the l.ilttie Colorado River.
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The Tertiary forn.ations, because of their swall areal extent,
yield only a limited amount of water, One of the malnvapring borizons
in the Navajo country {Cregory, 1318, p. 138, {fig. i4), however, is
aiong the lower coma;ct of the Chuska 3Sandstone. The Bidahachi For-
mation contains little water within the reservations, but southward it
yields écmiderabis water {0 wells., The Nacimiente Formistion bears

vi'rtuaily no water,

Guaternary deposits

Unconsclidated sediments, mainly of Quaternary age, in eorder
of hydrologic twportance ares the eiluvial, terrace, landslide, and

eolian depogits (fig, 8), the Cuaternary deposits mostly are less than

——

Figure 8 {caption on nexi page) belongs near here.

30 feet thick bul are as snuch as 2235 feet thick in & few piaces. They
form: a discontinuous, rather permeable inantle over large parts of
the regervations. The alluvium ig the chief source of water in dug
welig; it i2 also the source of water in springs and driiled wells in
several parta of the reservations, especiaily where water discharges
fromn the bedreck aguifers into the alluvium (fig. 8). Few wells or

springs are developed in the other Cuaternary deposits.
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Figure B8, ~--Map of the Navajo and Hopi Indian Reservations, showing
the asurficial depoaits, voleanic provinces, interpally drained aress,

streamifiow data, and the ceccurrence of waler in the alleviun,



Velcanic Rocks

The eruptis}e rocks are composed of basalt, monchiguite, or
minetie, and they occur in flows, dikes, breccia pipes, diatremes,
cinder cones, and tuff deposits in widely separated voleenic fields.
Ground water i8 yielded from mnaterial filiing the diatremes in the
Hopi Buttes and the Defiance Plateau (Callahan, Kam, and Akers,
1659; Akers, McCiymands, end Harshbarger, 1982), and discharges
as gprings frow flows and tuff beds.

The voleanic rocks ars divided by composition inte three
provinces: the monchiguite and minette provinces {(Shoemaker, 1058)
cover most of the southwestorn and northeastern parts of the reserva-
tions, respeciively, and the bazali province, a part of the 3an Fraseisgco
voleanie field, is along the southwestern border {fig. 8). There are
a’bout 200 volcanic vents in the Hopl Butteg in an area of 1,400 square
miles, Another 100 vents are in gmall scatiered groups in other parts
of the Mavajo country. Impure travertine deposits at springs are as-
sociated with the voleanic rocke in the Hopi Buttes {fig. 3), and many
of the diastremes show evidence of past spring activity, 7The upper
parts of some diatremes ace filled with bedded tuff and limestone and
some thinly laminated claystone and siltstone {Shoemaker, 1958, p.

178-185),
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The volcanic rocks are late Cenogoic in age, as indicated by
relations of the volecanic rocks to erosivnal stages in the‘ Cuoloiado
Hiver aystere and to Tertiary forawmtions, Dikes and silis were in-
truded into the Chuska Sandstone of Piliccene(?) age, and flows, where
preserved. filled wallevs as deep as 300 feet in the Chusks, The voleanic
r«;:ciw'cf the Hopi Buties volcanic fizld were agsigned by Repeuning and
Irwin (1354, p. 1843) to the volcanic :uember of the Bidahocnhi Forma-
tion, which occurs between the upper and lower sedimentary members
of the Bidahochi of Plioceue age. All the volcanic rocks of the monchiquite
and iuineite provinces were emplaced during the early stages of en-
trenchment of tha Colorado River syste:n in late Tertiary time, (See
“Eatrenchunent of the Colorads River Systen . '') Hasalt of the San
Francieco voleanic field caps terriaces that are in the valley of the
iittle Colorsado River snd ranges in age from early Pleistocene to

early Fecent (Cooley, 1363),
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Structure

The reservations are in the soulh-ceniral part of the Colorado
Plateaus provinee, which is characterised by the absence of the scvere
deformation that took place nearly everywhere aiong the plateaus
poundary. This province has been relatively stable since late Pre-
cambrian time and was only moedereiely adfected by the crogeny of
Late Cretavecus and early Tertiary timme, Within the Navajo country
this :urkt':geny produced an assoriment of folds—baaing, uplifis, wmono-

clines, anticlines, snd synclines (figs. 3 and 8). In iate Tertiary snd

—

Flgure 9 {caption on next page) belongs near here,

Cuaternarcy time, the area was upwarped‘ and locally faulted,

The larger folds are termed basinx, ' ‘uplifts, and up-
warps, and foliow generally the delinitions of Eardiey (1051, p. 5
The Kaibab, Defiance, and Zuni domey are upliftg, and the Mununiemt
dome, being largér than the uplifts, iz an wpwarp. Xcho and Circle
Cliffs downes have heen referred to buih as anticlines and suall up-
liftg, The basing are somewhat arbitrarily defined, and they inclnde

only the deeper parts of downwarped aress (Kelley, 1855, p. 23).



Figure 9, -~hap of the Navajo and Hopi Indian Pegervations, sﬁow&ng
the hydrologic bagins and the chief structural features that influence

. the cceurrence of ground water,



The smaller fulds are monoclines, anticlines, aad synciines,
The most conspicuous of these are the moncciines, which may e as-

soclated either with the basins and uplifis or with smaller folds.

Larger folds

The Colorado Plateaus is a huge saucer-shaped epirogenic
platfﬁrm that is bordered by complex siructures in the wmountainous
reglons of Colorado, Utah, Arizena, and New lwexico., The continuity
of the platform i8 interrupted by a series of downwarped and upwarped
regicns, trending roughly northwestward between the San Juan Mou-
taing and the mountaing of ceniral Arizona. The Colorado Flateaus
containg two broad reglonaily downwarped areas or troughs separsted

by an upacched regiom {fig. 10}, This uparched region i# sccentuated

Figure 10 {caption on next page) belongs near here,

by the Zuui, Defiance, Monument, and Circle Cliffs domes (fig, 8).
One trough extends across the weslern part of the Navajo coumtry and
is masie up of the Kaiparowits and Black Mesa basing snd the 5t, Johns
sag; the southern part of this trough was referred to as the Tusayan
downwarp by Gregory (1817, p. i13). The other trough includes only
the nertheastern part of the MNavajo country and comprises the San Juau,

Blaniing, and Uinta bagins,



Figure 10, ~-Map showing large-scale folds of parts of Arizona,

New exico, Utah, and Coiorado,
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- The domes, uplifts, and upwarps are esymucetrical, and the
steeper limb is on the east or northeast aide, }Moat domes arve well
defined and are bmm;wa in places by monoclines. The basgins are not
well defined, and their flanks merge gradually into the surrounding
structures.. The velief of the domes and between the domes and busins
differe considerably. The relief between Black iiesa basin and the
Defiance and Kaibab domes 1s 5, 000 to 8, 000 feet, reapectively, hut
that between the Defiance dowme and San Juan bagin is about 12, 000
feei,

The larger folde control the movement of water in the sedi-
mentary rocks snd divide the Navalo couniry into five general areas,
which contain separate hydrologic systems, These areas are termed
hydrologic basing and are named for the structural basin in the lowest
part of each, Therefore, the Navajo country occupies paris of the
Black Viesa, san Juan, Blanding, Henry, and Halparowits hydrologic

basine (fig. 9).

Smeller foida

Smallet folds —-anticlines, syoclines, and monoclines—are
common except along the nargin of the Mogollon Slope near the litile
Colorade River, The more promivent monoclines commouly form the

oundaries of uplifts, platforms, and benches, The anticlines and syn-

clines are imoposed upou and extend across all the larger folds,
-Thw



ionoelinal flexures interrupt other folds and, therefore, are
the most congplecuocus structural feature of the Colorado Plateaus.
Dips along monoclines are usually less than 15°, hut locally tl;ay are
more, end in a {ew places the beds are overturaed slightly, The Bast
Haibab, Tast Defiance, and some of the other imeoncclines have 2
sinucus trace for wore than 128 milea, and roany bifurcate into several
partas or segments. The displacement along monoclines vanges froo:
legs than 400 to as wuch ag 2, 000 feet, and, in places, faults are
associated with the fulds,

The anticlinesn and synclines generally irend pnorthwesti to
north and are usuvally inconspicupus because they seldown have dins
steeper than 3°, In the western part of the reservations sowe of these
{olds are more than 100 iles long; the longest, Preaston Mesa-Mount
Beautiful anticline, can be traced for 150 miles in the halparowits
end Elack Mesa basins (fig., 3). Swmall dowes and saddies form ir-
regularities along the creets of the agticlines, The mastl proninent of

these is Nokai domve, which hes been breached by the San Juan River,



Monoelines exert & stroug influence on the movement and

ocourrence of water in the gedimmentary rocikg. Figure 11 illustrates

Figure 11 {capiion on nexi page) belongs near here.

typical examples of the reiation of monociinegs to ground water in the
Navajo country., These reiations are: {1) Water-table conditions may
prevail on the upihrown and downthrown sides of the monoeline (fig.
114); (2) the upthrown side is above the water table and the aguifer

is dry {fig. 11B), (%) a change from water-tabie to srtesian conditions
takes place along a monociine (fig. 11A, C). and (4) artesien con-
ditlems ruay prevail on both sides of a wopoeline (fig, 114, C) In
aqguifers, principally elong the East and west Defiance monoclines,
where conditions change frow water table to artesian, recharge may
be rejected by the aguifer (fic. 11C)

Anticiines and synciines do not affect the ocourrence of
ground water as xauch ag the monoelines., Wells can be drilled aleng
the cresis and flanks of anticlines if the ﬂtruct{rra relief does not
exceoed the saturated thiekness of the water-yielding unit or if arteaian
conditions preveil acrose the anticline. In places, however, the for-

mations may be dry on the crests of some anticlines,



Figure 11, --Uisgrains showing occurrence of ground water along

' menoclines in the Mavajo and Hopi Indien Reservations,
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Faults

Faults ave uncormanon except in a speall area on the Defiance
Plateau and in the western part of the reservationg (fig. 3). Joints,
however, are prevalent, and they have increased the permeability of

%
¥

some of the rocks. In moet places foults have displacements of 50 1o
150 feet, but .straté are offset more than 00 feet by the faull at Hunters
Point and the one between Preston Mesa and White Point {fig, ).
Mogt are vertical normal faults, trend between east and north, and
intersect axes of the folds at acute angles.

Fauilte in the western and northweslern paris of the Navajo
country are in a poorly defined bhelt between 20 and 40 miles wide
{fign. 3 and 8). The belt extends northeastward from the San Francisco
and Coconino Plateaus and merges with the structures of the Paradox
fault and fold belt in the northern part ¢f the Lionwnent upwarp (M. £E.
Cooley, written communication). Few faults are related to the arching
of the laccolithic Navajo Mowstain, but many near Camreron and on the

San Francisco Plateau are related to the emplacement of the volcanie

rocks.



| ‘Fauits in the Navajo country are too igolated and displace-
raenis are toc small to exert much contrel on ground water, A few
gprings and gseeps digchargee along sorae of the faults op the Defiance
Piateau and near the Colcrado and San Juan Rivers., Ome smail graben
in the southern part of the Ueflance Flateauv (fig, 3) traps ground water;

it has been developed to supply water for the community at Pine Springs.
Thyelography

The Navajo comiry has been subjected to vigorous cycies,
which consist of periode of downcutting alternating with periods of
planation and deposition. As 8 result, streaws have carved a com~
rlex maze of plateaus, rock benches, and messs, which tower above

extensive plains and canyons,



The Colorado I"lateaus province is separsied into physio-
graphic sections Lased on the distribution of canyons, rock benchesg,
mesas, and 'phﬂns.. The whole province has shmilar rocks and
geologic structural features and ccmtain@ one masier siream, the
Culc»rgdo R'iver. Fach physicgraphic section, therefore, relates to
the distance from the x:iver and to the types of stream patterne de-
veloped, Thus, in iowlands adjacent to the Colorado Hiver and its
inain tributaries, canyon lands are developed extengively., In a poor-
ly defined belt arcund the canyon lands, rock bencher form a series
of prémineat cliffs and broad platforms. Beyond the beit of cliffs
end platfores, piateaus, and piains of erosion are the dommigant land-

forms,
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Fenneman {19%1, p, 275-328}) divided the Ceolgrado Flateaus
mrovince into tne Ceand Canyon gection, high platesus of Mah, rock
tervaces” of 30&1&?;&;!‘:‘: Utal, Ulnts basin section, canyon lands of

tah, Ravajo section, and Uatll section (fig. 12). The Navajo country
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Figure 12 {caption on next page} belongs neay hers.
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is in an intermediate phyaicgraphie area betwecon ithe canyons of the
Colorado and Sen Juan Rivers and the plainz and low mesans of the
Datil section., The termns Uavejo country’ {(Gregory, 1917) and
Wavaic zection’ {(Fenncrsan, 1931) are sywonyineus avd refer (o the

Navajo and Hopl Yodian Beservations and a sarrow strip of land between
the southern boundary of the n.bwr*;aiiuu and the Little Colorado and

A

Pucrco Rivera., The Mavajo country, a geographic diviaiun, does nol
cuincide with the natural physiographic subdivisions of the Celorado
Plateans provinece, but it comprises combinations of landforyas that
are common Lo the guwrroundiayg supdiviaions., Thus, it includes, ia
part, the Grand Canyon seciion along the western border, the canyon

lands of (tah along the nortiern Lorder, and the Datil section along

the southeasters border.
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. Figure 134, --Fhysiographic map of the Navajo and Hopi Indian Heserva-

tions, Arizona, New niexico, and Ttah,



The landiorms of the reservations sre sbhown on a physio-
graphic map (fig, 12). This map shows alao the distribution of the
alluvivim, dunes, lavxg flows, and erosion surfaces. The map is in
plan, and the relief is shown by shading. The light ig from the souath~
east, The i.andfcrma were drawn from interpretaticn of field sketches,

geclogic maps, and aerial photographs.

felation of the landforms to the sedimentary rocks

The landforms of the Navajo country are characterized and
affected by the alternating resistant and weak rock strata, Resistant
beds form ledges, ciifis, wesas, and rock benches thal are separated
by siopes, valleys, and badiands carved in the weak shaly bads., The

main cliff-forming sirzta are the Coconine, De Chelly, Wingate, and

Navajo randstones, the Kaibab iLimegtone, and the sandstone uniis of i

the Upper Cretacecus rocks, All the wide valleys and many extensive
slopes are excavated principally in the Xancos Shale and the Chinle,

Fyaitiand, Kirtland, aad Bidahochi Formations {fig. 12).
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Three types of cauyous sre comuion-—the verticsl walled,
"box, and 'V’ shaped. If a canyon has been eroded entirely in re-
sistant rocks, neaﬂy vertical walls are typiéal. Canyons of thiz
type are forrmed in the Navajo and e Chelly Sandwtunes. If a canyoa
is rimuied in a registant bed having a gentle dip and the canyon ficor
ia cut in soft sediments, a box or modified form of box is developed.
The box is the common canyon type of the MNavajo country (Gregory,
1617, p. 132). If a canyon is cut into woderately resistant rocks,

a V ghape with steeply inclined walls will formw, The canyon of the
Ban Juan River cut in the Paleozole rocks near Mexican Hat is a good
example,

Stripped mxrfac&?s {stripped or structural plains) cecur oa
resistant rocks that are exposed areally on plateaus, megas, rock
benches, and dip slopes of hogbacks and cuestas {fig. 12). These
surfzces are sroded nost commanly on top of the Navajo Sandetone,
De Chelly Sandstone, Kaibab Liwestone, and 3ninarump Meinber of
the Chinle Formaeation, Many stripped surfaces "contour' the felds
of varicus structural features, such as the Defiance Plateau, the East

Raibab monocline, and the Organ Rock anticline,



Reilation of the landformes to geoiogic structure

The types, shapes, and geographic positions of the large land-
forois are coutrolied by the uplifts and basins, which influence the
regional attitude of the rocis. Relatively gentle stripped plateaulike
features are on the suminits of the Defiance and Kaibab uplifts and
partg of the i onument upwarp {fig. 12), Along moaociines, common
on the {lanks of upiifis, hogbacks are formed and are inclined toward
the basina. In the basins, where dips are geutle, cuestas and rock
benches are the chief physiographic forins. In mény areas the aline-
maent of hogbacks, éueetu, and rock benches forins rough concentric
rings around the uplifte and the centers of the basina,

Wide valleys occupy an intermediate siructurai position be-
tween the uplifte and the cenaters of the basine., Thus, the valley of
Chinle Wash was cavved between the Defiance Fialeau and Black AMesa,
and the Chaco River valley is hetween the Defiance Plateau and Zuni
ixééunta,ins and the center of the San Juan basin (fiz. 12), In the same
way the Littie Coloreado Rive.r valley is hetween Black Mesa and the
highlands foruied by the Coconino Plateauw, San Francisco Plateau,

and the Mogolion Slope,



Hydrogeciogic subdivigions of the Navajo ccuptry

The close reiation between geoiogy and ground-water hydrology
maikes it possiole to divide the Navajo country into areas that contain
similar geologic or physiographic and hydrologic characteristics,

These hydﬁogeologic subdivisions are based, in order of imporiance
of criteria, on the distribution of the outcropping sedimentary rocks,
large foids, and the draiuage patterns of the Colarado River and its

-

principal tributaries.
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This cloge relation of geclogy and occurrence of ground
water is illustrated on maps showing the distribution of artesian and

water~table areas (ig. 13), depths of water levels in wells {fig, 14),

Figure 13 (caption on next page} belongs near here,

Figure 14 {caption on next page) belongs near here,

e - 2 ——

and depths of welis {(fig. 15), Water-table conditions prevall in the

Figure 15 (caption on next nage) belongs near here,

rpcks that crop out in the uplanﬁﬁw‘pruzcipally the Navaje Uplands,
Deflance Platesu, Chusks hountains, and Dlack ldesa—although the
anuifers that are deeply buried in Plack Messa are atrongly artesian,
Artesian conditione are best developed ia the broad valleys of the

idttie Colarado River, Chinle Wash, Chaco River, and San‘Juan Hiver,
which are generally on the fianks of the bazins, aithough areas of
flowing welis are resiricted to parts of the San Juan and Blanding basins
and in Chinle Valley. In the same wayp, areas having simiiar depihs to
water and depths of welis roughly outline the broad physiographic snd

structural features of the Mavajo country.



Figure 13, ~-Map of the Navajo and Hopi Indian Reservations, showing
generalized artesian and water-tabie areas of the congolidated

aguifers.

