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ABSTRACT

THE CEOCHEilISTRY OF THE "N" AQUIFER SySTElt,
NAVAJO AND HopI INDIAN RESERVATIONS,

NORTHEASTERN (lRI Z0l{A

Alan R. Dulaney

The "N" aquifer syster extends acroBs ruch of northeastern

Arizona, and is extensively utilized on the Navqio and Hopi Indian

Reservations. The aqueous geocheristry of this equifer has never been

investigated, although several studies have been devoted to todeling

groundwater supply. ?he "N" Byeter is colprised of the Glen Canyon

Group, dorinated by the Navajo Sandgtone, and includin8 the Kayenta

Forlation' the t{ingate Sandstone (Lukachukai }lerber), ud the lrloenave

Fonation. Following a strict sErpling protocol, 44 wells and springs

were salpled during one field sesson, with sore analyaes perfoned in

the field. Laboratory analyses via flare atoric absorption

spectrophotoreter ghowed that calciur was the chief cation for rost of

the extent of the "N" lyrter to the north and west, but thet sodiut

was irportent along the eagtern end southeastern portions of the

thesig. E!€r. Bicarbonete wag found to be the prirary enion to the

north and westr but gulfate and chloride elso exhibited high

concentrations to the cert a^nd routherst. Batios of veriour crtions

and enions alrd e Piper diegrar revealed two cbcricelly dirtinct bodies

of groundwater' with little gredation between their cheristrieg.
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X-ray diffraction and petrographic analysis showed the dolinant

lithology of the "N" syster to be quartz to feldspathic arenite with

riniral illite and saectite ag latrix. Calcite and silica were the

tqior cerents observed petrogrephically, although calcite cerent was

lore unevenly distributed across the study mea. Calcite celent wag

rogt noticeably abgent near thc surface and northweat end north of,
Black llesa. Geochelical rodeling was atterpted with various corputer

progrars, with varying results. The results of running fATEeF

revealed that carbonate systel geochelistry dorinates rost of the "N"

aquifer to the north and west of Black ltlesa, where the groundwater is

close to equilibriur with respect to calcite. Other processes,

probably rixing with groundwater leaking fror both underlying and

overlying aquifer systels, control water chetistry along the eastern

and southeastern rargins of the study area.
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CHAPTER 1

II{TRODUCTION TO THE STUDY

o

One of the least plentiful resources on the Navajo and Hopi Indian

Reservations of northeastern Arizona is water' both surface water and

ground water, of sufficient quantity and guality for hunan use. Ground

rater is the uost utilized forn of this critical but scarce resource.

.{ny study rhich ains to clarify either aspect of ground water thus

assures najor inportance, particularly to those Danagers responsible for

effective utilizat.ion of the resource. This investigation focuses on

the quality of ground water found in one of the rore developed aquifer

systeas in northeastern Arizona. The study area is defined as those

areas of the l{avajo and Hopi Indian Reservations of northeastern

Arizona, and the area around Navajo Mountain in southernrost Utah, in

which the rrN, aquifer occurs. This introduction distinguishes that

aquifer syster frol others in the area, provides r geographic setting

for the study Erea, and defines four lajor objectives of this

investigation.



Ob.iectives of the Studv

Groundwater punped fron the rrNrr aquifer systeo is currently

considered to be of adequate supply for all proposed uses on the Navajo

and Hopi Indian Reservations (see Figure 1). Many Hopis and Navajos,

however, renain very concerned about the large aaounts of water pudped

by Peabody Coal Conpany on Black Mesa and the effects of s,r"h *iter

removals on their future supplies. Hence nost work on the Reservations

has been focused on questions of quantity.

Processes of aqueous geochenistry leading to different water

chenistries in different areas have never been investigated. If water

chenistry is noted at all in nost studies, various classifications are

given (sodium sulfate vs. calciun bicarbonate, for example). Occasion-

ally the presence and anounts of other ions, as well as lithological

characteristics which night give rise to varying concentrationsr are

discussed in a general nanner (Cooley, Harshbargerr Akersr and Hardt

1969). The classification of groundwaters into various types, however,

and brief discussions of najor ionic concentrations, yield few insights

into how the varying water cheuistries Day have arisenr or how the water

has changed since it first entered the aquifer systen.