Figure 14, --Map of the Navajo and Bopi Indian Resarvations, showing

generalized depth of water levels in wells in the consciidated aquifers.

Figure 156, ~-Map of the Navajo and hopi Indian Beservations, showing

generalized range of well depths by area in all aquifers.
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- The Navajo country includesz the following hydmgeamgic gub- |
divisions: eastern Grand Canyon, Painted Desert, Navajo Uplands, I
Black Mesa, ‘it:.anur-:;ent Vailey, Chinle Valley, Defiance lateau, 1
Chuske Lountaing, Carrize Mountains, western San Juen basin, and .

“uni Mountains (fig, 12).

Eastern Grand Canvon subdivision. --The eastern Grand Canyon

subdivigion is alonyg the Colorado River in the western part of the Navajo
country {fig., 12}, The iast Kaibab rconocline is the dominating struc-
tural feature, and branches of thie monocliine bound parts of the Naibab
snd Coconino Platesus, Marble VPiatiorm, and other broud rock benches,
£11 these landfors are cutlined by a prominent siripped surfsce cut

on top of the Kgibab Limestone., Marble Canyon of the Colorado River
and the canyon of the Little Colorado River separate Marble Platform
frow the other paris of the subdivision; these canyons at thei;r can-~

fluence have s depth of 3, 2300 feet,

g 22



The deep canyons and fractures, caused by rconoclinal foid-
ing and faulting, ccntrol the cccurrence of the ground water in the
eastern Grand Canyon subdivision., As a result, the Coconino Sand-
stone, the principal .aquifer. ia dry in oiuch of the subdivision, The
Hedwail Lifnestane, however, wmore than 2, 080 feet helow the land sur-
face, 1:5 water bearing and discharges through Plue Spriang and uther

springs in the bottom of the canyon of the Little Colorado River,
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Painted Degert subdivision, ~-The Painted Desert subdivision

is in the broad southern flank of Black Mesa bagin, It is characterized
by briliiant-hued badiands carved frow the hoenkopi, Chinle, Bioenave,
and hayenta Formations. The Little Colorade River drains the sub-
divigion exéept along the nerthern pari of Echo Cliffs, In the eastern
part (}f‘ the subdivi_ai«.:m, Pueblo Colorado wash, Rio FPuerco, and

oﬁzer. stream3 occupy alluviated valleys between hiuffe compused of
the Bidshochi Vormation, Between these streauns, the Bidahochi has
been ercded inte broad, reiling, slightly dissected tablelands. This
rather subdued {opography contrasts sharply with the angular cueatas
and rock terraces in the westorn part of the subdivision., There the
Little Colorade River flows on a wide alinvial ficod piain between dip
glopes cut on the haivab Limestone and Woenkopl Formation on the
southwest and g sharp cuesta eraded from the Owl Rock Member of

the Chinle Formation {fig. 12}, In the center of the Painted Desert
aubdivision, a heterogeneous array of voicanie buttes, nacks, Java
flows, and diatrewes comprising the Hopi Buties tower above the

badiaud slopes carved from the brightly colored Triassic rocks.
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The Paimted Uesert subdivision is upderlain principally by
Trisesie rocks that do not yleld water to wells,. and ground-water
supplies generally 'a;re ingufiicient or of poor chemical guality for
stoclk and dowestic uge, Locally, some water is obtained fron the
 alluvium auonfj the larger washes, from tuff beds in the volcanic rocka
of the ‘Hapi Puties, from sandatone beds of the Chinle Formation, and
from.the Wingate and Dakota Sandstones. The Coconino Saundstone s
aear the surface and is tapped by wells south bf the Little Colarade
Eiive;r, Some water is obtained fron: the De Chelly Sandatone along
the western margin of the Defiance Plateau. North of the Little Coleorado
River and west of the ﬁeﬁaxﬁcc Plateau, however, the Coconino Sand-

stone is buried deeply, and ils wuter generally is highly mineralized.

-



Navajo Uplands subdivigion. --The Navaje Uplands iz principally

an grea of dunes and stripped piaing, forming an exnbossed surface un
the Navajo Sandstone between the brinks of canyons and at the bases

of mesas. It ig the largest hydrogeclogic subdiviaion, cccupying parts
of Black Mesa, Kalpavowits, and Blanding besins, and the divides be-
tween thiege basina. In the western part the dune-covered plaius are
izxtex‘ﬁpted iocally by Preston and While {vesas, vildcat Pealr, and
othei prominent butles and mesas, The porthern part has been in-
tricately dissected by the Coloradeo River and its tributaries into a
spectaculay syetein that coneists of Clen, Navajo, and other canyons.
Navajo .ountain rises above the floor of Rainbow Platecau and dominates
the surrvunding canyon lands, The easteru part of the subdivision is
drained by Chinle Wash and occuples a lowland bounded by Black kesa,

Couab Ridge, and the Carrizo laountainsg, The relief of the sastern part
is wueh less and more uniforis than that of the wesiern part, and only
a few buttes and mesas interupt the stripped plains cul on the Navajo

Sandstone,



The Navajo Sandetone is the chief aquifer, and it is utilized
extensively throuvghout the subdivision., The dependabie and relatively
large guantities of water in the subsurface contrast with the windswept
decertlike surface, ‘Water in the Navajo usualiy is unconfined because
the great t}‘ziczme:!s and widespread exposures minimize mast effects
of the geoi'ogic structure, N aturai discharge of ground water from
the x'éeervoir maintains perennial reaches of strea:na in the canyons

near the Colovado Hiver and aleng Chinle and Moenkopi Washes.
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Black Mega subdivigion, --Black Mesa is a large moderately

dgissected highland that occupies the atructural center of Black Mess
basin, It is delimiied by hiph ocutfacing sandstone ciiffs of the Toreva
Formation ana Yale Foint sandstone——except in the scutheagiern part,
where the Bidahochi Forwmation overlies the Cretaceous rocks (figs.

3 a.miA 12}, The southern part of Tlack huesa, im the Hopi country, has
been dissected by Denpebite, Uraibi, and Folacca Washes into box
canyons and gentiy dipping rock platforms-——called First, becond, and
Third Biesas. The summit of Black 4 esa slopes gently to the gouth-
west, and this slope parily conecals the regionasl attitudes of the rocks,
trunecating indiscri:nixxaté: y tilted roeks along simall folds, The svepo
¥ovmeation crops out in mwost of the summit area, and it hos been eroded
into a geries of parallel ridges and narrow valieys by the principal

washes,
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Most of the ground-water supplies developed in Plack Mesa
are from the Toreva and wepo Formations. - "“he depih of erosion
along Polacca and ihe other principal washes controls ground~water
mwovement and the tolal supply of water that can be obtained frorm these
formations. The aquifers below the Toreva are not affected by the
topography of Black Lieza, however, and ground-water movermnent in
theru is unrestricted. The water in these aquiferg Is under high
artesian pregsure. A few wells in the southern part of Black Mesa
tap one of these aquifers—the aguifer in the Dakota Sandstone. (ther
water supplies are obtained locally from: the alluviun near Folacca

and from landalide debris along the sides of mesas in the Hopi country.

Monument Valley subdivision. --The Monument Valley gub-

division is bounded on the east by the serrated Comb Ridge and on the
west by the palizadelike cliffg Liordering the western ilavajo Uplands
{(figs. 3 and 12), The 3an Juan River and tributary sirveans have
carved the sandstone units (Navajo Bandstone, s%ixiggaie Sandstone,
Shinarwap Member of the Chinle Formation, and De Chelly and Cedar
Mesa Jandstone Members of the Cutler Formation) intc accentuated

steep-cliffed bultes and soall mesas.
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The area generally referred to as vonument Valley is in the
southeastiern part of the subdivigion {fig. 12). It hag been formed on
the gentle cuz‘vatufé of a broad anticline and when viewed frow
Hoskinnini lvesa to the west is a panorama of monuwmentiike buttes
projecting éh&rpiy above intermittent dune-covered plains. The buttes
cc;msis.at' of a resistgwt Shinarump cap rock everlying steep irregular
mlapes of the Hoenkopl DNormaticn and vertical cliffs of the e Chelly
sandstone Newmber of the Cutler FPorination,

The Jan Juan Hiver is entrenched it & desy canyun Jownsiream
froo Comb Ridge., It has cul into sedimwentary rocks steeply tilted by
Comb monocline and other {oids near Mexican Hatl and into nesrly flat-
lying strata in the reach downstream fron: Monitor Butte {fig. 12).

The spectacular feature of 3an Juan Canyon is the ‘goosenecks, a
series of tightly curved neanders, which have been inciged 1, 500 feet
into the ico and Heriosa Pormations, Downstream from S.onitor
Butte, the San Juan River and its tributary sirseins have carved
superbly the Segi Mesas country (Gregory, 1318, p., 47-48), which
includes Plute, No 4ians, and Skeleton i'esas, These wesas are as
mnch ag 2,009 feet above the floors of the subjacent canyons and are

rimwmed by cliffs formed from formations of the Glen Canyon Group.
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The Monmunent Valley subdivision is one of the driest areas
and least favorahle chlx' ground-water supplies in the MNavajo country
because of the relaﬁye impermeability of the sedimentary rocks and
because extreme dissection hag drained sonre of ihe furiner water-
yielding “«.mi.ts. Ground water ia obteined locally from wells in the
Cedar Mesa Sandatone hember of the Cutler Formation and in the
alluviwn, In the Segi Mesasz area a white alkali band along the base

of the Wingate Sandzstone indicales intermitient seepage, and numerous

srnall eprings issue from joints and faults aicng the edges of the mesas,
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Chinie Valley subdivision, --The Chinle Valley subdivision,

underlain by easily ercded Triassic gedicents, is sinilar to the
Dainted Desert a*;r_bﬁivixsi::za. K is 8 lowland between the scarred sand-
gtone sicpes on the Defisnce Flateau and the lmposing eastern eacarp-
ment of Blﬁck viesa (figs. 3 and 12), Subparallel cuestas of the
Wwingate &arzc%atong and the Owl Rock mMeinber of the Chinle Formation
and strize valisye cut in less resistant girsta form low irregularities,
Chinie Vash and its tributaries drain the Chinie Valiey and flow on
flood-plain deposites, which sre moere than 2060 feet thick lecally,
Beautiful Valiey, displaylng variceicred badlands carved frow the
Chiaie Formation, snd Snake Flatg, a platform of gentle slopes under-
tain by cedrock and siluvium, occupy the southern part of the subdivision
(fig. 12), The northern part ¢f Chinle Valley has considerable relief

and containg several conspicucus buttes,



i Water is at shallow depth in the alluvium along Chinle \wash
and at congiderable depth in the De Cheily Jandstone and Shinarump
Wember of the C}'xiﬁ;e Foriration in the C mulliple aguifer system. The
regional dip is generally wesiward and northwestward, and the top of
the De Cihezily Sandstone is more than 1, 000 feetl below the land surface
in the weslern and norihern parts of the subdivision. The water in
deep wells thai penetrate the urit is under strong artesian preasure,
and a few wells {low in a small erescent-shaped area near Hound Rock

Trading Post (fig. 12).

Defiance Platean subdivigion. --The Defiance Platean zub-

division, a large oval upland, is outlined by dip slopes, hogbacks, and
cuestas~of the De Chelly Sandstone and sandstone beds in the Chinle
Formation (fig., 13). Several izolated velcanic necks—the most
prominent being Fluted Rock, the highest point in the subdivision—and
the large diatreme in Puell Fark inierrupt the gentle curvature of the
plateau summit, Contrasting with other parte of the reservations, the
summit ares is cévered largely by a thin soil, which aids ground-waier

recharge.
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Tributaries to the uerco Hiver and Chinle Wash have carved
severai deep canyons) the most spectacular of these are Canyon de
Chelly und the r:anyé_n of Black Creek (fig. 12). Canyon de Chelly
is o straight-wailed gorge abeout 1, 00D feet deep cut alracst entirely
frow the m Chelly sandsteane. Within the gorge are blocoxy sieplike
bv.nc‘mu, ioonoiithic spires, sharp narrow alecoves weathered alung
fracturss, and rounded knobs furnied in part by ercsion along cross~
bedding planes. Black Creek crosses the Jefisnce Plateau in a narrow
V-ghaped canycn £00 feet deep a short distance upitreaw: firom its
confiuence with the Puerce River,

The De Chelly Sandstcone iz the prisecipal water-hearing unit
in the subdivision, and highest vieids are cblained where it iz counbine
hydraclicaily wilhk the Shinarump Member of the Chinle Formation, In
the Bonitc Canyon-Buell Tark avea {fig. 12) large gprings issue from
the base of the Ue¢ Chelly and frow joinis in the Supal Formation.
Owing to the high tepographic position of the subdivigion, the waler
table is ag deep as 700 feet {fig. 14); but, except for a few arecas

partly drained by canyons, it is continuous throughout the subdivision,
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Chuska Mountains subdivigion. --The Chuska Mountains con-
gist of & long, nar;ow mesa formed of the thick horizontally bedded
Chuska Sandstone, .w.x{hich rests unconformably on folded rocks of the
East Defiance monocline (figs. 3 and 12). The Lukachukai Liountains
is the name usually applied to the part of the Chuslka Mountains sub-
divisipn lying between Lukachukai and Cove. The summit area of %he
mountaine is at an altitude of 9, 000 feet and displays a topography of
rolling timbered hills and grassy meadows dotted by nunierous small
clear lakes. The western and northern escarpinents of the Chuska
Mountains consizt of steep slopes of Chuska Sandstone terininating
along verticai-walled cliffs carved from the resistant beds of the
Summerville Formation and the Entreda and VWingate Sandétoz\es.\

The eastern escarpment ie a series of giant "scallops’ resulting from
slumps and landelides caused by slippage along ihe east-dipping bed-

ding planes of the underlying shaly rocks of Late Cretaceous age. The
Sonsels Buttes, remmnants of Chuska Sandsione capped by basalt, were

isolated from the main western Chuska escarpment by erosion.
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| Tedilto Park and Red Roek Valiey are part of the subdivision,
Todilto Park is a small grass-carpeted valley containing perennial
atreams and lylng between columned cliffs of the Lntrada sandetone
and Summervilie Formation along the western escarpuaent of the
Chuska E'-.-";ou.ntaims. In contrast, Hed Rock Valley ig an {rregular
neariy Sarren 1uwlgnd formed un red beds of “riassic and Jurassic
age bétween the Chuska and Carrizo hountains,

The Chuska Mounteins subdivision is the best watered sub-
division in the Navajo country, Consgiderable spring discharge from
the base of the Chuska 3andstone maintains the perennial reaches of
many creeks that drain the area, and only a few deep wells have

beer drilied to supplement these water supplies,

Carrizo Mountains subdivision, --The Carrizo Mountains project

above lowlands of the western San Juap basin and the lower part of
Chinle Wash (fig, 12). They consist of a dioritic central inass and
projecting laccolithie sills, which were intruded into the surrounding
sedimentary rocks. All these rocis have been eroded irregularly

into narrow ridges, sharp V-shaped canyons, hogbacke, and butiressed
and recessad cliffs, \ narrow skeletonlike ridge formed from Triassic
and Juressic rocks connects the Carrizo L.ountaing with the Chuska
{(Laukachukai) Mountalﬁs. Wells have not been drilled in the mountaing
because numeroug aprings furnish dependable supplies of water,
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- Weagtern San Jusn basin subdivision. --The western San Jueu

basin subdivision i3 underlain predominantly by Upper Cretaceous
strata, which dip ‘e-'_?ast and ncrth from: the Deflance Plateau and Zuni
Mountains, In general, the western San Juan basio is characterized
by expam:eé of open country bounded by narrow hogback and cuesta
ridgea.' Smaller areas in the subdivigion that contain éinzilar features
afe t&e Gallup say, biesa de ios Lobos, Aneth area, and the lowlands
drained chiefly by the Chaco River,

The Gallup sag is a broad area of low ridges and alluviated
valleys beiween the Defiance Fiatesu and the Zuni Mountaing, HMesa
de log [.cbos is a dissected upland displaying strike valieys and hog-
back ridges to the northeast of the Juni Mountaing, The areas of the
Callup sag and Mesa de los Lobos formu glant steps al aititudeé of
&, 500 and 7, 500 feet, reapectively.

Aneth, in the northwestern part of the‘subdiviaiou (fig. 12),
ig in an ares containing low mesaz, narrow alluviated valleys, and :
box canyons, The canyons are best developed north of the San Juan
River and are rimmed by the Dakota Sandstoﬁe. White lesa, capped
alsc by the Dakota dandstone, is the only conspicucus laadinark south

of the San Juan River,
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The rermainder of the subdivision is drained by the Chaco
River and consiats ef four physiographic areas informally called the
"Chuska Valley, " C’ co Platean, ! "Mount Cisco Mesa, ' and the
"ercsional plaing' near Shiprock (fig. 12}. The Chuska Valley, named
by Gregory (1816, p. 24-28), is a gently sloping area between the Chuska
Mountains and the Chaco Hiver. It consiste of alluvial plaius , disgected
terraces, and rogii-cut slopes interrupted at intervals by low cuestasz.
The Chaco Plateau ig south of the Chaco River, and, in coroparison
with the Chuska Mountains and Mesa de los ‘.Jobes, its relief seerus to
be subdued and itg profile nearlyﬁnhroken. Near Stoney Duttes, how-
ever, its topography is rugged and comprises a series of rocky ridges
eroded from the Pictured Cliffs and Cliff Houzse Jandstones, which
coalesce here to form a thick seguernce of resistant beds. AMount Cisco
tiesa, between the San Juan and Chsaco divers, i3 a broad gently west-
ward-gloping highland whose summit and slopes truncate rocks of Late
Cretaceous and Paleccenc ages. The ercsional plains near Shiprock,
N. Mex,, are developed on the liancog Shale and are bordered by high
rock benches and hoghacks carved from sandstone units of the Mesaverde
Groun. Shiprock Peak and other voleanic apires tower above the general

level of the plains.

-110-



Water in the sedimentary rocks of the subdivigion is under
artesian cdnditions nearly everywhere, and many wells that tap decply
buried aguifers fiow. Neariy all the Cretacecus sandstone units yield
some water, and a féw wells tap the underlying Wlorrison Formation
of J w:assic'age. The chemical guality of the ground water differs
greatly.-—-the dissolved-solids content increases frouw southwest to
noruxéast acr‘oss the subdivision, The ground water rnay contain more

than 10, 000 ppry of dissolved solids in the Mount Cigco Mesa area,

Zuni Mountains subdivigicn, -- The Zuni Mountains border the

scutheastern part of the Navajo country and resuit from structural
movements that uparched the sirata that aow form concentric banda
arouini the core of pink granite exposed in the center of the mountains.
The northeast fiank of the uiountains is characterized by strike valieys
and cueatas eroded from beds of Perwmian to Jurassic age. The largest
valley, formed on the Chinle Forration and traversed by 17, 3. ighway
66, exiends from Fort Wingate to Beyonzi Thoreau, Artesian wells in
this valiey tap sandstone beds in the Chinle Formaticon, Glorieta Jand-

stone, and the San Andres Limestone,
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Regional Kydrogeclogy

The cliznate, drainage, and ground water in the Navajo country
are comtrolled, in part, by the regional geologlic setting of the Colorado
Flateaus province and more specifically by the landiormas and struc-
tural features within the Navalo country. ‘The kigh border region of
the Colcrade Plateaus and the sdjoining mountains influence the climate
in the intericor of the Colorade Piateaus and, thus, the guantity of

precipitation available to the underground reservoir, to yunoff, and

tec the vegetation,

~-112-



Clirrate

The 'Navajé country is characterized by a wide range of
cliinate~—from semiarid below 4, 50¢ feet {n reiativeiy hutaid abuve
7, 5C0 feet. In general, ihe differences in climate are controlied by
arographic barriers surrounding the Cclorado Plateaus at altitudes
of moere than 7,600 feet and by the local relief in the Navajo country
and nearby parts of the Colorado Flateaus., Because the main
molsture-bearing air masses are frow the south and southeast,
especially during the swumer, rost of the Navajo country ia within
a giant rain shadow on the leeward (northeast) side of the southern rim
of the Ceclorade Plateaus and the nearby mountains in New iL.exico and
Srizona. To a lesger exient, the Navajo country is influenced cro-
graphically hy highlands around other parts of the Colorado Platesus,
which interrupt and defiect the ruovement of other molsture-bearing

air masses.
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Frecipitation

The mean annual precipitation on the regervations ranges frowm
less than 8 inches in the canyon lands near the Colorado River to more
han 20 inches on the Chuska, Carrizo, and Zuni Mountains, Cverali
precinitation averages between 8 and 12 inches annually., In sume
years parts of the low-altitude areas receive less than 3 inches,
Pertinent cllivatic data are summarized in table 4.,

rrecipitation has a strong and fairiy uniform relation to
altitude and orographic ¢ffects, Thus, the Navajo country and the
adioining regiong of the Coleorade Plateaus can be separated into three
broad climatic divisions., These are degignated inforially as divisions

A, B, and C (fig. 168}, The réservations are wholly in divisions A and

Digure 18 {caption on next page) beiongs near here,

B, which receive legs mean snnual precipitation per unit of altitude than

the gurrounding dlvision €. Division A is leeward of the wmain crograpbic

narriers, where rain-shadow effects are most pronounced, Division ©
is along the crest of the barriers, where mean annua!l precipitation

varies widely, Division B is intermediate between the two.
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Table 4. --Climatic data for stations in the Navajo and Hopi Indian Reservations
. and adjoining regions
(U.S. Weather Bureau, 1911-57; Sellers, 1960a)

! Mean Mean Mean
Station Length of record Altitude | annual annual annual
(years) (feet) precipitation | snowfall | temperature
(inches) (inches) (°F)
ARIZONA
Betatakin 1939-53 7,200 1172 91.95 49.8
Chinle 1909-57 6,090 9.16 11.0 51.6
Ganado_ 1929-53 6, 350 11.48 28.9 48.7
Grand Canyon 1904-57 6,965 15.81 61.6 48.17
Holbrook 1893-1957 5,069 8.64 9.9 54.8
Jeddito 1931-53 6, 700 9.38 38.5 51.6
Kayenta 1916-57 5,875 8. 36 17.3 53.0
Lees Ferry 1917-517 3,141 5.95 b, B | 62.2
Leupp 1914-53 4,700 | 6. 37 5.4 54.0
(snowfall and tempera-
ture 1914-26, 1934-53)
Lukachukai 1914-19; 6, 400 12. 70 -—-— -———
1938-53
Petrified Forest
National Park 1931-57 5, 460 9.00 9.9 54.6
Tuba City 1898-1957 4,936 6. 12 8.9 55.0
Window Rock 1898-1957 6,750 12,61 30.6 47.6
Winslow 1898-1957 4, 880 8.05 10.5 55.0
Wupatki 1939-53 4 908 7.75 5.9 87,3
NEW MEXICO
Chaco Canyon 1933-53 6, 125 8.53 18. 4 50. 7
Nat. Monument | (snowfall 1933-57)
Crownpoint 1915-57 6,978 10. 24 26,1 512
(snowfall 1915-52;
temperature 1931-52)
Farmington 1942-53 5,494 7.96 s 51.6
CAA Airport
Fort Wingate 1939-52 7,000 12,41 32.0 49. 7
-116-
Shiprock 1 E. 1828-53 ! 4,974 = 1 9.1 53.3
: (snowfall 1928-52;
temperature 1928-54)
Tohatchi 1927-53 6,800 |  10.22 22. 4 52.0
RS S o M e
UTAH
Bluff £ rEIE 1911 1-57 e 4,315_T . 7.49 gs 9 9 55.5
(snowfall 1911-52) ‘ |
Mexican Hat 1931-52 R W R -—== bl S8
T A : =
COLORADO
Cortez 1931-57 = O 13: 2 39.0 43.8
(snowfall 1931-52)
Mesa Verde 1922-46; b 8,060 18.42 50.6
National Park 1953-57 l
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The mean sonual precipitation measured at the weather sta-
tions in either climatic divisiona A or B wag plotied against the

altitude of the station, and the data fall irto a distinet group {fig. 17).

Figure 17 (caption on nexi page) belongs naar here.

By usihg the relation between the precipitation and zititude in sach
éiV‘isi-m shav;'n by the acatter disgram (fig. 17), an ischyeial map of
the wean annual precipitation (fig, 1€) was prepaved, Cther ischyetal
maps of northeastern Arizona and northwestern New MMexico, showing
the average October to 4April, average hiay to September, and average
annual precisitation, were prepared by Hiatt (1053, figs, 11.7, 11,8,
and 11.10) utilizing graphical and mathewatical relations between
precipitation and the effects of topography and altitude., Um all these
meps, distribution and amount of precipitation apparently are influsnced
by Black Mesz, Deflance Platean, Chuska Mountaing, and the open
valleyg of the lL.ittle Ceolorado and Chaco Rivers and Chigle Wash,
Precipitation may change abruptly along the bounderiss of the high-
lands, as indicated by a cowpariseon of records at Lukachukai and
Leayenta and indirectiy by changes in vegetation; bul bulies, smail
mesas, and parrow canyons—-—although they have 500 to 1, 000 feet of

relief-—aifect the precipitetion pattern only slightly.
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Figure 17, -=-catter diagran: of altitude and oean annusl precipita-
. tion at indicated U. 5. Weather Burean stations in the Navajo and

Hopi Indian Reservations and sdjoining regione, )
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. The mean snnual snowfall is related to temperaiure and more
distently to phyvsiography and altitude, although wind, exposure, and
other faciors cau.éé congiderable variation in gnow accuruuiation,
Annual snowfall varies widely, ranging from aimest sero below 3, 504U
feet to nmré than 100 ineches avove 8, 004G feet, The overall mean

arnual gnowfall ranges froo. 10 to 40 inches {fig. 18).

Figure 18 {coptiou on rexi page) belongs near here,

- s — w

The precipitstion ip the Navajo country usually consists of
twe prominent peake per year, either in July or August and hetween
December and February (Hiatt, 1843, .p. 186). SBummiaer precipitation
z;&ng&s frons 54 to 85 percent of the annual total {(MeDorald, 1958, fig.
7). In some years precipitaiion may peak to gome extent either in
Harch or Aprit or ir October or Noveniber; these peaks tend to he
more pronounced at stations 1o the northern part of the regervations,
suggesting this arca is iufluenced intermuiitently by climatic patterns
of the wesiern Rocky Mountains {Thornthwaite, 1848, fig. 4). The
two driest pionths are hlay and June, which generally receive less

than 10 percent of the annual precipitation,
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Summn:er precipitation is sporadic and usualiy eoccure during
high~energy convectional and froutai-convecticnal storms, These
gtorms are distriﬁiited randon:iy in the areas having low relief but
are conceutrated on and aloag highlands at aititusdies above 7,000
feei. The }'eiatioxx of aititude and precipitation ig closer in the syn-
mer t"n%m it is in tm, winter (Biatt, 1933, . 187). Storms sre ruostly
jess tf.xan 10 miles in Jdiameter, and each probably consists of several
celis 1 to 3 niiies iy diasneter, wbhbere vainfall is coucenirated ruore
heavily, Urecipitation agually is relatively intense, resuviting in con-
sidersble lecal runoff and some flash flooding, Railnfali-ictengity deta
nave been cbtained wuly for a few months in the Polacca #ash area;
the maxircun obgerved rate for a 30-minute period was !, 28 inches
per hour {Thornthwaite, Sharp, and Dosch, 1843, p. B2},

Winter precipitation results chieily from frontal activity and
generaily ig distributed evenly., Imtensity generaily is iow and prob-
abuy contributes substantisily to grouné-water recharge. Statistical
analyses of rainfall data from: selected statione in Arizona and western
New boexico indicate that precipitation varies more from year to year
in the winter than it Joes in the sunuver (Sellers, 10606h, p, 93).
siuch of the precipiiaticon in the spring and fail I8 sin:dlar to that in

the winier, a alow drizzie.
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. The amount of winter and spring precipitation affects the
spring runoff in the intermitient reachws of streams and the amount
of aoli molsture available for vegetation, In most years, this pre-
cipitation causes alluvial scoiig and dunes 1o be moist throughout May
and part of June, ths; driest months of the year., In dry years, moisture
is negligible at aititudes below 3, 000 feet, even in April, and the shift-
ing cover is moved easily by the wind, Potholes in sandsione coliect
geepage along joints or bedding planes and often contain waler during
late spring aft.er motderste winter precipitation, aithough ioany that

-

contain water in April are dry by June.

Tewperatures higber than 100°F are common during the sun.-
mer below 7,000 feet, and below-zero wegther can be expected in all
parts of the reservations at times but ravely beiow 3, 500 feet. Altitude
affects the length of the growing seascn, but the average growing season
in miost of the reservations (beiween altitudes of 4,400 and 7,060 feet)

usuaily is between 125 and 130 days.
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Mean annuai temperature searas to be a function of aititude,
Temperature data for all stations in Arizona pioited on arithmetic
graph paper fall along a line that is oniy alightly curved (Smith, 1958,

fig. 2). The weather statione on topographic highs, where cocl air

dirgine from the station, have warmer termperatures ser unit of

ltitud AR gtations in valieys (fip. 19). For example, irean
altitude than the stat i lieys {fip. 18) © ple, the e

Figzure 13 {caption on next page) belongs nesr here,

e v ——
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annual temperature at Betatakin, on the edge of a high niesa that rims
Laguna Canyon, is conly 2° less than that at Chinle, in the valley of the
Litile Colorado River, although the difference in altitude is about 1,502

S

feet, Figure 2, an lsothermagl map of the niean annual temperature,

Pigure 20 {caplion cn nexi page) beiongs nesr here.

was cornpiled from: the altitude~temperature reiation shown in figure 15,

The mean anpual temmperature in most places in she regervations is
Y )

between 48° and 54°F,



Figure 19, --Scatter diagram of altitude and mean annusal temperature
at indicated U, 3, Weather Bureau stations in the Navajo and Fopi

Indian Reservations and adjoining regions,

Figure 320, --Mup of the Navajo and Hopi ludian Reservations, showing

mean annual temperature,
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Pregent and past wind directions

There ave few weatber stations in ihe Colorado Platenus that
measure wind veiocity, and only two record wind direction, Strong
winds are common in the southern part of the plateaus. The prevailing
winds are southwesterly, aithough scutheasterly and west-gouthwesterly
winds are corimon, sther wind directions ave relatively uncomaion,
Average wind speeds for hourly pericds range between 4,8 and 15,3
nph (miles per Iour), but a maxin:um speed of 88 wiph has been re-
corded at Winsiow (Seilers, 1960a, table Ja), High-velocity winds
causing sandeiorms often atop trafiic along U, 5. Highway €6 between
Helbrook and Winslow and elsewhere in niany pacts of the Mavajo

country.
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. 'The distribution and orientation of dunes and directions of
crosabeds in other eciian deposits indicate regicnal wind patterns
during Quateraary and Tertiary time, ULongitudinal dunes of late
Pleistocene and Recent sges are alined to the northeaasi, except in
the Mount Ci.sco Mesa, where they are aiined easi-northeastward

{fig. 21}. Cther dunes composed of cinders derived from eruptions

e

Figure 21 {caption on next page) belongs near here,

o . ot b gy s g ATt b e

of iate Maistocane age in the San Francisco volcanie field were formed
on the northieast (Jeeward) slopes of lava flows and low mesas, Barchan
dunes having their convex {windward) side to the scuthwest and other
modern dunes are active in several parts of the reservations, Other
danes of pre-late Pleisiccene-post-Tertiury age overiie terrace de-
posiis of probakle early Fleigtocene age. Theae dunes, chiefly of the
longitudinal {ype, have beenérwds:d considerably and are 3istin§;‘u,is:hable
from: the younger weil-formed longitudinal duneg also in this area.

Both the older and younger longitudinel dunes trend ncriheastward.

To the scuth of the regservations, Akers (1962, p. 8b) described a sand-
stone unit near the base of Ii:he upper member of the Bidahochi Formation
of Piiocene age that displays high-angle, large~scale, sweeplag, north-
ward-dipping crossbeds probably formed ag a result of wind action, A
sinilar sandstone unit at the base of the Bidahochi Formation is exposed
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Figure Z1.--kiap of the Navajo snd Hepl Indian Reservations, showing
present preveiling wind directions, orientation of dunes, and direc-

tion of dip of ¢rossbeds in the Didabociii Formation and Chuska

sandstione,
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along Wide Ruins Wash south of Ganado (fig. 21). The oldest Tertiary
(.ie,nosit‘ccmtaining beds of eolian origin is the Chuska Sandstone of
Pliccene(?) age. Crossbed analysis of this unit indicates that the
wind direction was from the southwest (Wright, 1856, fig. 2). Thus,
the past wind movement in the Navajo country, at least during times :
of eo]ian depasition, was from the southwest and generally 3in;ilar to

the present wind pattern.
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Vegetation

By O, N, Hicks*l

_| Fcootnote (next page) near hers,
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Vagetation is divided inforrielly into three rather broad

zones--ygragz~shrub, pinyon-juniper, anc pine forest {{ig. 22). The

Figure 22 {caption on p. 131} beiongs near here,

grass-sghrub is below B, 800 feet and consigts of sparse grassianda-
browse types of vegetation., The pinyon-juniper ranges in altituce

frowm B, 500 te 7, 500 feet and is cowminated by woodland-browse species,
Good rangeiandas and much of the area under cultivaticn are in this zone,
The pine forest is above 7, 5330 feet and produces timber, range grasses,

-

a2nd shrubg,
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General descrintion

The grass-shrub zone inciudes extensive tadisnds and wind-
geoured plaine and is the pocrest range in the reservations., The
ciimate leads o sparse cover; rainfzll is generally less than £ inches
annuaily and ig sporadic during the growing seazon, and reaximur daily
suganer temperatures are more than 100F, Therefore, potential
evapotrangpiration is much greater than the total annual precipiiation,
Sheet and gully erosion resuiting from vapid runefi Iromn high-intensity
stormws inkdbits forgeation of ceep soil, Erosion dissecte sreps under-

1

lain by scfi shaly rocks snd bares areag underlain by hard sandstone
and iirossione, The formaticn of active dunes, Llowouts, and accorapany-

ing wind eroaion hindersa the formation of soil and the growth of veygeta-

tion,

-182-



 The vegeiation depending only on direct precipitation on the
wind-acoured plaing and mesaz of the grasa-shrub zone consists of
isolated stands of grass and sparse growih of shrubs—principally

greasewcod {Jarcobatus vermiculatus) and sagebrush (Artemisia sp.). .

may interrupf the barrexmeas of the landscape, The best stands of
grass grow in areas undeviain by alluvial and terrace deposits iaid
gown by Chinle vwash and the Chaceo, Little Colorado, and san Juan
Rivers and their larger tributaries. The poorest grassland is in
areas underlain Ly the Chinie and Moenkopi Formaticns, the liancos
shale, and ke Menefee Formation,

Denge thickets of brush and trees grow arcund springs and
scepe, in areas underlain by a shalicw water table, and along channels
of ephemieral streams. The principal trees are cottonwood (Fopulus
3p. ), tamarisk (Tamarix ap.), willow {Jalix sp.), and Hackberry

{Celtis reticulata), Trees are comunon in places along the Colorado

and “an Juan Kivers and along the nerennial reaches of their tributaries,
in the canycns in the northern part of the Navajo country, seepage along
the base of perinesbie strata is indicated by a band of white alkaii and

by discontinuous lines of jumiper, pinyon, and ciher shrubs.



The pinyon-juniper zone is uiilized more by the Indians than
any other (fig. 22). It is marked by contraste of genily rolling topog-
raphy, steep hillsidga, rocky ridges, aand deep canyons. The vegeta-
tion iz chiefly pinyon and juniper mixed with grass and browse types.