Yet water quality is equivalent in iuportance to water quantityt

and perheps even Dore critical in Dany uses. It is inportant to

understand the water-rock reactions which create the water chenistry

seen at any given point within the aquifer systeu. The chenical

couposition of water cannot be predieted in the absence of basic

knowledge of how it changes frou the recharge area where it enters the
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knowledge of how it changes fror the recharge area where it enters the

syatel to the discharge point where its water chelistry is of soue

concernr and where it is usually reagured.

Currently no corpilation of basic water cheristry data exists

for the "N" aquifer systel. The lack of this necesaary first step '

precludes any subseguent developrent of theoretical rodels of raterl

rock reactions which would lead to understanding the geochelical

processes at irork in the systen.

At least five sub-basins have been defined for the study area by

the Arizona Departnent of l{ater Resourceg (Daniel 1981), althouEh on

the basig of groundwater flow an earlier rajor regearch effort defined

only three (Cooley et.al. 1969). A recent and on-going regearch

project by the Arizona Departlent of Water Resources (ADWB) also

defines three groundwater sub-basins for the Navajo and Hopi Indian

Reeervations (T. Perry, personal collunication), which closely

approxilate those postulated by Cooley et.al. (1969). These three

sub-basins wiII be used in this thesig, and are shown on Figure 1.

The nature of the boundaries between these sub-baeins reaaing poorly

understood. Differenceg in geocherical processes within each aub-

basin have never been studied at aII.

Thug there is a great need for a corprehengive investigation of

the aqueous geocheristry of the "N" equifer syster, a rqjor source of

groundwater on the Navajo and Hopi Indian Beservations. Thig should

include a colpilation of basic water cheristry data, the definition of

geocherically dietinct cub-basins within the "N" systel, and the
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explanation of differing geocherical processes rhich lead to differing

water cheristries. The following three raior obiectives for this

theeis reet these needs.

Obiective 1

The first objective 3f tni" thesis'is to adequately describe the

spatial variability of groundwater chelistry within the "N" aquifer

systel. No baseline study of the "N" aquifer eyster has beeri

attenpted for at least thirty years. Colpiling various chenical

analyses of water saaples fror different nellg will provide a starting

point. Chelical analyses fron 44 we1ls salpled as part of this

thesis, collected with one lethodology during one season of one year

and analyzed at one laboratory, will greatly expand this database.

Several chelical parareters will be assirilated. Field reaaure-

rents include pH, tenperature, conductivityr alkalinitYr and

concentrations of digsolved gases. Laboratory analyses provide

concentrationg of aniong and cations euch ae bicarbonatel sulfatet

chloride, nitrater fluoride, calciun, nagnegiunr sodiunr potassiunt

and other retalg.

Data organiged into tabular forr provide the starting point for

subseguent objectives. Several graphical rethods exist which aid in

describing the range of spatial variabllity of groundwater cheristry

acroas tbe study are8. Accorpanying rape of the distribution of

chelical pararetera acrola the gtudy arear and trilinear diegrars

placing water analyaee into apecific cherical fieldg aleo organize



beseline inforlation. Log activity diagrang and ratios of related

ionic concentrations display irportant inforration.

Ob-iective 2

The second objective involves the attelpt to define digtinct'

geocherical processeg acting within each of the three sub-baein" Jfri"t,

were previously defined on the basis of flow patterns. It should be

possible to define different water coupositions which characterize

each sub-basin. Here the necessity of the conpilation of baseline

inforaation on water cheaistry will be ilrediately apparent. It is

hypothesized that water analyses fron each sub-basin should group

together. Graphical illustrations of water chelistry data would also

reveal distinctions. This is because the chelical proceaaea ltoverning

the final conposition of groundwater within each sub-basin are

hypothesized to be different for eech. Differences between the water

chelistry of each sub-basin lay be sharp or gradationalr but they

should etrerge frol the baseline data.

Ob-iective 3

The third objective is explgatory in nature. If distinct water

coapositions representing three distinct sub-basins can be

statistically deronstratedl then each different water cheristry rust

be produced by a digtinct set of weter-rock reactiong along the flow

path for that gub-bagin. Geological factors deterrine the set of

water-rock reactione which wiIl occur. Thia obiective dela'nds an
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adequate understanding of the lineralogy of the Glen Canyon Group as a

rholer along with knowledge of facies shiftg found within its

forrationsl and of gtructurel featureg that act to control groundwater

f low.

Irlodeling is the best tool to achieve an integrated underataniing

of the aqueous geocheristry operating within each gub-basinr and thug

within the "N" aquifer syster as a whole. Geocherical reaction path

lodeling is a theoretical process in whichr given initial solution

conpositions and nineralogies encountered along the flow patht

therrodynalically plausible sets of reactions are followed to a final

water corposition. The reactions path of a packet of water roving

through a group of rocks can be followed in terls of its progress

through the cherical gtability fields of the rinerals involved.