Range ereas of gagebrush ar¢ on mesa {ops, swales, and alluviated

vaileys: browse species— mountain-mahogany (Cercocarpus sp. ),

bitterbrush (Purshia tridentsia), cliffrose (Cowania mexicana), and

others—- mantie hillsides and broad ridges. The pinyon-juniper zone
generally has good grass cover in areas where the soil is underlain by
sandstone, a u.wderste cover wiere underlain by limegtone, and & poor

cover where underiain by mudsione and giltstone,
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The pine-forest zone is characterized by pine (FPinus ponderosa)

forests shove 7, 500 feet ifig. 23), where dependable pre-cipitatibn is
more than 15 tncheé ennually., Thie zone includes the commercial
timber stands on the Defiance Flateau and Chusha hountains, The
common irees besides ponderosa pine are Douglas-fir (Pseudotzuga

menziesii), Englemann spruce (Fices engelmanni), aspen {Popuius

tremuloldes), snd oak {({uercus sp.). Scme bristlecone pine (Pinus
arisiala) grows on the sunminit of Navaje Mountain, Relatively weli-
watered mweadows are carpeisd by bluegrass (V'oa sp. ), ruches (Juncus
&p. ), and sedges (Carex sp. ), and drier sites on low ridges and hilisides
are wantled by mountain-muhly (Muhlenbergia montena). Grassy
meadows of brome (Broiuus ep.) and fescue {(Festuea 3p. ) surround
small lakes on the sumniit of the Chuska Mountains and adjoin the wany
simall gtreams draining the Defiance Flateau. The sedinentary rock
units do nut effect a strong conirol on the forisation of scil in the pine
forests, and, therefors, ihere ig little relation betweon the ouicropping
sedirmmentary rocks and the vegetation. The kina and smount of vegeta-
ticn are controled hy exposure, precipitation, slope, and the avail-

ability of soil moisture,
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Relation of vegetation (0 the outeropping sedimentary rocks

‘The density and asscciation of gpecies of the vegetation are
related to the outcrepping sedimentary rocks throughout the reserva-
tions, These relations are influenced locally by topography, seil, and
climate, especially precipitation, and are mest proncuncea in areas

lewer than 7, 500 feet.

Falbab Limestone, --The Kaibab Limeetone erops out in the

valley of the Littie Colorade River, principally between 5, 000 and

€, 540 feet; the outcrep area receives frora § to 10 inclies of precipita-

tion annually (fig. 16}, oil on the Kaibab is meager and bare lime-

gsione is exnosed over large arcas. Desgpite the lack of soil and gen-

erally iow rainfall, it forias ovne of the better grazing eress in the

Navajo country. ‘The major grasses are black grama {Douteloua
b

eriopodal, biue grama (Bouteloua gracilis), galleta {Hilaria jainesii),

alkaii-sacaton (3porobciug airwides), and three-awa {(Arigtida sp.),

and, characteristically, the plant asscciation includes such browse

species as shadecale {(Atriplex confertifolia) and chamiso (Atriplex

canescens), rabbit~brush (Chrysothaninug sp,), and yucca (Yucca

$D. ).
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Moenkopl Formation, ~-The Moenkopi Forination consists of

siity sandstone and silistone beds and is ervded easily inte bare ledgy
slopes. It produces :c.more barren range than any other formation in
the Navajo country. In the valley of the Little Colorado River, the
poor ramge'on the Moenkopl coatrasts warkedly with the relatively
good rangs ot the adjoining Kaibab Limestone. The heenkopi is ex-
posed in areas near the Little Coiorade River and in Monument Valley,
where rainfgll is low and temperiture iz high (fige. 1C and 26), Vegeta-
tion is maintained only in small depressions and on some gentie sloves
where soll has accumulated, formiing favorable areas for retention of
goil roisture derived principally from runoff. Shadscale is the most
sbundant piant, aad oniy twoe others, sacaton and galleta, grow in any

guantity.

Chinie #Formation, --The Chinle Formation i3 exposed widely

batween 3, 000 snd 8, 000 feet, The depth and deveivpment of soll at
diffez-a_m altitudes and on its many members differ considerably frem
place to place, Relatively thick scil overlies the Chinie on the Defisoce
Maiezau above 7,000 feet, but poor or no soil overlies it below 5, 400
feet in the valley of ﬁm Little Celorado Riwf and in Monument and
Chinle Valleys., In much of these areas, the Chinle Formation coun:-
monly is eroded into badlands, whick are devoid of vegetation. In many
areas w_he‘re a mantle of eolian and alluvial ruaterial overiies the Chinle

Formation the range is good.
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. Several members of the Chinle Pormation infiuence the type

of woll and the dgtribution of plant species. Good lommy soil dominated

by biue grama and palieta may be found in places op nesas and cuestias
capped by the {awl Roek Member. Uk meuch of the Dofiance Plateau

ghadgeale and biue gran:g are comimen on loamy aoil that overidss the

Shingrwroe Member aod 1ower red eerabar, Boilg heving high alkalinity

ang galinity commonly form un the Pelrified Forest liember and con-

tain stands of alkali-sacaten (Sporeboius alroidos),

A MRt

Hinpate sapdstone, --The Wingate Jendsicne crope cut frowm

sbout &, 500 to ¢, GU0 feet in C‘ﬁinle Valley snd ths valiey of the Little
Celoyadu River {(fig. 3). It is covered extensively by fine sandy lcamy
soil developed from plown-sangd and eluvial depoaite, which were de-~
rived principally from the Wingete and other nearby outeropping sedi-
mentary uaits, Moron tea {Ephedra up. ), the clupe of which give
thege areas a digtinctive appearance, iz chavscieristic of the goil,
Grasses domainate, however, aund inciude Indian rire grasa (Uryzopsis

hymencides), dropseeds (Sporcbuius sp. ), spiny-mubly {(Muliesbergia

pungens), galieta, and conunonly blue grama,
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Foet-Vvingate Sandstone units of Triassic and Juraseic age.--The

vegetation growing on preminent sandstone upits of Triassic and
Jurassic age cwéims of sindlar species associntions, The sandstone
units cover ruuch of the northern part of the reservations and include
the ?-’;.ayenté Formation, Navajo Sandstone, Entrada Sendestone, Cowl
ixprmgé Sandstione , and sandstone units of the Carmel, Sumzuerville,
and fk;crrism Formaticnz, Betwsen €, 5300 and 7, 60U feet pinyon and
juniper predompinate, blue grama ia the main grass, and Mormon tea
is the principal browse species, The characteristic vegetation con-
giats of Mormon tea, ludian rice grass, dropseesds—sgand, mesa,
and gpike—{Sporoboins sp, ), spiny-mubly, and three-awn. Locally,
parts of the area that nave poor soil contain almost pure stands of

black-brush {Coleogyne ramwsissima). All the sandutone units are.

overlain by congiderabie deposits of wind~blown sand and dunes that
have been stabllived by vegetation, and only iccaliy are sxtensive

bloweuts and uwctive dunes coour on,

o



Shaly rocks of Cretaceous age. --5haly rocks of Cretaceous

age——chiefly the Mancos Sale, the Menefee Forination, and the fine~
grained pagcts of the‘Cravasse Canyon and "Wepo Forreations —crop out
widely., ‘Where these rocks are exposed between 4, 500 and 6, 500 feet
and rec'?ive. an annual precipilation zenerally less than 10 inches, they
support 'spars‘e vegetation, Large expanses in the Saa Juan basin have
been eroded extensively acd have aliiost no soii or vegetal cover., The
best examples on the reservations are the ercsicnal plaing cut on the
Manecos Shale near shiprock {fig. 12), The vegetal cover on the shaly
rocks in be San Juan basin is poor on glopes carved frown these rocxs
but may be good on iow ridges underiain by sandstcue beds intercalated
in the shaly formations and by coarse terrace deposits or in the awales,
which are underiain largely by alluviur,., In the swales where runoff
is ponded or spread out on the flood plain and evencrated, alkallnity

becomes severe and saitgrass (Distichlis girictal) moay dor.inate, In

general, vegetation grows on the shaly rocks of Cretaceous age in

the San Juan basin; it includes chamiso {Atriplex canescens), shad-

scale, sacatun, galleta, Indian rice grass, three-awn, western

wheatgrass {Agropycon smithii), and saltgrass, The vegetation on

the shaly rociks on Black Mesa includes, in addition to the above-
named species, a congiderable amount of juniper, pinyon, sapebrush,
and blue grama,
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Sandstone units of Cretacecus ape, --Sandstone units of

Cretaceous age include the Dakota Sandstone, Gallup Sandstone, Toreva

Formation, Point Lookout Sendstone, Cliff {louse Sandstoue, Pictured

Cliffs Sandstone, and sandstone beds in the Crevasse Canyon, hienefee,

and YWepo E*"ormatirmﬂ {fig. 3). These rocks have characteristic plant
;msm;iétion;s that are different from thoge growing on the shaly rocks
of C‘réiececms gge. Generally pipyon and juniper do not grow beiow
8, 500 {eet, but grass and browse are dense—chamiso, galleta, blue

graoa, and three-awn ln asssoclation with yucea, yellow brush

side~oats grameae (Bouteloua curtipendula). Above 6, 300 feet these

rocikg crop cut in the pinyon-juniper zone and generaliy forw good

rangeland.
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Cinders, -~ilange countiry on voleanic cinders of Ileistocene
age in the gsouthwestern part of ihe regervations hag characteristics
not found on other geieloggic units (fig, 3). The cluders are extresm ely
permeable and absorb nearly ail the precipitation—rmuch of which is
utilized by the vegeiation--and runoff and eroaion are negligible,
Growing on the cinder-covered areas are pure standa of black grama
and congiderably rcore grass than in other areas in the same altitude
end precipitation zone, In assccistion with black grana are chaisiso,

sacaton, galieta, rabbit-brush (Chrysothamnus sp. ), little bilue-stem

S SR

~-142-



Surtlcial deposita, ~-Surficial depoeits, consisting mainly of

eciian, aitliwvial, and terrace depusits, mantle extensive areas (figs.

4 and 12}, These deposils generally are mmore permesble than the
underlying s&dimeniéry rocke, and they hold a larger percentage of
the annuval precipitation, As a resgult, the areas underlain by surficisl
ﬁepc»sité"s are relatively favorable for maintaining growth, principeally
of g'a.es and Srowsé, and form mwuch of the hetter rangeland in areas
lower than 6, GO0 feet in the valley of the Little Celorado River, Chinle
Vailey, san Juan basin, and eisewnere. Nxtensive grassland is de-
veloped on alluvial and eclian deposits covering the pentie siopes of
Lrewt Clgeo Mesa wnd overiying the shaly Fiviland and Fruitland For-

mations, which witticut this cover would be wnfavoraiie sites for sus-

taining dense vegetation {fig. 12). Surficlal deposite containing relative~

iy heavy vegetation are aiso on wiach of the oulerops of the Chinle,
Moenave, and Carnel Formations and on the VWingate and Navajo Sand-

giones in other purts of the reservations,
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Drainage "atterns

All runoff in the reservations is to the Colorado River, the
master streawn of the Colerado Plateaus, Most of the reservations
are drained by two principal tributary streans, ilie San Juan and the
idttie Colorado Rivers, The Colorage antd san Juan Rivers are

pereonial, but all other streams are either ephierneral or intermittent,

Entrenchment of the Colorado River gystem

The drainage patierns of the Colorado Plateaus werce gubjected
to continuous adiustment, madification, and entrenchrment throughout
iate Cenogoic tirme, which resulted in the deve.opment of the Colorado
River systein, ZLarly studies in the southern part of the Colorade
Flateaus by Dutton (1882), Davia {1201), Robinson (1807 and 1210},
and Gregory (1547) led them to postulate the general development and
entrenchment of the Coloragio River system framw a widesproad erosion
surface forced in middle and late Tertiary tinie, The peried of erosion
represented by this sucrface has been known generally as the Great
Penudation (Outton, 1882) and the Plateau Cycle (Davis, 1801).

The succeeding ¢ ycle; during which the Colorade River aysteimn was

entrenched in canyons and valieys, was calied the Canyon Cycle,

adecent geomorphic studies in the Navajo country and surrouwnding paris
-

of the Colorado Plateans summarized in this report have substantiated

generally the hypotheses presented by these early investigators,
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 The developrental stages of the Colorado River systen: are
represented by [owr general erosienal cycles (table 5). Thease are:
the Vulencia oy cié, of probable NMiocvene age, named from the Valencis
surface (Cooley and Akers, 196la, p. 244); the Fovnl Buttes-Luni cycle,
uniiffer ~~mum t, of Mliocene aze, naced from the Hopi Buties surfece
(Cregory, 1317, D 121-122) and Zuni surface (3.cCann, 1938, p. 260~
278} the Rlack Paint eycle of ¢arly Pleistocene age, naired from the
Black Point surface (CGregory, 1917, p. 140}k and the Voupatki cycle

of widdle and late Fleistocene ags, naned from the Wupatk! surface

(Childs, 1948, p. 375-35%1). An older surface, the Tsalle surface of
ivdddle Tertiary a2c (Cooley, 1888, p. 147-142), underlies the Chusha

f:i:éndsiune. The streams on this surface that deposited tie fluvizl part

of the Chuska Sandstone, from cressbed and {cbeication stuly, were
not related to the present payslography and to the developizent of the

Colorado PFiver ayster:., The late Tertisry and the Quoternary erosion

cycles of the Navajo country are shown on figure 12,



Table 5. --Chart showing late Cenozoic erosional and depositional events in the Navajo and Hopi Indian Reservations

tHeight of terraces above river level

Approximate age

Age Cycle Firosional and depositional , E onétl £
events Confluence of the I.ittle Colorado ‘.O fu,ll?g Ov;
Colorado and River in the priiasEat S
San Juan Rivers [ Cameron-Winslow
area
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< . £ : )
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4 ——
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. 9 300, and 400- 200-300 feet S| B
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o =
B 1,4004 1, 800 600- 800 feet <
feet
Formation of Zuni surface and
{:j deposition of the upper member
= of the Bidahochi Formation in
@ o .| valley of the Little Colorado River '+ Rt )
= Hopi Buttes-Zuni About 2,500 feet | 1,000-1, 500 feet
e § Formation of Hopi Buttes surface
P e
~ oW
- > and deposition of the lower mem-
= 5 ber of the Bidahochi Formation
and equivalents
r, Valencia Few deposits{?) About 4,000 feet 2,000-2, 500 feet
S| o
5| =
= |
=
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Aocelerated downcutting during tae early part of the llopi
Buttes~Zund cycle entrenchaed the ancestral Coloredo and Little
Salorady fdver M.m,‘,; % bobtwesa 1, 000 ana 1, 300 {eet helow the
itevel of the Valencia surface. The amount of downcutiing was de-
terroined w, the contouring of the Dopi Euties and 2 unl surfaces
near ihe Jm Colarado Hiver (Covley and Akees, 198le, fig, 237, 3)
and by recongtruction of the old valley profiles preserved In other
peaty of the Novejo country. The anceatral Colorado River during
the iiopi Dutles-. wd eyele flowed in an open valley south of Navajo
Aguntain, snd ity confluence with the ancesiral Littie Celorsdo diver
orobably was weat of the Navajo country (fig, ). The fluvial and
lacustrine Didasnochi -'-'ur ..... wating was deposited on the Hopl Bulles and
Zuni gurfaces in the ancesiral valley of the Little Colorado Hiver,
The presence of nearly 300 feet of sediments lithologically sin:ilex
to ana considered 1o be nart of the lower tiember of the Bidahocid
on the fan Fraucisco Plateasu af an altitude of 7, 00U feet sugqests
that r.zﬁ‘tting of the Crand Caoyon was begus during the late part of the

Hopi Buttes- Zund cyele, probably after the deposition of the lower

member of the Bidahochi Fornation,

TS
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Vigorous downcutting cauvsed by uplift of the Colorado Plateaus
during iate Cenozoie time ended the Hopi Puttes-Zuni eycle, and, dur-
ing the {cllowing 'E,"-lr';\;:l; Peint and Wupatki cycles, the preseni Colorado
Hiver drainage systeru was cuilined and entrenched {fig. 12). Excava-
tion of +‘c x,.z:-zjor valleys of the ivavajo couniry and Cien, 3an Juan,
and Navajo Canyon < and Canyon de Chelly began durinyg the Riack Poiut

eyelie {table 5), Regional downcutting continued intermittenily theough-

s

=

out the Wupatki cyele and i8 recorded by the several levels of terruces
preserved along the large streans,

The depoeite capping terraces of the Wupatki cycle along the
Coioradgo, lLittle Colorddo, and San Juan Rivers and the lower reaches
of their tributaries are contemporancous with the allyvial deposits of
Pleistocene age laid down in the upper reaches of strearss in the
Navajo country and with placial-outwesh depogits in sorve of the nearby
mountainous areas. Terrace deposits along the iittle Colorado River
are contiguous with alluviun. referred to as the Jeddito Formation by
Hack (1942, p. 43~50), along Jeddito, Pclacea, and Craibi Washes,
and with the Gamerco Formation (Leopoid and Snyder, 19351, p. 6~8}
in the Gallup area. Simiiarly, the alluvium in the upper pari of Chinle
wash and the Chaco River drainages is a lateral equivalent of the

terrace deposits along the San Juan River,
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. -Depogite of the three lowest terraces in the Shiprock-
Farmington area, between 30 and 200 {eet above the San Juan River,
are continuous upét'f*eam along the Animas River to Durango, Colo,
The highest of these deposits merges with the outwash sediments of
the Durangé glaciation. The deposits of the two remaining terraces
are correlative with the younger outwash sediments of the Wisconsin
glacia;tion of Atwood and Mather (1832). 'The deposits of the three
lewermost Wupatki surfacee along the Little Colorade River downstrean
from Grand Falls, based on field mapping and lithologic studies, are
lateral equivalents of the outwash of the three glaciaticng described by
Sharp (1942) on san francisco Mountain (Cooley, 1862a, p. 102-112).
"‘i‘he relations of the terrace deposits in the Navajo country with the
outwash in the San Juan Mountaing and 5San ¥rancisco Mountain suggest
that deposition occurred during the glaciations when the ztreans were
overloaded and that the intervening periods of downcutting and fornation

of the terraces ars correlative with the drier interglaciations.