Reaction path lodels can provide a basis for understanding the

geochenical evolution of groundwater within the "N" aquifer systeu.

Geological factors such as differences in atructure or facieg

shifts are hypothesized to explain the differences between each sub-

basin. It is these geological factors which should produce a distinct

set of aqueous geocherical reactions which change the groundwater

corposition frol the area of recharge to the various discharge points

within erch gub-basin. The explanation of the geochelical evolution

of "N" syster groundwater in tepe of thege factors is perhaps the

roat irportant aspect of thie theeig. Theae Seological factors ray

shed light on the nature of flow boundaries between each sub-bagin.
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!!re Final Result

Realization of all of the above objectiveg will result in a case

study of the aqueous geocheristry of the "N" aquifer systel, a raior

aource of scarce groundwater oD the Navaio and Hopi Reservations of

northeastern Arisona. The geocherical evolution of groundwater as it
.3

loyes frol recharge areasr reacting with rocks of specific

rineralogiesr to diseharge Points will be rodeled and explained in

terls of the geology of the southwestern Colorado Plateau. This case

study will be useful to all those concerned with effective ranagenent

of this critical resource' including the U.S. Geological Survey' U.S.

Environrental Protection Agency' Navajo Tribal Utility Authority'

Indian Health Service, Navajo Nation l{ater Resources Divisiont Hopi

Tribal CounciI, Peabody CoaI Colpanyl and Office of Surface Mining.

The "N" Aouifer Svsteu

At least five rajor aquifers are recoginized (cooley et'aI' 1969)

within the Navajo and Hopi Indian Reservations of northeastern Arizona

and southernlost Utah. The geologically upperrost aquifer is the

Bidahochi Forration of early Tertiary age, irportant in that area

southeast of Black trlesa. The late Cretaceous forrations of Black Mesa

itgelf--the Toreva a"nd llepo Fonationg--fon another aquiferr but one

of lirited extent. .An aquifer systel foged by the hydraulically

connected Dakota and Cow Sprin6s Sandstonesr the "D" aquifer lyater,

is also utilized on Black ltl?sa. Howeverl 'D" tyater water ig

brackiehr Bo poor in quality that it is used afuost exclusively for
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livestock. The "N" aguifer ryatel is corposed of the hydraulically

connected forrationc of the Glen Canyon Group. The "C" aquifer systea

ic dorinated by the Coconino and De Chelly Sandstonesr the Kaibab

Liregtone, all of Perrian ege, and the Shinanpp llerber of the

Triagsic Chinle Forrotion. Thie rost extencive equifer ie utilized in

the eouth""r, 
"ria 

eastern portions of the Navaio Reservation. Its'

quality varies fror excellent in the eastern portion of the

Reservation io poor in the gouthwestern corner.

The "N" aquifer syster is the rost utilized source of ground

water on the Hopi Reservation and on the northern portion of the

Navajo Regervation in northeagtern Arizona and touthernlogt Utah.

Several hundred wells have been drilled into thig eyeter gince the

Iagt centuryl and nulerous cprings have also been developed. Itlost

wells are equipped with windrills and purp water for use by livegtockr

although several igolated ferilies also derive dorestic rater fror

these low capacity rells. llellg which are the source of water for

dolestic gysterg, runicipal aupplies, and industrial usee deland

Iarger volures, and generally are equipped $ith electric sublersible

pulps. It ie because the "N" equifer eygter ir so heavily utilized

for these purDoles that it wal selected ag the focus of this

invertigation.

Sevcrrl fortatione of Juraeaic age corpole the "tf" aquifer

systcl. Thc upperrogt of thcge, the NavaJo gandgtoner Scncrtlly

dorinates the aquifer systel. The Kayenta Forration ia SGogrephictlly

wideepreadl in contrest to the ltoenave Forration, which ie preeent in
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the wegtern lnrtion of the atudy cr€8. The Lukachukai trlerber of the

l{ingrte Sandstone ia rore prorinent in the eaatern portion of the

study Ef€a.

Although rost of these forlations continue on into New lriexico to

the eeat and utah to the northl the study a1et wag lirited to provlde

better cohesion to the investigation and better corprebenrion of tie (t

processes involved. Boundaries were drawn eorewhat arbitrarily to the

northeagt in'the vicinity of Red lrlega. Elsewhere, erosional

boundaries provided natural lilitsr beyond which "N" waterg cannot

flow. To the northwest, the Colorado Biver, a rajor discharge zonet

providedanothernaturalrestrictiontothestudytrea.

PhvsiorraPhv and Clilate

The study area falls entirely within the gouthwegtern portion of

the colorado Plateau, whicb is both a geologic and a physiographic

province (Fenneran 1931). This region ig dorinated by Paleozoic and

lrlesozoic gedirentary strata, which are relatively horizontal gave near

rajor toldg, which are rostly of Lareride date. The central physio-

graphic feature in the study area ls BIacL ttlelal e larSe highland arca

occupying the center of the Black trleaa gtructural baein (stokes 1973)'

several rqior washeg drain thig featurc to the southwert, including

lloenkopi, D,ennebito, oraibir and Polecca Tccher. To the relt, northt

and northeast of Black ltlesa extcnd the lfrvaJo Uplands, a brord but

discontinuous area of land duneg and wind-stripped rock gurfECGsl
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principally the Navajo Sandstone (Cooley et.al. 1969). To the

northwest thig physiographic gubdivision is drained by Navajo creek'

and to the northeagt by Laguna Creek; Irlonulent Velley intervenes to

eeparate the two rajor areal of thig discontinuoug suldivision' Eegt

of Black llega lie the broad lorlandg of the chinle valleyr drained b9

l; rL- ---tt--- ^ 
:

Chinle breek. South of Black ltlesa, dro9ping off to the valley of the

Little Colorado Riveri is the Painted Desert phyeiographic

subdivision, ciaracterized by broad and rolling tablelands in which

the Hopi Buttes volcanic field fong a prorinent intrusion. Figure 2

illustrates the relationshipt between these phygiographic regions.

Distinctive topographic features of the geri-erid to arid landscape of

the study area include resas, buttee, hoodooc, yardangst rock

terraces, escarprents, end canyons, both vertical-walled and V-rhaped'

The highest elevetions within tbe study area are found on NaVajo

lr{ountain (10,344 ft), end the lorest along the little colorado Biver

to the eouthwest of the study area (apProxilately {1500 ft). The

northern and eagtern portione of Black Mega are aleo high (8'120 ft et

its northernrost point), deEcending to approxirately the 6t000 ft

Ievel at the Hopi villrget on its aouthwestern extcnllong' Tbe

northrestern Navqfo uplandc also range between 5'500 to 61500 tt in

elevation. The chinle velley is generally lowerr in the {1500 to

5'500 ft ran6e.

Average annual precipitation on the gouthwestern portion of the

Colorado Plateau ranges fror 6 to 22 inches (Cooley et'al' 1969)'

Elevation is a raior factor influencing Precipitation arountst
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particularly in the lurler. l{inter atorrs arile fror Pacific air

la33ct and frontal activity, while suller storrs draw roigt air fror

the distant Gulf of lrlexico. The rcsult is two distinct ret periods

during the year, the firgt fror Decelber through February and the

second fror July through septerber; iley and Junc ere the driert lontha

of the yeer'(Sellers 1960). Suller precipitation occurs in the foJl

of intenge thunderstorrs, often very localizedr concentrated on

highlands above ?,000 ft. Because rainfall is intenge and short-

Iived, runoff ig high with little infiltration. It is likely that

greater recharge to the "N" lnd other aquifer systers occura aE a

result of anorlelt than frol suller thunderltogs (Coo}ey et.lI.

1969), even though total arounts of precipitation are greater during

the surler.

Six rajor vegctrtive rones are repregented within the Colorado

Plateau: the Lower and Upper Sonoran Zones, the Transition Zonet the

Canadian Zone, the Hudgonian Zone, and the Alpine Zone (Hunt 1967).

Only the first three actually occur within the gtudy aresr although

the Transition Zone is represented in nearby lountainous greas.

Distribution of there lones is correlated with differencea in

elevation, topography, goils, cnd cliratic conditionr'



CHAPTER 2

SI.fiI{ARY OF GEOLOGICAL AND }IYDROLOGICAL CONDITIONS

I ntro4$ct ion

Irlost previous geological studies on the eouthern Colorado

Plateau have focused on problels of stratiSraphy and sedirentology.