Maximam entrenchment during the Elack Peint and Vupatki
cycies in the Colorado Biver system oecurred in Marble and Grand
Canyons—as mué&i as 2,500 feet, Upsiresn: from the Grand Cgnyon,
the depth of cutting decreased progressively and was 1, 8900 feet at
the coriluénce of the Colorado and San Juan Rivers, about 1, £00 feet
along the Little Colorado River between Canieron and VWinslow, and
genérally iess than 600 feet in the upper reaches of Chinle wash, the
Chaco Hiver, and the south-flowing tributaries of the Littie Colorado

Hiver,

Structural adjustment of the Coiorado River system

As the Colorado River system devzioped in late Cenozolc
_time, it was generally superimposed on the foided rocks of the
Colerado Plateaus, Superposed drainage is indicated eepecially by
the overall ecast-west -trex:.d of the San Juan River scross toe upturned
rocks on monwment upwarp (Haker, 1836, p. 20) and by the scuthwest
trends of tributaries of the Little Colorado River, wilich are affected
oniy siightly by the gentic folds of Llack Mesa basin, The general
superimposition of the Colorado River system on the tilted sedi-
mentary rocks virtually was compieted during the Valencia ¢ycle or

before Fliccene time,



Contineous downcutting by the Colorado Siver and its svibe

7«

utaries resuited in a general sutvenchment of the entire river systen:
and the adjustivent of the streasss to geolugic structure, L.ost of
the structural ad ju,,d uvent took place dui-ing the lale pact of the Hepi
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wisount of struciaral adjustnent of sirean:s axre given in table 6o, The

strea; er number wiad obiained by the imeilhod outlined by llorton
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1832) apd wodified by Strahler (18062), using floure & a6 the base
{ V] 5 r {1y

drainage map. The Colorado Hiver, as would be expaecied, is the

sted sireain to geologic structure, as it s oaly silglily

v
'3

affected by the larger foida, The Little Coiorado and San Juan Hivers
are purtly adjusted to the larger folds ano alse to some of the avticlines

and symelines. Lhe fributary stremins (o thege rivers are o.ore strong~

adiusted 1o geologic structure in the Celorado and ban Juan drainage

areas, where downcidiing was more gsevers than are the streams in the

arza drained by the tittlie Colerardce River,




‘ / Table 6. --Relation of streamflow to geomorphology in the Navajo

and Hopi Indian Reservations

(Records from U.S. Geological Survey, Surface Water Branch)

Stream

Annual
streamflow
(acre-feet)

Stream-
order
number

Structural adjustment

Colorado River

San Juan River

Little Colorado

River

South-flowing
tributaries of
Little Colorado

River

12. 300, 000 7

2,014, 000 2/

147,000 3/

50, 000-5, 000

7

5,4,3

-153~

General trend slightly ad-
justed to basins and up-
lifts; present channel
slightly deflected by few
anticlines and synclines.
General trend partly ad-
justed to basins and up-
lifts; present channel
moderately to slightly
deflected by most anti-
clines and synclines.
General trend adjusted to
basins and uplifts; present
channel slightly deflected
by anticlines and synclines.
General trend strongly to
slightly adjusted to basins
and uplifts; present chan-

nel slightly adjusted to

anticlines and synclines.



Table 6.--Relation of streamflow to geomorphology in the Navajo

and Hopi Indian Reservations— Continued

Annual Stream-
Stream streamflow order Structural adjustment
(acre-feet) number
Tributaries of 50, 000-5, 000 5,4,8 General trend strongly ad-
Colorado and justed to basins and up-
San Juan Rivers lifts; present channel
moderately adjusted to
anticlines and synclines.
South-flowing <5, 000 2,1 Strongly to slightly ad-
tributaries of justed to all structural
Little Colorado features.
River
Tributaries of <5, 000 Sl Strongly to moderately

Colorado and

San Juan Rivers

’

adjusted to all structural

features.

1/ Grand Canyon, Ariz. (1923-60)

2/ Bluff, Utah (1914-60)

3/ Grand Falls, Ariz. (1925-51; 1953-59)
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Areas drained internally total 4,200 square miles and congist
of two general types‘mpermanent and intermittent {fig. 8). Permanent
interior drainage prevails where no streams fiow outward-—about 2, 200
square miles, Intermitient interior drainsge prevalls where through-
flowing d iﬁage 1:3 effected .anly during heavy streamflow,

Peraanent interior drainage is developed principally in the
Mavajo Uplands, on the slopes of Mount Cisco Mesa, and aiong
Talahogan Viash—a small stream between Jeddito and Folacca Washes,
The largest single area of interior drainage encompasses 980 square
iniles between Tuba City and the southern part of the Kaibito Vlateau,
There, the Navajo Bandstene, overlain by wind-scoured and dune-
covered plaing, ebsorbs a considerable part of the meager runcif of
the ephemeral streams that originate on Freston Hesa, Wildeat Peak,
Mornon Hidres, and other highlands., Conditiong are similar on
Voenkopi Flateau amd near Mexican Water, dAncther large area of
peroimnent interior drainage contains two main streams, Shento and
Begashicito Washes. shonto Wwash heads ncar Betatakin above 7,000
feet and empties into a su:all lake near the old Cow Springs Trading
Pogt ({ig, 8). D[mes drifting acroas the valiey floor caused the lake
to forn and separated the Shonto Wash drainege from the trunk
Meenkopi Vwash, OGregory {1518, p. 44) reported ithat reaches of this

wash and the nearby Begashibito Wash are separated by drifts of sand
-155~
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I'he areas of intermittent internal drainage, about 2, 000 square
miles, prevail in all parts of the Navajo country except west of ¥.chac
Cliffa {fig. 8). ‘?"afis of drainages are isolated by temporary alluvial-
fan and dune barriera, Many small ephemeral lakes, as typificd by

Red L.ake ;1; fonalea Trading Fost along Moenkopl Wash and [oland
L.ake in the Oraibl ‘vash drainage, are formed in depressions on the
plains imediately upstres:n from an aliuvial barrier, During heavy
runoff these lukes are filled, and for a short tice theve is through
drainage, In years of little runcff, the depresgsions contain plavas

and ailuviated fluts devold of vegetation.

Streamilow rg.-_c_:gﬁig and runoff cha ractgf_ifstlms

PRERES s 0%

pench runcff is ephemeral and intermitient and is in response
to irregular precipitation. Lcocally downstreann from large springs
and In reaches where the stream bed intersecis the water table, streams

are perennlai, Streamflow cata are shown on figure 8,
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The average annual runoi’f originating within the reservations
is about 430, 000 acre-feet, based on rmaps prepared by ?-;-ﬁﬁ*k Pusby,
hydraulic engineez.'_,' UL, (feclogical Survey (written communication,
1560), that modify maps ghowing relations of runoff to precipiiation
{Langbein @d others, 1%48). hoech of this water, however, evaporates,
percolates imto perwaeable sedivients underlying the stream channeis,
and is diverted for rigation, Stresmdflow, indicated by ineasure-
ments pear the mouthe of Moenkopl Wash aud the Ric Puerco, is
about 50 percent of that calculated from the runcff mape prepared
by Busby, It can, therefore, be deduced that 'tz‘anszi;ia:zsion ceses
are about 50 percent, [If these strears are reoresentative, the total
tz;ansn'aissim losses each year from streams Qriginating in the reserva-
ticna are between 206, 000 and‘?,ﬁi), Gul acre-feet, and the remaining
flow that leaves the reservations end reaches the Colorado and Ban
Juan Rivers ie less than 290, 060 acre-feet per yeur and may be less

*than 20€, 060 acre-feet,

«15%-



annual strearflow {ror the reservations is emali when com-
pared to the average annuai discharge of 12, 310, GO0 acre-feet (1923~
60} of the Colorado Uiver at Grand Canyon., Of this amount, 2,014, 300
acre~teet per year 1& discharged by tbe San Juan River at Bluif, Utah
(1914-50) and 147, 000 acre-feet per yvear by the Little Colarado River
at (}rmﬁd Fallg (1820-21; 1853-583), The fiow of the Colorado, San
BEVE ,» and Lit‘tie- Colurado Rivers that crosses or borders the reserva-
ticns is derived priucipally from the high border regions of the
Celorade Plateaus and is not incorporated directly ints the hydrologie
syatenis of the regervations,

Streamficw of the Colorado and San Juan Rivers usually peaks
during May and June as the reauil of snowinelt in the high mountains,
ilonthiy discharge may be as high as 133, 600 c¢fs (Lees Ferry, Ariz.,
June 1821} and 21, 520 cfs (Biuff, Litah, May 1941), for these streams,
respectively, Streamfiow of the Little Colorade River is highest dur-
ing P«aéxrch and April and Sugust and Septeruber-—about 85 perceni of

the normel flow for the year,



Guncff of the strean:s tributary to the Colorado, Littie Colorado,
and san Jusn Hivers tends to be sporadic, evenp in pevennial reaches,
and is controlled ?:.a;i*gely by four {actorg: (1) interception, (2) trans-
misgion losses, (3) nuncountribution biy internal drainageg, and {4) ef-
fect of conv:ec:tiesn:al and frontal storrs systews, The unconsclidated
surficial deposits intercept and absorb muuch of the precipitation and
the a(;ccjmpanymg overland and channel fiow {(fig. 8). Nauch of the
water thus intercepted i3 retained near the suwiface and is evaporated
and transpired. ost stresms are inliuent, and their charnels are
underiain by relstively perineable rocks; therefore, their transmission
iceses are high, The sreas of internal drainage reduce the total run-
off substantially, although these areas are genecally favorable for
ground-water recharge (fig., 8). As a result, sumcst no water runs
off frow iarge areas in the Navajo Uplands, and thé runoff nay de-
crease localy in other areas. Nost of the runoff below 7, 000 feet
results frow convectional storiss because that Irom low-~intenasity
frontal storme is smail and veually is absorbed by the surficial de-

posits and pervoeable bedrochk unite or is evaporated,
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Ferennial flow, --Perennial fiow, with the exception of that of

the Colorado and San Juan Hivers, is waintained by ground-water dis-
charge. ‘G"ere:mial.streams are regtricted meinly {o the Navajo-ilen
LCanyon area, the lower 'pm't wf Chinie Waash, the Chuska tiountaina-
iefiance ¥ latean arez, and asbort regches aiong the Litile Colorado
River and Moenkopl, Dinnebilo, Uraiki, and rueblo Colorade Washes,
n parts of the Navaje Uplapds between Havajo Mountailn aud
Navajo Lanyon and in the lower part of the Chinle “ash drainage, the
lower reaches of several canyons intergect the regional water table
and contain fiowing streams or poole of water, contrasting sharpiy
with the baid rocks and dunes in the adjoining up!ai‘.ds. This water is
méim‘y from the Navgjo and Yingate handstones, Even though cnly a
few springs are visible al the siream level, flows in the canyons in-
crease downstreamn from seepuge at the base of the sandstone canyon
walig, BMavy small canyons tributary ‘o Glen Canyun have stepped
profiles and hanging valleys, Some contain a narrow inner gorge
gear their mouths, & large séring or several aprings usually dis-
charge at the head of the luner gorge, and downstream from this point

the fiow is continuous.
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The total base flow between Navajo Canyon and Navajo Lioun-
tain, based ou iniscellaneocus measurements and estimates chiefly
during June to Au.guéj: 19538, was about 6 cfs, nearly two-thirds of
which iz contributed by Navajo Creek. This figure is highly conserve-
tive; sand a;:xﬁ gilt deposited at the wouths of tributaries by the Colorado
River during fthe previous spring had not been flushed out, and a sui-
atantial part of the discharge to the Colorade River from its tributaries
passed through these deposiis as underfiow.

The Chuska Mountains and Deflance Plateau areas contain
rore perinanent surfacz water than the other parts of the Navaje
country. The Chuska sandstone, De Chelly Sandstone, and other
water-bearing units —generally at altitudes between 7, 000 and 8, 600
feet—are in advantageous vhysiographic positions tc contrel and main-
tein perennial sireams hy the disecharge of ground water, Wany la.i:es
are on top of the Chuaka Nountainsg, also the top of the Chuska Sand-
gtone, which aid in the recharge to the Chuska (fig. 3). Some of thege
lakes may be perennial, but otbers that contained water in 1852 were

dr'y or nearly dry when visited in 19386,
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Tsaile, Wheatfields, Whiskey, and Coyote Creeks form a
wajor stream sysiem, which drains ruuch of the western escarpwent
of the Chuska Lw@tains. The discharge from these streamns funnels
th;mug’h Canyon de Chelly and eventuaily joins Chinie Wash, Tsaile
Creek {8 imrennial from the weatern ¢scarpment of the Chuska I/ .oun-
taing alimost to the confluence of Canyon del Muerto and Canyon de
Chelly, The fiow of the other creeks diasipates before entering the
main drainage in Canyon de Chelly by seepage into channel floors,
by evapotranapiration, and by diversion for irrigation of cornfields
by the Navajo Indisns, 7he stream in Cunyon de Cheily {8 perennial
in short reaches just upstream fror Spider Rockz, and that in Canyon
cdel Muerto {8 perennlal where the canvon floors are on the relatively
impermmesble Supal forination, these fiows are misintained in part
from discharge from the regional ground-water resecvoir in the De
Chelly Sandstone, Downstream: from the Supal outerops, this flow

percolates into saady alluvium,
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Short-term streamilow records of the drainsges along the
western escarpment of the Chusha Mountains indicate that the dis~
charge varies m:m:ail‘ly and seasonally from about 4 to 680 ofs (Harsh-
barger and Repeonning, 1854, table 1}, During the growing sesason,
diurnal vari'mions of the flow are caused by variations in transpira-
tion by riparian vegetation. Althougn the r:-a;;fnimde of the variaticns
hag not been measured, cbhservation of VWhiskey and Coycte Creaka
showe that the terminal peints of flow niay vary oore than a mile

between 1norning and liate afternoon,
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fany sniall tributaries of Plack Creek are perennial near the

Chuska Hountains and along the esst side of the Defiance Platesu. The

prineipal ones are Tohdildonih and Buell Washes and Bonito Creek,

Pohdildonih Wash, draining Todiito Park, i3 fed by springs in the

Chusia Mountains, and its water ig diverted into Red Lake., Under-

tiow from Tohdildonih Wash supplements the ground water in alluvium
in what probably was its former channel south of the Tohdildonih
Wash Dare (Akers, kieClymonde, and Harshbarger, 1962, p. 8).
Buell Wash, flowing 50 to 70 gpm, is interruittent through ruost of
Buel! ark but is perennial for a short distance downstream from a
spring near the iower end of the park. Bonito Creek, draining Bonito
Cenyon weot of Port Defiance, receives water from the De Chelly
Sandgtone and the Jupal Forsation, The shallow alluvinm beneath
the creek furnishes a dependable supply of water to the community

cf Fort Lefiance.

Along the eastern escarpment of the Chuska, Mountains,
sanastee Wash and a few other amall washes near Toadlens are
perennial for short digtances in their uppermost reaches, However,
little of this fiow reaches the Chuska Valley arsa of ithe western San
Juan besin, This perennial flow and that of gumerous springs are
maintained by ground-water discharge along the base of the Chuska
Sandstone,



Recent fluctuations of the stream regimen, --Changea in the

strean: regimen during the last 4, 000 years are indicated Ly alternating
periods of 'erosiori and deposition in all canyons and valieys of the
Navajo country, azth;:mgh the number, magnitude, and duration of the
events differ from. draiﬁage to drainage and along reaches of the same
dramage. These differences are indicated by the distribution of ter-
racee{ and loc:.a.l. areas of alluviation along the present main drainage-

ways (fig. 23). The alluviai-erosional sequence is best represented

Figure 23 (caption on next page) belongs near here.

- b i i A M i A4 M e i < 3 A b S T e A P A 5 AN A A

aiong Moenkopi, CUraibi, PPolacca, and Jeddito Wwashes, and parts of
the Rio Puerce and Laguna and Navajo Creeks. All these drainageways
are eiongated and contain a few large tributaries that join the main
stem at right angles agund at a significant change in gradient. The
sequence is poorly represented aiong Chinle Wagh and the lower
reaches of the Chaco River, where many tributaries have a relatively
sharp change of gradient before joining the mmain stern at nearly right

angles (fig. 23).
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Yae flocd~plain alluviwe deposited fn many valleys showsa
differences in lithologic characteristics that reflect slightly different
depasitional eovircnments., The alluviuwo depesited betweoen about

e U0 B, O, and &, D, 30D to 12060 is the buik of the late flecent

{3 0]

alluvian. and partly fills valleve excavated during late ¥leistocene
and eariy Teconl time (ilack, 1942; Leopold and Sayder, 18561; Cooley,

1502b), It consists prineipally of crassbedded aand and gravel beds «

that ulternate with beds of silt aad sacdy gilt, The deposition was from
{59t~ and glow-p .uvin? water that was concentrated partily iu chaaneis,
The upper nart of ‘zﬂm::;e of tais 2lluoviun containg bede of sand that ap-
wrently were deposited by wind, Uacoanlor: .ably overlying these beds,

ag & result of erogion anc arroyo cutting about A, B 11090 to 1380, is ;

alluviarg co

ing of thin-bedded wod and silt layers that contain con-
sidernble carbonacecus material, These fine~yralned sediments ap-
parently were laid dowa by slageish streaus or ian 8:nall ponds and
cwarupy areas frow A, O, 1304 to about A, O, 18560, Alluvial food
nluins that extunded vpinterranted acroes the valley floors are Baiown
on topographic naps surveyed hefore 1888 (Cregory, 1817, n. 130- |

131},
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v ‘The events associated with the present episode of arroye cut-
ting, beginning as carly as 1350, abruntly terrainated deposition of the
fine-grained ;-aedixa.ne:‘n‘ts and drained the swaiipy areas, The earliest
avent was the deposition of a thin wantle of sand and grevel, This was
followed by .t;-nz: main cutting of the present arcoyos, which wasg especial-
Ly provpownced in the DNavaje country between 1540 and 1880 {Gragory,
1017, o, 130-121), Leocally depogits were laid down withic the con-
{ines of the arroys, partly burving living cottonwood trees. These
evente were accou.panied by active dun.e forciation, and considerable
windblown ruaterial overlies snd is interbedded with the fluvial material,
oot arroyog have been widened contivually since the main cuttiug,
and at preaent {(1962) soue are aggrading (Cooley, 1982b, p. 80; B, F.

tiadley, yeologist, U, 3, Geological Survey, oral eommunication, 1382}



- (ther fiuctuations ia the stream regimen during historical
time include chianges ia the length of perennial reaches of streams
after inost streans were entrenched in arroyos and e general de-
cline of streawflow. | i'he perennial reaches of Moenkopi Wash,
Canyon de Chelly, and cther streams during 1800-13 (Gregoery, 19186,
nl. 2) \éere considerabiy longer than they were during 18:0-80 (fig,

24}, Arvoyo trenching Lelow the water table, however, may have

-

Figore 24 {caption on next page) belongs near here,

——

extended pereanial reaches of several streame, This is especially ap-
parent along Laguna Creek. RBefore the arvoye cutting of 1884 (Gregory,
1217, p. 130}, as shown on the old Marsh Pass, Ariz. topographic
quadrangle wap surveyed in 1883, Laguna Creek was not perennial
downstream from Marsh Pass., The fiow of this strean: now usually

ig coutinuous nearly te Kayenia and usually flow is continuous to iis

confivence with Chinie Wash,
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A fluctuating stream reglemen during the 20th century is in-
dicated by a continacus deciine in streamflow, shown by the records
st gaging stations in aress coutiguous to the Navajo country, If the
records of the Calorédc River at i.ees Ferry inay be tuken as rep-
resentative of what miay have occcurred on the reservations, yearly
cunoff from 1930-55 was above the 1897-1655 redian of the recon-
structled vir#n runoff oniy 8 years, whereas it was below the median
16 years (alfonso Wilson, research engineer, U, 8. Ceclogical Survey,

written communication, 1964},
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Ground-water Hydrology

The ground-water hydrolegy of the Navajo country 18 conirolled
by five large hydrologlc basine—Black Mesa, San Juan, Blanding,

Henry, and KLalparowits basing {fig. 25). Locally, ground water is

Figure 25 (caption on uext page) belongs near here.