Previous hydrological studies have concentrated on questions of water

supply. Excellent regional studies have been perforred under the

auspices of the U.S. Geological Survey (Cooley et.aI. 1969)r in which

both geology and hydrology were investigated. Several other studies

of lirited extent have been carried out by private sponaors and other

governrental agencies. These have focused on sp€cific wellg or well

fields, and the geological conditiong to be expected. Several theses

bave concentrated on either geological or hydrological features of the

southwestern Colorado Plateau (LuttrelI 198?, Sargent 1984' Scott

19?5, Francyzk 198?).

A basic underetanding of the geological conditions inherent in

the aquifer eyster ruat be attained before any understanding of

hydrological conditions can be achieved (Frecze and Cherry 19?9). The

geological environrent affects patterns of recharge and dircherge

rFCEsr ag well ae the quantity of groundwater florint through the

tystel. Geological conditiong detcrrine which areas arc undcr cloged

conditionsr and which are open to the atrocphere. Flor directiona are

14
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influenced by underlying fonations, Structursl feeturea can

facilitate recharge along joints rnd faultsl 88 well as discharge fron

springr. Facieg shifts influence rineralogyr a rqior deterlinant of

rater cherirtryr at proportions of graing, rltrix, and cerents vary

betwccn facies.

' This chapter sets the background for the thcrir. First'

previous investigations within the study area are reviewed in order to

gurrarize relevant infonation. Second, rajor aources of water

cheristry data are discuesed as to their utility and liritationg.

?hird, the regional geology of the study area ig gurrarized. FinaIIy,

hydrological characteristics of the "N" aguifer syster are discugeed

in order to provide a frarer,rork for undergtanding the geochenical

evolution of groundrater within this syster.

lrlaior Rerional Studies of Geolotv and Hvdroleologv

In 1946 the U.S. Geological Survey initiated a field inventory

of wells and springs on the Navajo rnd Hopi Indian Recervations of

northeagtern Arizona. Helle drilled up to 1961 were included in a

corpilation of wellg and rpringe published by the Arizona Stete Land

Departrent (Davisr Hardtr Thorpsonl and Cooley 1963). Sore of this

l{avqjo Project inforretion hac been incorporated into Appendix I of

this thesig, which deccribcs wells corpleted into the "N" aquifer

syatel.

The recond volurc concieted of the rceults of cherical analyaee

of sarpleg taken fror verious wellg and springt over thc coursc of the



16

Navajo Project (Kister and Hatchett 1963). Thege analyses included

rqior cations and anions, field parareters such as pH and

conductivity, and leasurelentE guch eg godiur absorption ratio which

are no longer routinely included in cberical analyees. The water

rarples were takcn over several yecrs tire, and during different

seasons, and thus do not accurately represent aquifer conditions a;,

any one point in tine. Analytical rethods and field techniques are

not discussed (Kister and Hatchett 1963). lrlogt rethods have underSone

substantial changes over the last thirty years. OnIy sore of these

analyses have been incorporated into Appendix I of this thesis.

However, no gerious atterpt has been rade to update thia study

in the intervening quarter-century. llany rells described in this

report no longer exist, and rany lore have gince bcen drilled. In

particular, the infonation on water cheristry should be brought up to

date using rodern rethods of salple collection and cherical analysis.

In order to check on the possible effectg of heavy purping by

Peabody Coal Corpany on its Black Mesa leasehold' the U.S. Geological

Survey during the late 1970's developed a rathelatical rodel of

groundwater flow within the "N" aquifer syatcr (Eychaner 1983). The

todel nas a gtandard U.S. Geologieal Survey two-dirensional finite

difference rodel for non-steady state flow (Trercottr Pinderr and

tareon 1976).

Initial estirateg of raturated thickneaae!' hydraulic

conductivitieg, storativities, and water levelg were rade fror data

corpiled by the U.S. Geological Survey, principally fror the Navajo
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Project (Cooley et.al. 1969). These data were considered

representative of aquifer conditions prior to 1965 (Eychaner 1983).

Since lining began after 1965, pre-1965 conditions represent the

aquifer systen in its natural equilibriul state. ConditionE are

lonitored annually for several observation wells, and updat"" 
"""'

issued by the U.S. Geological (HiII 1983' 1985' Hill and Whetten

1996 ) .

The nodel was linited in its extent. No-flow boundaries were

assuned to the southwest, south, and east, where rocks of the "N"

systen are truncated. The groundwater divide between the Kaibeto and

Black Mesa sub-basins to the northwest was assured to be another no-

flow boundary (Eychaner 1983). An arbitrary boundary approxinating

that of this investigation was drawn to the northeast. But the aodel

did not cover the total region enconpaEsed by this thesis.