S — < rt——

exchanged between sciwe of the baging, Part of the water in southiwest-
ern San Juan basin moves across a low gtructural divide into Biack
Meza basin, and, similarly, some water from Elack Mesa basin over-
flows intc Dlanding bacin., The area of each basin, in sguare niles,
within the boundaries of the reservations are: Black lMesa, 12,2300

San Juan, 8, 200, Tianding, 3, 100, Eaiparowits, 2, 800 and Heury,

o)

, 100,

The main areas of recharge to the g;ozm&water reservolrs
are on the highlands along the divides between the basina, afovement
of ground water in each hydrologic basin is downdip from the highlands
and tow ard the Colorado, Littie Colorado, and Zan Juan Rivers and
their larper tribularies rather than toward the centers of the structural
basing., Natural diséharge m’» ground water is to these glreams and t¢
about 1,000 springs and nur.eroug seeps. artifleial discharge is to
about 1, 409 drilled wells and 050 dug wells utilized chiefly for domestic
and stock water,
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Recharge to aguifers in the Navajo couniry is directly from
precipitation and frc'}'ru epncmeral streams or indirectly from interior-
mational leakage. Direct recharge to the aquifers in the consolidated
sedize:zemary rocks is controlled principaliy by the permeability of the
rocks, the structural and physiographic expression, the anount of
fracturing, and the altifude of the water-bearing atrata; by the presence
er absence of surficial deposits; and by the duration, type, and amount

-

of precipitation. The mantles of surficial deposits are recharged by
direct precipitation, by irflvent streams, and by discharge from the
conaolidated aquifers. Recharge freiu interformational leakage is
comon, especially between the water-bearing unite acjoining the 19,
C, and D multiple aquifer systems {which are mainly in the Navajo,

Coconine, and Dakoia 3andstones), aquifers in Cretaccous rocks of

the San Juan basin, and between the sedimentary rocks and the alluvium

(table 3).
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The chief areas of ground-water recharge are the Wavajo
Uplands, Defiance lateaw, and Chuska and Carrizo Mountaihs, How-
ever, miuch of the g;umxd water in Dlack Wesa and soan Juan bagine is
from recharge in upland regions bordering the reservations to the
south, i‘ncl‘;xding the Zuni Mountaing, the Hlogollon Slope, and the San
¥raancisco I’i.ateau, All the sreas mentioned above probably contribute
mumv than 50 percent of the recharge to aguifers in the reservations,
and, except for the Navajce Uplands, the recharge areas are chiefly
above §, 500 feet and receive more than 14 inches of precipitation
anaually (figs. 18 and 18), Exposures of the sedimentary rocks,
voleanic rocks, and surficial depusits that generally favor recbérge

cover more than 60 perceut of the reservations (fige. 2 and 26),

Figoure 28 (caption on next page) belongs near here,
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Vater enterg most aguifers through fractures and along
bedding planea, felatively littie water infiltrates the unfractured
parts of the sanzi:';'ioﬁe agquifers in the cuicrep arcas because of their
low permneability and the generalily high rate of evaporvation, Faulls
and large ‘ia‘i;“:a in sanastone and licesiune have been widened by
solution and form exce elient channeis for recharye, The frectures
intercept a substantial part of the precipiiation and runoff in the
Mavajo Uplands, Monunent Valley, Defiance Viateau, and eastern
CGrand Canyou subdivisions, nterception of surface flow by fractures
lustrated by a large joint that crosses Agtec Creek near its junc-
tion with Sridge Canyon. This joint diveried most of ihe flow of Adtec
Creele wher: it was flowing about 115 gpre, Downstreas: frow the frac-
ture the ereek was flowing abeut 15 gpms. The large joint recrodsed
Aztec Creek a short distance downstrean: and the water that bad been
lutercented reentered the creek from springs issuing from along the
fractures. [arge fractures are wiually prominent along monsciines
and on the more tightly folded anticlines. Other fractures eapecially
effective for vecharge are in the shattered zones ferined Ly laccelithic

domes in the Carrize Mountaing and on Navajo hoountain,
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% Aquifers are recharged seasonally frou: precipitation in the
highlands principally in the winter and spring, Maximum discherge
of springs and & x;iSe of water levels in a few wells that were measured
occur generally in the spring; discharge and water levels then deciine
during the ;smnn':er. sSurnreer precipitation ie chiefly quick downpours,
and, even though it i beneficial to agriculiure and grazing, it prob-
ably écmtribvtes littie ground-water rechavge,

Jingle gtorme and rainy pericds of a few days' duration furnish
gowm¢ groeund-water recharge., During a storn:, water may be seen
percoiating dowaward along fractures exposed in cverhanging ledges.
The percolation is fairly rapid, and the water muay travel more than
10 feet in 16 or 10 winutes. As a result of recharge from several
rainstorms hetween Cctober 14 teo 18, 1966, water levels in four test
holes drilled in the alluviwm a quarter to half a mile fror: Pueklo
Colorado Wash near Greasewood Trading Vost ruse an average of
nearly haif a foot (N, ¥, lieClymonds, geologist, ., 5, Geological

survey, written comunmunication, 1980),
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- Repgional ground-water inovement

Hegional movement of water in aquifers of the Black Liesa
besin {# {¢ the Little Colorade River, snd that in the San Juan, Blanding,
Henry, end Kaiparowits basins is to the Colorado and San Juan Rivera
(fig. 23). The Coiorado ead ban Juan Rivers are the chief hydrolegic
connecting links between these Lasins, and all waier in the upper

Colorado River systemn passes through the CGrand Canyon before leaving

the Colorado 'lateaus,

Biack Llesa basin, --Black luesa basin is the principal hydro-

iogic basin, occupying rougbiy hialf the reservations, Regional move-~
ment of ground water is restricted {o the C, O, and N multiple aquifer
systens. In general, water-table conditions prevail on the flanks of
the basian, and ar;teaian conditicng prevail in the central part.

“*
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The C multiple aquifer systemn, wmainly in the Coconino and
De Chelly Sandstiones, receives récharge {from the Defiance Plateau
and from regions éouth of the reservations that include the Mogollon
Slope, San Francisco Plateau, and the Zuni Mountains. Some ground
water’moves westward and basinward from the Defiance Plateau, but
most moves_}northward from the NMogollon Slope and northeastward
from the San Francisco Flateau. The ground water moving northward
converges with that moving wesiward in the southern part of the MNavajo
country and forms a flow syatern that is criented generally west-

northwestward along the broad southwestern flank of Biack hiesa bagin

(fig. 28). The C muitiple aquifer system in the ceuntiral part ¢l the
basin may be under stagnant conditions pecause there is no cutler for

ground-water discharge in that area, Movemieni of ground water in

the central part of the basin is also hindered by a con:bination of low

aguifer permeability and a large conceatration of highly saline water,

z gy
21},

which is niore resigtant to muwoven.ent than fresh water (fiy.
Figure 27 (caption on next page) belongs near hers.
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11 natural ground-water discharge {row the ¢ psultiple
squifer system in Black Mesa is te the Little Colorado River gystem
and to Chinle Wash, In part of the basin, the aguifer 18 saturated
and rejects recusrge to the Little Celorado ':;-‘.?.ver near Holbrook snd
to the Hio I;’uerco, Chinte Waash, and other sireamns dvaining the
Defiance Flateau, Ulscharge of the C multiple aguifer systen: west
of Cazoeron is not directly to the Little Colorade Qver, Lat, because
of intense frocturing, 1t nioves dowuward through the supad Forustien
into the Redwall Limestone and eventually reaches the Little Colerado

Niver &t Blue Spring,

E 4
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The N muliiple -aquifer éystem, mainly in the Navajo Sand-
stone in Dlack ‘;\ies:{ basin, is _recharged principally between hionument
upwarp and f£cho Cﬁffs. Water~level contours indicate that recharge
from the south is negligible, This is due to the deep burial of the
afuifer and to iis thinning and wedging ont southeastward., Water in
the N .muiiiple; aguifer system in Black Mesa basin, therefore, moves
southward from the recharge area and thence makes a broad arc north-
eastward toward Chinle Wash or southwestward toward Moenkopi Wash
(fig. 25). The main discharge area is along Moenkopi Wash near Tuba
City and into the alluvivm along Dinnebito and Craibi Washes. Some
of the water in the aguifer system that originates in Black Mesa basin
raoves oul of the basin into Flanding basin and is discharged into Chinle

Wash,

~-183-~



Aquifers in Triassic and Jurassie rocks {table 3) and in the

Dakota Sandstone of Cretaceous age exnosed a8 narrow bands which
roughly cutline the ggn_eral circular shape of Black Meaa (fig. 28) are
iinor and consist of several thin igolated semiconnected sandstone
's".ratczz.'~’r.;¢:a1~i.11:'; units that are separated by thick seguences of mudsione
and gilistone. Ground water in these aquifers moves basinward and
toward the points of discharge along streams, although much of the
mevement is resiricted by aniiclines and by tonguing-out of the sand-
gtone units., Water moves for a consideralile distance in the D multiple
aguifer aystem: in the southern Black Mesa area (fig. 28). Discharge
from the aguifers in Triassic and Jurassic rocks and from the Dakota
Sandstone is to the flood-plain alluviur: aleng {ributaries to the Littie
Colorado River and Chinle Wash.

_ The sandgtone aguifers of the Upper Cretaceous Mesaverde
Group (table 3} capping Dlack Mesa at altitudes between 6, 000 and
8, U00 feet in the central part of the structural bagin are recharged
only from direct nrecipitation and infiliration from sinall streams.
Shallow canyons cut by tributaries of the Little Colorado River and
small folds localize the movermment and occurrence of ground water and
control +he‘c§isjtx'ibuﬁon of artesian areas. The aquifers of the liesaverde
Croup are sepwrated from the underlylng agyifers by the Mancos Shale,
which ig 200 to 700 feet thick in the Black Mesa basin,
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" Rlack Mess basin is unique in that nearly all ground water

by

n the basin is discharged at Plue Spring and several springs near the
coniluence of the i m; e Colorado and Colorado Rivers. The yield of
the springs meagured intermittenily near the mouth of the Little
(fcﬁaraﬁc River averages 2423 cfs or about 161, 0G0 acre-feet per year,
and 1\15 represents the total discharge into the Colorado River from

n

lack Mesa basin, an arca of about 28, 00U square miles. Perhape

95 percent or more of this water ig frow the T niultiple aguifer sys-
e because a substantial pari of the water discharging fron: the other

aguifers in the haain ig evaporsated or is ured for irrigation, principaily

near Tuba City.

)

San Juan basin. --In conirast to Black Meza basin, rocks of

Late Cretacecus age cover most of western San Juan basin except on

et

the flanks of the Zuni Mountaing and Defiance Platesu (fige, 3 and 28).
The aquifers in Triazeic and Jurassie rocks are resgiricted to a parrow
belt of outcrops that cutlines the shape of the basin., Permian and

older rocks occupy the central parig of the Zuni Mountains and

Defiance Plateau.
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The aquifers in pre-Cretaceous rocks (table 3) are recharged
aleng narrow exposures on the flanks of the basin where heds are tilted
between ° and 30'4 - 'The exposures are higher than 6, 500 feet and are
covered by vegetation and soil, which make the area generally favor-
able for recharge.

legional movementi of ground water in the aquifers in pre-
Cretaceous rocks is restricted by low permeabiliiv, faciee changes,
and wedging-out downdip of the aquifers (fiz. 7). ‘Therefore, much

"

of the ground water moves subpsarallel to the gides of the basin. The

discharge is to many sniall streams aleong the bagin {lanks and to the

San Juan River. Water in the aquifers in pre-Cretaceous rocks in the
southwesatern part of the basin (Gallup sag) discharges to the alluvium
along the Puerco River or ruoves across the low siwructural divide into

"™

Black Mesa basin (fig. 25).
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Aquifers of the Upper Cretaceous rocks in San Juan basin are
usually under high artezian pressure and are at various piaces within
a stratigraphic infér.val of more than 5, 000 feet {(tahie 3). CGround-
water movement in the units of the lower part of the sequence, including
the Gallup ;’;md Point Lookout Sandstones and the water-yielding beds
of the ‘Creva:ﬁse Tanyon Formation, is similar tothat in the aquifers
in Triassic and Jurassic rocks., Water in aquifers in the remainder of
the Cretaceous seguence moves toward the San Juan and Chace Rivers
(fig. 25). Aquifers of the Menefee Forsmation are thin, lentizular,
and tongue=out to the northeasi, therehy inhibiting saovement of wate:
toeward the center of the basin, The Cuiff House and Pictured Cliffs
sandstonesg are exposed in brﬁad areas and are continuous in the sub-
surface in the central part of the basin, These sandstone units are
recharpged chiefly from preecipitation in their areas of outerop, and
movement of ground water iz generally northwesward to the Chaco

and San Juan Rivers (figs. 25 and 28).
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The aquifers in Cretaccous rocks are probabiy interconnected,
although imperfectly, into 2 multiple hydraulic gvsters in raost of west-
ern San Juan basin. The development of this systen: apparently aids
movement of waler between the aguifers in Jdifferent parts of the basin
and helps to direct the ground-waler discharge o the reaches of the
Cihacq and the San Juan Rivers in the norithwestieen part of the bagin,
Scme interaquifer movement apparently is downward and ig indicated by
lows on the plezometric suriaces of the varicus aguifer systemes in ihe
central region of the bagin near Far;fzz‘mgtc-ﬁ (Berey, B, &, F. . 1858

> s

Hydrodynamice and geochemistry of thie Jurassic and Uretaceocus sys-
tema in the Zan Juan basin, northwestern New Mexicco and southwasiern

Colorado; Stanford Univ., California, uvnpublished doctoral thegis),

FBlanding bagin. -~Recharge to the Blanding basin is from the
Carrizo hiountaing, the northern pari of the Defilance Plateau, the
eastern flank of the Monunent upwarp along Comb Ridge, and the Ute
Meountains in southwestern Colorade. All ground water moves generally
northward toward and eventually reaches the San Juan River {fig. 25).
This discharge includes the overflow froin the San Juan basin and a
swall ansount fror: Black Mesa basin, Bome water issues from the

Navajo-and Wingate Sandstones t¢ Chinle Wash dowpsiream from Roek

Point Trading Yost, Laguna Creek, and the lower part of Walker Creek,
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‘Tienry basin. --Regional ground-water movement in the small

part of the Henry basin within the Navaio couniry is linidted to the

A

Navajo Saandsione, the Wingate Sandstone, the Shinarump Member of

tire Chinle Formation, and the Cedar Mesa Sandstone NMember of the

Cutler Formation., Hecharge to these unile is on the suminits of
mesas and broad, gently sioping rock platforms, and the ground water

is intercepted by deep canyons and is diverted by synclines and anti-
clines (figs. 2 and 2). A amall anount of water, therefcre, discharges
directly to the San Juan Jiver and to its larger tributaries, Grognd»
water w.ovement north of the San Juan River is downdip {cward the

center of tienry basin and to the Colorade River.

Salpurowite basin, --All moveent of ground waler in the
Faiparowits basin is toward the Colorado and 3an Juan Rivers (fig.
25). ‘The Navajo 3andstone is the chief aquifer and is recharged
neariy everywhere within the basgin. 5South of the Colorado River in
ihe Navajo Indian Reservation, ground water in the Navajo ig generally
unconfined, but the water north of the river near the center of the
bazin ig confined, In the southern part of the Kaivarowits basin, the
Navajo sandstone is the only aquifer that adjoing the stream bed be-
tween the mouth of Forbidding Canyon and Lees Ferry {{ig. 3) and

discharges directly to the Colorado River.
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I the eastern paxt of the basip, the MNavaje Mourtain dome

and nedrby deep canyone nodily the general nurthwesty ard ground-

water movemnent toward the Colorade River, Rovement from Navajo

kooatsln s radial in all direciions except i¢ the nurthesst, where the

domal ﬂtruéture joing the Deaver (Ureek anticline. Ciround water in
the Navajo and Wingale bandstones discharges wlong the rim of Fiute
Canyon aod into the bottoms of Forbidding end Navajo Canyons., In
this srea the N multiple aguifer system is weil developed, and much
of the waler that is recharged to the Navajo Sandstone percolates
downward through the hayenta Fornation and inic the Wingate Sand-
stone. This interformational v.ovement ie aided by strong jointing
ana fracturidgz and by zones of shatterad rock on Navaie Mountain,
Bocks of Jurassic age coutribute very little waler io the
Colorade River in the kalparowiis basin because they crop ocul high
o1 the mesas, ovuttes, snd escarpinents, CGround-water movement
ig loenlized and there a.rt: a few sprivgs on Mavajoe Mountain, on the

downdip sides of mesan, and in a few pluces elsewhers in the basin,
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The main aread of natural ground-water discharge in the
Navajo country adjoels the Colorado, Sz Juan, Chaco, and Litlie
Colorado Rivere, Moenkopi and Chinle washes, and Navajo Creelk
{fig, 26}, This water becomes part of the strepuficw, The total
ancunt of ground water discharged into the Colorade River syster
ig unkmown, atbough 223 ofs has veen megsured near the mouth of
the Ldttie Colorado River, and more than 8 cfs is esptunsated to Le
malntaining the fiow in the pe-retmi.al regches of tributaries flowing
into the Colorsdo River in Gien Canyon sad irdo the can Juan Piver,
in addition, the combined total flow of the perempial reaches of streams
iz the interior of the regervaiions was meagured partly and is asti-
mated to be about 10 cfs, Llogt of this flow percolates into the saady

sinviuem or is evapcorated,
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 Few springs in the rezervations yleld o.ore than 10 gpa,

and this water 18 evaporated near the pointz of diacharge, Several
springs at Hat@vﬂa in the Hopl countey furnish suocugh water fo ir-
rigate small terraces built on the nearby roeky clifis, The total dis-
charge of the gprings, exciuding that of Bive Jpring, is no more than
P sfﬁ; The main areas of spring discharge are In the canyons
aﬂjmém o G;en Canyon, near Tuba (ity, uear Mexican VWater, on
the Defiunce Flatean, and in the Chuska and Carrizo boumtains,

Liost springs on the reaervalions a‘.ree gravity surings, where
the water table interseciz the lmnd surfiace., The comnion types are
centact, fracture, depressiop, {abular, and seepage. Few of the
ag;,rmgﬂ are artesian end ne therwal springs wers invenloried, Ges-
erally the water of an artesian spring flows through an openbyy in the
confining beds overiyluy the aguifer. These springs sve principally
in the area of artegian fiow along the west gide of the Dan Juan basin
(fig. 13), although gravity springs are more cowumon throughout this

aRiea.
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Contact aprings are developed principally alony the lower
contacts of the Navajo 3andstone, Shinarurmp Member of the Chinle
Forimation, Lué»;:a.chﬂ’.ai Member of the Wingate Candstone, Dakota
sandstone, Chuaka sandstons, volecanic member of the Bidahochi
')':“om-zm;ion, and the gandstone wits of the dMesaverde Group, Lumer-
ous & ;?vrix)g;s alse discharpe along the coniact between the alluvium

and {imperweakle consclidated rock units,

Fracture springs flow from joints, fauius, and bedding planes,

These are the most comuon types in the Navajo, #ingate, and other
thick sandstone units, Large hedding planes, concave upward ia the
Navajo Sandstone and the Shinarump Member of the Chinle Formation,
concentrate downward~percolating ground water, which ig diacharged
usually as s:mall perched aprings or see;ﬁss in places hundreds of feet
above the regional water table—in soume places high on the gide of a
cliff. Weathering of the Mavajo Sandstone in the imunediate area of
a spring issuing along joints and bedding planes has produced many

of the numerous aicoves that are prominently displayed in the canyon

country near the Colorado River,



. -Tabular springs are reare; these include vnly Blue Spring and
& few associated springs that low frous limestone wilhin the canyon
of the Little Caimﬁd@ fiver, In the past, however, tabular openings
of diatrer:es in the epl Xiuttes and on the Defiance Platesu also were
the or?fiea§ of large oxiinct springs {fig. 3). Depositicn of travertine
in the diatremes undoubtedly resuited from gpring discharge,

The amount of water discharged fro:o walls cannot be esti-
v.ated accurately because most wells are equipped with windmills,
which pump for short periods of tae, About 1, 000 siock weils are
equipped with either o windwill or small pump capable of yielding 3
to 5 grm. If these wells are aszumned to purep unly 4 hours per dey,
pusnpage would be about 1 wmgd lwillicn gallons per day) or 1, 800 acre-
fect per year., Gven if all the wells were puraping continually, the
discharge would Le only about 6,400 acre-feei per yesr., Bepealted
meassurements of the waler levels in selected wells have shown in
general that water levels have not declined. Heavy pumping neer

Window Rock, however, has caused a permanent lowering of water

levels, Continued expansion of Tuba Clty, weventa, Shiprock, Ganade,

Chinle, Pinon, and the Hopi villages may cause overdrafi of the

acuifers locally.
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Hydraulic Properties of the Aguifers

The meain giquiferﬂ consist of sandatone having low perme-
shbilities, generally iess than 1u gpd per square foot, and unconsolidated
sand and gravel. sand and grave!l form the water-yielding pari of the
alluvium and generslly have a higher permeabiiity than the sandstone
aquifers, r&iluv-im' aquifers on the reservations, however, are areally
sraall and reiatively tﬁin. .ot of the sandstone aquifers are betweon
100 and 300 feetl thick and ere traceable op the surfagce and in ihé sub-
surface for many tena of miles. The Navajo Sandsione and the Coconino
candstone and its lateral equivalent, the De Chelly Sandstone, are more
than 300 feet thick in iarge aress. They have the highest coefficients
of transmigsibility and are the principal aquifers. The water-bearing
beds are separated by thick, relatively lmpervious layers of sandy
siitstone, siitstone, and mudstone. The fine-grained charucter of all
the aquifers precludes rapid movement of water and large ylelds to

wells,
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Table 7. --Range of the hydraulic properties of aquifers in the Navajo and Hopi Indian Reservations
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Table 7. »-Range of the hydraulic properties of aquifers in the Navajo and Hopi Indian Reservations —Continued
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Table 7. --Range of the hydraulic properties of aquifers in the Navajo and Hopi Indian Reservations —Continued
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Table 7. --Range of the hydraulic properties of aquifers in the Navajo and Hopi Indian Reservations—Continugd
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Table 8. --Range of the chemical constituents of ground water in the Navajo and Hopi Indian Reservations

(Analyses in parts per million, except as indicated)

' Nu;? ber Geologic source Silica Calcium Magnesium So:rlxgé Bicarbonate| Carbonate| Sulfate Chloride Fluoride Nitrate Dis(s;)c;lr\:;dpseilids 2a:d1ness =2 C;COs
analyses (SiOg) (Ca)‘ (Mg) P&Zsfx;gn (HCO3) (COy) (SO,) (C1) (F) (NO,) million) maznce :i’:;n cart;’:r;ate
301 Alluvium 4.1-63 4 - 2,870 1.1-2, 040 5.5-12, 000 34-1, 000 0- 79 2.5-8,890 | 2-27,500 | 0 - 11 0 - 439 143-47,100- 18-15, 500 0-15, 500
18 Bidahochi Formation 3.2-28 2 - 80 .9 - 16 8.7 - 366 | 127 - 292 0- 39 6.4 - 492 |5 - 157 0 - 2.8 .1- 15 132- 1,070 8 - 244 0 - 53
13 Chuska Sandstone 20 - 61 23 - 71 4.8 - 11 3.4 - 23 48 - 278 0-5 2.7 - 243 - 12 1 - .4 .1- 11 138 - 299 43 - 222 0 - 9
6 Cliff House Sandstone 10 - 19 5.8 - 276 1.7 - 91 [141 - 6,140 | 276-1, 140 0- 14 363 - 8,230 | 7- 4,210} 0 - 8 .1 - 2,5¢1,190- 3,120 22- 1,600 0- 1,150
60 Menefee Formation 5.1-21 1 - 168 .7 - 34| 37 - 2,620 93-1, 890 0-106 6.2-3,930| 3 - 956 | 0 - 12 0o - 19 129- 7,780 5 - 534 0 - 350
16 Point Lookout Sandstone 3.9;33 1.2 - 684 .5 - 267 | 28 - 833 | 167 - 572 0- 45 14 - 3,410 3 - 113 2- 3.4 .1 - 8.6 249- 5,080 0- 2,800 0- 2,630
9 Crevasse Canyon
Formation 7.5-19 3 - 64 .9 - 231 .9 - 661 | 122-1,030 0-9 38 - 2,980 4 - 94| 0- 1.9 0 - 9.2 268- 3,120 11- 3,100 0- 3,000
33 Gallup Sandstone 10 - 38 1.0- 456 .5 - 268 | 16 - 710 85 - 763 0-" 28 17 - 2,850 | 4 - 482| 0 - 4.8 0 - 13 285- 4,140 4- 2,240 0- 2,120
71 Toreva Formation 7.1-26 2,8 - 298 1.2 - 96 5.8 - 228 79 - 479 0- 16 12 - 1,200| 3 - 100 1 -1.8 .1-- 154 130- 1,890 12- 1, 140 0 - 940
33 Dakota Sandstone 6.5-42 1.5 - 330 .9 - 103 5.8- 1,430 | 130-1, 550 0- 39 7.8-3,540 | 6 - 500 1-10 .2 - 10/ 165- 5,560 9- 1,080 0- 1,210
. 50 Morrison Formation 6.2-28 5.2 - 373 1.7 - 188 9.2 - 695 81-1, 200 0- 73 11 - 19980 3 - 3714 1- 4.0 | 0 - 200 168- 2,960 20- 1,700 0- 1,520
11 Cow Springs Sapdstone 7.4-18 7.5 - 221 2.2 - 106 | 24 - 949 | 208 - 898 0- 18 17 - 2,380 (12 - 118 2- 5.1 1 - 18 264- 3,760 20- 988 0 - 572
10 Entrada Sandstone 9.1-27 2.5 - 262 1.2 - 64| 15 - 543 83 - 539 0- 16 5.8-1,930 | 5- 2,230 2- 1.2 3 - 33 196- 2,870 11 - 916 0 - 848
140 Navajo Sandstone 6.7-29 .8 - 135 4 - 64 1.2 - 285 57-2, 300 0- 45 3.7 -625{1- 171} 0 - 2,4 | 0 - 80 90- 1,030 6 - 598 0 - 512
25 Lukachukai Member of
Wingate Sandstone 9.3-29 2 - 67 1.3 - 21 6.2 - 308 89 - 470 0-247 7.8 - 250 3 - 121 1- 1.2 1 - 18 122 - 869 10 - 254 0 - 42
8 Sonsela Sandstone Bed
of Petrified Forest
Member
of Chinle Formation 8.7-45 1.2 - 98 5 - 34! 76 - 621 | 244 - 740 0- 33 23 - 86419 - 61 2- 1.3 3- 3 353- 1,810 5 - 384| 0- 174
23 Shinarump Member of
‘ Chinle Formation 3.9-28 .8 - 304 2.9 - 587 6.2 - 871 | 135 - 648 0-0 16 - 4,110 5 - 375 2- 1.6 2 - 9.8 171- 6,410 14- 3,170 0- 2,820
. 44 Other units of Chinle -221— '
Formation 5.6-36 3.6 - 141 7 - 40 1.2- 1,420 | 114-1, 150 0-462 17 - 1,570 | 7- 4,650 1- 5.9 .3- 129 238- 3,810 8 - 640 0 - 290
15 Coconino Sandstone 10 - 14 67 - 924 |40 - 166 | 23 - 5,960 | 148 - 299 | 0 - O 219 - 1,350 (22-10,100 2 - .6 .2 - 5.6 555-30, 000 334- 2,990 | 166 - 392
49 De Chelly Sandstone 7.6-20 18 - 457 7.4 - 147 5.5 - 190 | 117 - 532 0 -6 9.5-1,560| 3 - 122 0 - 2 0 - 17 126- 2,270 90- 1,740 0- 1,640
6 Glorieta Sandstone 8.2-13 (116 - 264 |15 - 87 9.2- 1,330 | 184 - 265 0 -0 245 - 637] 5- 1,980 1- .81 0 - 1.7 568- 4,330 458 - 779 | 242 - 576




n bmportant hydraulic property of an aguifer is ifs capacity
to transmit water., This properiy comsnonly i3 exprezeed in terms of

the coefficients of permeability and transmissisility. The coefficient

[t

*

of permeability, as defined by Meinzer {in Stearns, 1923), is the rate

*

f flow of water in gallons per day at a temperature of 60°F through s
cross-gectional area of 1 square {oot under & hydraulic gradient of !
foot fzér fool. Generally, determsinations of permeability and trans-
wigsibility from puioping tests are niade wnder field conditions where
water tem_gmz*aiurea are different., Results of a pumping test ususlly

are excressed in terms of transmissibility instead of permeability,

The coeificient of trananissibilily is the rate of flow of water in gailons

per day through a vertical strip of the aguifer i foot wide exiending
the full saturated height of the acuifer under a hydraulic gradient of
(104 percent -——transralusibility is equal to perimeability multiplied by

the saturated thickness of the aquifer,
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The principal hydraugiic data measured and computed from
the tests include ine vieid o rate of flow, drawdewn, specific capacily,
and the coefﬁcieatx':; permeabillity, wransviissibilily, and storage.
Coefficients of permesbility and transmissibility were deteraiined
froom 3(} p:“;ﬁpm‘; tests wade in wideiy scattered parta of the Navajo
country, -;:z'igc.i;al‘gy Iroim wells completed in the Coconine, Te Cheliy,
and Navaje “andstones and the alluviun.,. 'VThe coefficient of slorage
could be deternuined oniy for a few places becauase of the absence of
pearby chservation welis, The specific capacily wag compdted frov:
aboul 450 bzlling tests and 30 pressure tests,

The amowit of water doained or yielded {rom storage in an
aguifer io exprecaed as the coelficient of sterage., It is defined as
the volume of water in cubic feet reieasged from or taken into siorage
iﬁ a vertical column of the aguifer 1 fooi square and the height of the
saturated part of the aquifer, when the hydrauiic pressure on the
colun.n s reduced 1 foot. For weter-table aguifers, the cceflicient
of storage appreximates the specifie yleld of the dewatered materiai.
Computations of atorage coefficisats from ghort-tern pumping testyg,
of the fine-greined aguifere in the Havajo country may not be reliable
because water in theze aquifers drains slowly, and the computed co-
efficients of storage fe'z’ the water-table agquifers would ke tou low,
approaching those of artesian aguifers {table 7).
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 Hydraulic characteristica such as porosity, specific retention,
specific vield, and coefficient of permeability were determined for 48
core ssioples from eipht stratigraphic unita, FPorosity is the ratioc
expresged as percentage of the volume of the interstices in a rock to
it total volune and is the swm of the specific yleiad and specific re-
'i:emian.- The apecific yield roay be defised as the ratic expressed as
§Tv€f£’C€?;Tltag(¢ of the volume of water drained from a rock, after bheing
saiurated, by the pull of gravity tc the volume of the rock, The re-
;nai‘ning fraction of water neld in the minute sore spaces of the roci
by molecular attraction against the pull of gravity is termed specilic
retention, which is the rallo expressed in percentage of the volume

af water retained to the voinme of the rock.



Prupaping, Hailing, and fressure-Test Data

Tesy data indicate that the productivity of all the water-bearing
units is low and that few wells vield rore than 250 gro.  well vields
in much of the reservations ace less than 20 gpin and in soine areas
lesa than & gpm. Llest of the weils supply water for stock and are
eguipgoed wi‘ch'wind:'niim, which purnp frosn 1 o & gpas from depibe
ag great ag 1, 100 feet, Mogt mmunicipal and institutional wells yneld
between b and 10C gpm. The few industrial wells geperally yield
less than 200 gpm. Becawse of the low progductivity of the aguiisrs,
few welis are used for lrrigation. However, a well in the flsod-plain
alluviues along Chinde Lasgh ia reporied to have boen puinped =t more
than 200 gpo.
Flowing welis are corirson ondy in the San Juan basin {Tig, 13),
Moast flow 15 gpm or lesg; the highest reporied is 1,u00 gpin frow &
wildcat oli~test well pear Tohatehi. The driller reported thig large
flow froo a depth between 3, 000 and 2, 400 feet, the stratigraphlce
interval ocoupied Ly the Morrvisen Formation and the Cow Serings

Sandetone.
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The gpecific capacity is used generally tc make a comparisin
of ;:1‘#::siuctiv1ty ’cgtween wells and, thus, between uifferent aguifers.

It is especially uséful where ooy shori~duration ‘aailmé or pumping
tesis are avaliable and fesi date are Inedeguate to cempute the co-
efficient of trousmiasibility. Specilic capacity is defined as the yieid,
in g%a.dons per minute, divided by the drawdown, in feet. 1t is reiated
directly to the coefficient of transmissibility of the aquifer. The
specific capacity of 8 well, bowever, is not an exact neasure of the
hydredogle characteristics of an aquifer becnuse of differences in the
depth of aquifer penstrated, firacturing and lithologic variation of the
aguifer, type of well construction, duration and rate of pumping, and
well efficiency.

Coriputed gpecific capacities range from about 0, 2 to more
than 5 gpm per foot of drawdown, although most are less than 1 gpm.
Sore wells in the Coconing Sandstone, Didaliochi Formstion, and
the slivvivin have gpecific capacities grester than 15 gpio per foot of
drawdown (tabie 7). Utdher wells complated in the Supsl Formatioa,
Clorieta Saudstone, Lakachukal Member of the Wingate sandstone,
Cow dprings Sandstone, Dakota Sandstone, Y epo Forwation, Crevasse
Canyon Formation, Cliff House Sandstone, and Fictured Cliffs Ssod-
atone generally have specific capacities of less thap 1 gpm per foot of

drawcowii.
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The coeflicients of transmissibility couiputed for the aguifers
in sandstone of the Navaje country, excepting ithoge in the Coconino
mandstone, are ir.w., 'f.aiz*l;.' consigtent, and with few exceptions, are less
than 1, 200 gpd per foot. Most coefiicients of {ransmigsibility of the
sandstone a&%uifsrs in about 70 percent of the reservations— roughly,
that area n:.:aa“t}_w;mt of the Little Colorade River--range froiu 500 to
1,000 gpd per foot. In contrast, cceificients of transmiseibility in the
Coconine Sandsione vaage from 15, OQC to 35, 000 gpd per fooi in the
southwestern part of the reservations and in {he valley of the Little
Colorado River south of the reservationsz,

Coefficients of permeability of the consolidaied sedirmentary
rocse, computed frorm pumping-test data, are extrémcly low, Somie
are less than 1 gpd per square foot. Most range from 1 io 8 gpd per
sguare foot, and those of only part of the Navajo and Coconine Sand-
stoneg in the western part of ihe reservations are more than 5 gpd per

square footl {fig. 2{). The coefficients of pevumecabilily of the Coconino
q & F :

Figure 28 {caption on next page) belongs neer here.

o . m———

Sandstone are as much as TO’gpzi per square foot—the highest of any

rock unit in the southern part of the Colorado Plateaus.
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Coefficients of transmilesibliity and permeability of the sand
and gra?&l dapoaii.s in the flood-plain alluvivm along the wain weshes
are the highesi in 1}};;;, Ravajo country and reflect the diverse iithology
of those ceposita. Locally, coefficienis of transmizsibility way be
more than 60, Cul gpd per foot. Coelficients of 1 300 o 5,900 gpd
per foot are covupen in many areas, but those less than 300 gpd per
foct are rather uncominon. Coefficients of permeablility for the
weter-yielding bads in the alluvivum may euceed 106U gpd per square
feot, The most permesblie alluvivre, based on well-tesgt data and on
subsurface inforraation obtained froo: well logs, is along reaches of
whinle Ywash, Black Creek, Puebio Colorade Wash, Rio Puerco, and

the i.jitie Colorado Wiver,

sva-Teal Dals

yose
ot
ot
)
i
"

Cores wers taken frow 2andstone beds in 11 waigyr-baaring
units in widely spaced parwe of the reservations, but ony the Navajo
biamistuﬁe was cored extensively {table 7). At each iccality two cores
were faken, one parallel and one perpencicular to the bedding, All
the cores were taken fromw exposures except one taken from a chunk
brought up by a baller feow a fractared zone in the Ceconine 3andatone

aouth of the reservations at Jogeph City, Arie,
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 The lahoratory analyses indicate wide differences in the
hydraunlic properties of the cores (table 7). Results of analyses of
24 cores fron the Navajo Sandstone indicate that'the porosity ranges
fron: 25 to 35 percent and that the coeflicient of permeability is be-
tween 3 and 404 opd per sqguare foot. Results of analyses of 31 cores
from thé other unite indicate that the porosity ranges from 1 to 34
perceﬁt; specifie relention ranges from 1.2 to 20 percent; specific
yield ranges from: 0 1o 30 percent; and coefficient of permeability
ranges fron: 0, 00089 to 534 gpd per sguare foot,

IL.aboratory determinations of 52 cores from 2€ sites of all the

aqguifers except those in the Coconino Sandstone show wide differences in

the coefficients of permeability, as indicated by the following groupings:

Coefficient of permeability

Aguifer e {gpd ver. square foot)
Co T e p B R R R 21-50 51-100 10606
All aquifers 20 9 13 7 3
Aguifer in Navajo
‘:iandsﬁme ' 2 3 10 8 3
Aquifers other than
_in Navajo Sandstone 18 6 ! 0

Four cores takzn from limmestione beds in the Owl Hock Mersber and
lower red member of the Chinle Formation indicated coefficienis of
permeability ranging from 0. 00001 to O, 0005 gpd per soquare foot.
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Fermeability of cores driiled paraliel t¢ the bedding differa
fror: that of those drilled perpendicular to the b&dﬂing.. The coef-
ficients of permez;biiity of parallel cores were higher in 18 sites and
were iower in § si’tt;;; than those of ihe perpsndicular cores. The
deviation betwesn the permeakilities of the paralizel and perpendicular
coves in 2/l the sites is 11 gpd per square footl; the averrge devistion
for ﬁté i2 sités cored in tbe MNavajo Sandstone iy 19 gpd per sqguare
fool; and that for the resaining sites in the other straiigraphic L\mits
is 8 gnd peyr sguare foot, At 2 of the 26 sites the permeability of one
core was wore than 4 times greater than the permeabllity of the cther
core.

Az part of a study of the transmissive character of the principal
sancistone units of the Colorado Flateauvs as related to the distribution
of urandwmn deposits, coefficients of permeabllity were determined of
340 samples from 42 localities in he Navajo country {Jobin, 1882,
table 31). Mean ccefficients of pecmeability range from 1 to 104 gnd
per square foot. biean coefficients for 28 lecalities are lecs than 10
gpd per souare fool and those for 34 localitien are less than 20 gpd
per square foot, The mean exceeded 100 gpd per squure foot in wnly
one locality, The distribution of the means of the coefficients of
permeabllity and thelr respective stratigraphic units are shown an
figure 28.

-310-



The coefficienis of permneanility of cores coliected from ex-
posured of the aquifers and the ones reported by Jobin (1982, table
31} are, in general 3 e widerably higher than those computed from
pamping tests {Jlg, 20 and table 7) because of increased pervaeanility

from weathering and lesching,
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Nae:r.ly all ithe coren, except those of the Navajo Sandgtone,
were tdkien in canyons or from vertical ledges and small cliffs, Most
sainple siles in th‘t:"c'jm:;yanﬁ were along the marging of the adluvial
flood plain and in reocks that were exposed to westhering during the

Yupatkl eycte of erosicn of late Flelstocene time {fig, 83). The

— i i

Figure 28 {caption on next page) belongs nenr here,

e wan semsta, s BT T T — o

gamples were cored from ledges apd cliffs in places where siope retreat
was fairly ranid and where the rocks were wealhered oaly for a relative-
Iy shoyt tizwe, The cures of the Ravajo Ysndstone were taien fram_ out-
cropi that were gxposed during the ¥lack Polnt cycle of esxrly Pleistocens
z.ggg;e. The rocks of these ovterops were weathered 10 to 30 thmes longer
ihan thoge of most other core aites, Leaching by downward-moving
water derived directly from precipitation accompanied the weathering
and removed much of the soluble material from the pact of the Navajo
sancstone just underiying the surface., The leaching and weathering

for sc long a tine prolakly accounte for the high coefficients of per-
meabiiity deternined frow the cores n the Navaje Sandstone, Prob-
ably leaching wag negiigibie at mmoset asitez in the canyons because these
aites are nesy poinis of ground-water discharge. In fact, some soluble

material may have been deposited adjacent o wany sites.
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Sedimentary Laboratory-Test Data

Laboratc:y analyses of grain size, coefficient of sorting, and
the percentage of soluble material aid in determining the hydraulic
character of an aquifer. In most sandsione unite that yield water to
welis in the Mavajo country, the median dlaineter of the grains is be-
tween 0, 12 and 0. 38 wmin, or in the fine-grained range of Wentworth's
size clagsification {tables 1 and 7). The diameter of most p‘,;ains: is
between 0, 06 and C. 35 mn:, or in the very fine to imedium-~grained
.range,. Only a few water~bearing unitgs—the alluviun, Bidahochi For-
mation, _2‘3"}:.0’5‘5. sandstone, and parts of the ldorrison, ¥Xayenta, and
Chinle Formations ——contain grains coarser than medivm,

The arcangen.ent of the grains in a sandsione is usually re-
flected by the coefficient of sorting. GCeverally, the better the sorting
the higher the percentage of pore space. In uncongolidated deposits,
perosity is related direcily to sorting and grain size, bhut in consclidated
rocks ecementing wiaterial fills part of the pore gpace, decrcasing the
neorosity, The sortiing in c.ost of the water-bearing units is classified
as good to fair (see section on sedimentary foatures), and the co-
efficients of 30rting‘range from 1.183 in the De Chelly Sandstone to 1. 56

in parts of the Morrison Formation (table 7).
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- The solubie meterial, expressed as percentage, is meaterial

diszoived by a sclution of dilute hydrouchioric acia, The sclubie mineral

in moyt of the sane :;tom: uifers is chiefly calciur carbonate, part
of the ::emenung waterial, Gllice and other relatively insoluble sub-

stances are comasoniy bonding agsate, Secondary growth of guarts

was chserved on gquartz graing in sandetone sampled in nearly all paris

of the reservations, OCreins composed of imestone, dolomiie, and
other soluble material genevally occur in {nsipnificant gquantities in
the ssandtone beds., The soluble material constitutes a lerge nart
of any rock units, such a8 lirpure limestone beds, calearecus silt-
gtone, and sandstone beds, which acve tightly cemented and are es-
gsentially aguicivdes., Heds comronly containing more than 10 per-
cent of goluble material cecur in the Bidabochl Formation, Chuska
Sandstone, Dakota Sandstone, Liorrison Formation, Cow Springs
fandetone, Sunuserville Forwation, Enirade smndstone, Carmel
Formetion, Kayenta Formation, Moenave Formation, snd Wingste

savdstons,
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The effocts of grain size and degree of seorting on the ground-
water hydrology of sandstone aguifere in the Navajo country may be
magked by scluble material and the amount of fracturing. In wost
places, the presence or akaence of scluble meterial apparently affecis
permeabilit'y moere than {racturing, Leaching of rocks near the sur-
face re@cves some of the soluble material, thereby increasing per-
nzeabﬂity'. Hocks in the subsurface have a lower permeability as in-
dicated frow pumping tests, however, aad probably are unaffected

by weathering and littie aliected by leaching.
Conclusicus

Several geologic {actors influence the permeability and traas-
missibility of the bedrock sandsione aguifers of the Navajo country,
The grain gize, generally in the very fine to medium range, results
in a comparatively siow rate of water moverpent through the rocks.
Cementation, both Ly the generally inscluble giliceous materials and
the more soluble carbonaie materials, decreases permieability and
transmissibility, Fraciures increase gverali perwmeskility and transg-
iseibiiity, Effects of both fractures and cement are ncted in the
variability of the bydraulic properties computed from pumping testa,
but cnly the effects of cementation are noted in the hydraulic properties
determined frora drill cores.
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. Regional geologic factors that directly infivence transmis-
sibility and more indirecily perueability are the broad lateral litho-
iogle changes, trends in thickness, intertcaguing, and wedging out
of aguifers, In meozt sandstone unitzy, where aili- and ciay-size
particleg iricma.se, permesability and transunisgibility decrease. This
relatic;ﬁ is especially apparent in the Wingate, Navajo, and Cow 3prings

sandstones (Jobin, 1962, p, 35-38, 42, 52),
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 The hydraulic properties computed from the tests are reia-
tively uniform and indicate cmuy slight differences in the aquifers,
except for the Coconino Sandstone and the alluvium, In general, the
coeificient of permeability is iess than 10 gpd per square foot, co-
efficient af.trmsmisssibﬁity is iess than 1,000 gpd per foot, and
specit’ié capacity is legs than 1.0 gpd per foot of drawdown, Con-
tra&ting with that of other bedrock aguifers, the coefficient of trans-
missibility of the Coconino Sandstong in the scuthwestern part of the
reservations and pearby areas is miore thaa 34, 000 gpd per foot. The
Coconinc Ssndstone is the principal aquifer in northeastersn Arizona,
but unfortunately in most of the reservations it containg water too
highly mineralized for use or it hag heen drained by degp canyons
carved by the Colorado and Little Colorado Rivers. The Navajo
Sandstone yields moderate amounts of water to wells in nearly half
of the reaervatmﬁs, but where it has a thick saturated zone this sand-
stonz ylelds large quantities of water to welis even though ite per-

menability {8 generally low,
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The aliuviun generally has much higher coefficients of per-
meability and transaissibility than the consolidated aguifers, sxcept
for the Coconino Sandstone., The alluvivm has not been developed
as much ag the other aquifers and its water-bearing potential is not
fully ’.:mov«'n; aithough its hydrauvlic properties differ considerably in
the Navajo country. The aliuvium probably will yield more than 500
gpua t.o welle In parts of Black Creek and Chinie and Fueblo Colorado

Washes,
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Chemical Cuslity of the Ground Water

Chemicai anaiyses of more than 1,300 samnpies of ground
water fron: the reservations indicate that the water is alightiy to
highly mineralized, usually hard to very hard, and chiefly of a bi-~
carbonate type. Hepresentative analyses are contained in "'Geo-
hydrologic Data in the Navajo and Hopi Indian Reservations, Arvizona,
New Mexico, and Utah-—Part Ii, belected Chemical .—'&nalfnes of the »
Ground Water, ' by L. B, Kister and J, i. IHatchett. The general
characteristics of the chewmical quality of the water are indicated in
table 8, which inea the ranges of the cherical constituents of the
main aquifers, and by maps, which show the distribution of dissolved

solida {fig. 37), fivoride (fig. 30), and hardness (fig. 3i).

Figure 30 {caption on p. 422) belongs near here.

Figure 31 {caption on p. 242) belongs near hece,
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Figure 30.--Map of the Navajo and Hopl Indian Reservations, showing

the distribution of fluoride in ground water,

Figure 31.~-H.ap of the Navajo and Hopl Indian Reservations, showing

the hardness as calcium carbonate of ground water,
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The dissolved-aolids content of the ground water ranges from
less than 100 to about 60, 600 ppin. Dissolved solids usually are less
than 500 ppm in wﬁter from aquifers in .'she‘ Navajo Uplands and Defiance
Plateau-Chuska Mountains areas {fig. 27). In contrast, concentrations
of 2, 000 t(; miore than 10,000 ppm: are common in water from aquifers
in Cretaceous rocks at shallow depths in the San Juan basin and in
aguifers in Fermian, Triassic, and Jurasgic rocks in the Ilack Mega
basin area north of the Little Colorado Hiver. High dissolved-golids
contents were reporied from deep waler wells and gag-test wells pene-
trating the Coconino Sandatone in the scuithern part of the Navajo
country—58, 300 ppm near Sandervs (ikers, 1062, p. 129) and 28, 300
ppiz: near Castle Butte Trading Post in the Hopi Euttes. Ground water
containing considerably more than 27, 000 ppin dissolved solids ceccurs
in oil and gas wells penetrating aquifers in Mesozolc rocks deeply buried
in the center of the San Juan basin (Berry, &. A, F., 1988, Xydro-
dynamicsg and geochemistry of the Jurassic and Cretaceous systems in
the San Juan basin, northwestern New Rexico and southwestern Colorado:

Stanford tniv., California, uwnpublished doetoral thesis),

223~



The principel chemical constituents of the ground water are
calciwm and sodium, and bicarbonate, sulfate, and chloride ions,
Combinations of these ions form four geperal chemical types of ground
waterwcaicium bicérbonata, sodium bicarbonate, sodiwn sulfate, and
sodiums chloride. Most ground water having less than 700 ppm dissolved
aolids is either calcium bicarbonete or sodiuiu bicarbonate, and that
cuntaining mére than T00 ppus is sodiwnr sulfate, calcium sulfate, or
godium chloride, UGradations beiween these types are common, and
much of the highly mineralized water is a bicarbonate sulfate type.

The wiinor chemical constituents ave fluoride, nitrate,
magnesiwn, sillca, and iron {(table 8). The concentrations of these
ions differ consliderably in different aguifers, but, except for {luoride

and nitrate, are tolerable for wost uses on the reservations,
Range and Distribution of the Chemical Constituents

Bicarbonste ia by fer the most comunon anion in the ground
water of the Navajo country {table &), It iz abundant in water from
ail the aguifers, but is not as objectionable as the other ions. The

range of bicarbonate is usually between 50 and 300 ppim,
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Sulfate and chloride are the chief objectionable constituents
of the sround water, Concentrations of sulfate are commonly more
than 200 ppm and a,éy e ar high as 4, 000 ppm (iable 8). Aquifers in
the Fntrada Sandstone, Coconine Sandstone, and Upper Cretaceous
TOCKS c;f the San Juan basin inay have a large aziount of sulfate. Jigh
concenirations of chloride are generally not as widespread as {bosee of
aulfate, even though water {rom the Coconine Sandstone in the Hopd
Buttes arca and fron the alluvium in sceveral scattered places contains
raore than 10,000 spm chloride,

The concentration of calciun:, including magnesiun, and
godium in the ground water usuvally is less than 300 ppuw: each. Calcium
iz the dominant caiion where ground-water recharge is considerable,
Thug, the ratio of sodivr to ecaleivin is low on the Defiance Flateau,
Chuska Mounteins and Zuni Mountaing, and Wavajo Uplands, but it
inereases progressively downdip from the recharge areas. In much
of Plack Nesa and San Juan basing, sodivm and calcivmm are in more

equal proportions; in places sodiun: may exceed caleiun,



The nitrate content of water from eprings and drilled wells
gener&uy is low, but that from dug wells generally is high. Water
from dug wells 11‘}537 contain more than 45 ppm, the upper limnit
reeommenﬁded by the U. 5. Public Fealth Service (1982). Wwuch of
this nitrate ﬁrobably was introduced through open or partly open wells.
Alluvial water, because of ineluded decaying vegatable n';a?.‘-:ef, tends
to be highest in nitrate. Nitrate in water from the conzolidated sedi~
meuntary ¢ & is low, usnally less than 5 ppu: and rarely more than
20 ppm.

Water in aguifers of the Black Nesa and lan Juan baeinz is
hlgh in fiuoride; elsewhere the fluoride content usually is less ihan
1.5 ppra. Water fron: the Dakota Sandsione and the Upper Jurassice

rochks used by some of the Horl villages and that in the adjoiring region
of Black hesa basin has a fluoride content az much as 6 ppm (ti 30),
Other high concentrations of fiuoride in Dlack MNesa basin occur locally
in water in the Wepo and Chinle Formations and in the alluvium..
‘:“~iear‘-.y all the water in the aguifers in Cretaceous rocks in the San
Juan basin sontains objeciionable amounis of fluoride, Water in the
Menelee Formation in the southern part of the hasin ccmmonly has
between & and 10 ppi: of fluoride, the highesat average concentration

in the Mavajo country.
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Hardness of Water

fiardnesgs, the sosp-consuming property of water, is caused
chiefly by calclun and magnegium and, in some water, by small
quantities of strontium and bariuni. The hardness is reported by the
Ceological Survey in paris per million as caleium carbonate, Grains
per gallon aiso i3 used in reporting hardness, Une grain per émlon
is equal to 17, 12 parts per millicn. The following claasification of

the hardnegs of water ig used by the Ceoiogical Survey:

Descriptive term PFarts per million
Soit 0-60
Moderately hard 81-120

Hard 121-180

Very hard 1804

According to this classification, little ground water in the
Havajo couniry is soft, and mosi is hard or very hard, Hardness
ranges from 2 to 15, 500 ppm. The distribution of the hardness is
shown on figure 31, and it seems to be contrclled wore by local
hydrogeologic conditions than by regionai conditions that influence
the cther characteristics of chemical guality. Cenerally, hardness
iz less la water discharging from springs and from shallow dug weilis

than it is in that from deep wells (fig. 31).
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Principal Controls of the Quality of VWater

The lithologic characteristics of the aquifer and those of
adjacent rocks exert a major control cn the dissolved-solids content
and chemical constituents of ground water, The soluble material is
less in the well-sorted ''clean sandstone of eolian origin, repregented
by the Navajo, .-virigate, and De Chelly Sandstones, than it is in other
aguifers, The solubie minerals in shaly unite above or beiow an
aguifer may afiect the chemical gualily of ita water., An ezcelient
example iz the sclution of gall beds iu the Supai Formation, probably
the chief source of the exceptionally high dissclved-solids content of
water in the overlying Coconino Sandstone in rauch of Black iMesa
basin (Akera, 1982, p, 149, 188).

Another principal control of chemical quality of groand water
is the distance the water has traveled from the recharge area. Nearly
all chemical anaiyses of ground water from recharge areas indicate
less than 1, 000 ppm dissclved solids, and many indicate less than
300 ppru., Digszolved solids increage noticeably downdip toward the
centers of hydrologic basins {(fig. 27). Dissolved solids downdip aise
may increase in part because of restricted circulation in the centers
of the basins—regional ground-water movement tends to be around

the periphery of the basins {fig. 25).
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Interaquifer leakage, active in neariy all parts of the reser-
vations, seems to influence the chemical quality of ground water,
Flushing, with accompanying interformational movement in the re-
charge areas, keeps the chemical guality rather uniform and the
-‘ﬁissolved—z.so}ids content low, High artesian pressures in the
hydrologic bazing ald interaquifer woveiment of water, and the
chemical guality tends to be fairly conaistent, even theugh thick

shaly rocits, such as the Mancos Shale, retard mixing of water.
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