Calibration consists of adjusting input to the rodel until

colputed valuesr usually head valuesr are acceptably close to values

observed in the field (Wang and Anderson 1982). In rost rodeling

gituations, this reans adjusting the lodel until it agrees with the

initial head values or water levels used to congtruct the rodel. In

essence, this is uging the original estirates of hydraulic conditions

to ratch the original estirates of hydraulic conditions' a solewhat

circular procedure. Only occasionally are rodels run to ascertain

areas of uncertainty, and then new field values gathered where the

rodel needs then the Dost.
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sole liritations have been noted for this roder. Estirateg of

evalntrenspiration rates rere off, although this apparently rade

little difference in rodel predictions (Brown and Eychaner 1988). The

extent of the rodel was sufficient for its original purposes of

ronitoring Peabody CoaI Corpany withdrawals, but does not cover thi
full extent of the study aref encorpassed by this thesis. I threel

dilensional nodel right be considered rore appropriate for an aquifer

systen conposed of several hydraulically connected fornations,

particularly since the "N" systeo has a wealth of field data corpered

to other systeus in northeastern Arizona (t{ang and Anderson 1984).

This nodel received a significant update in 1988 (Brorm and

Eychaner f988). Several refineoents were lade in the rodel gridr and

in the .anner in which leakance frou the overlying "D" aquifer systen

was sinulated. A nore accurate representation of the aquifer was

achieved. Close agreelent betreen the revised and original 1983

lodels suggest that lilitations discussed above did not affect rodel

perforlance. This rodel is ilportant in that it is accepted in this

gtudy as indicative of flow patterns and steady-state aquifer

conditions, and thus of the beginning and ending points for reaction

paths. Figure 3 illugtrates equilibriul water levels and flow

directions as rodeled by the U.S. Geological Survey for 1984 (Brom

and Eychaner 1988).

geveral other studieg have been done on the 'N" aquifer systel,

but roet bave been focused one only one locality. Peabody Coal

Corpany has for several years ronitored conditions on and near itg
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Black Mesa leaseholdr with particular attention paid to the "N" and

"D" aquifer systeus. l{ater levels in geveral wells are ronitored on a

continuous basis, and water sanples are periodically taken for

chenical analysis. Irluch of this data has been reported to the Office

of Surface lliningr end has been exarined as part of this thesis.

Although Peabody CoaI Coupany has prepared several reports on

hydraulic and cheuical conditions on their leasehold' these are not

generally available for public distribution. Nonetheless' their

leasehold is perhaps the nost actively uonitored locelity within the

area covered by this thesis.

Another intensively studied but extreuely localized area is

located six niles east of Tuba City in tbe northwestern Navajo

Uplands, and consists of an abandoned nine with associated disposal

ponds and tailings piles. This area is being investigated and cleaned

up as a Uraniun MiII Taitings Beuedial Action proiect site by the U.S.

Departnent of Energy (1986). Twenty-four wells and one spring were

sanpled in 1985 as part of the groundwater study, and the resulting

chenical analyses were utilized to show noveuent of the contauinant

plune under the lill site. SIug testa were also perforued on eight of

these rellsr and aquifer characteristics such as hydraulic

conductivity were neagured. Transnissivityr storage coefficientsr and

hydraulic conductivities were algo obtained fron aguifer tests run at

wells north of the forner plant site.

other localized studies have been perforned by other

governDental agencies. Levings and Farrar (1977arbrcrd) prepared a
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series of water-level raps for the "N" systel under the auspices of

the U.S. Geological Survey. The National Park Service (NPS) has

perforled a series of chenical analyses of water sa.lples and punp

tests to leesure aquifer characteristics for their old well at Navajo

National lrlonulent north of Black !leg8. The Bureau of Indian Affairi
(BIA) has also conducted water sa.npling for chelical analyses. Th;

results, howeverl Er€ not conpiled into any one report or stored in

any single rebository; rather they are scattered across both

Reservations in various Aglency offices. The Indian Health Service

(IHS) has also conducted geohydrological investigations at several

Iocalities, usually in advance of well construction. Once conpleted'

rells are sanpled and aquifer tests perforued. The resulting chenical

analyses and aquifer Deasureuents are conpiled into a project file for

the specific wells built' which are then turned over to Navajo and

Hopi authorities. One such authority is the Navajo Tribal Utility

Authority (NTUA), which naintains and operates uunicipal water systens

on the Navajo Reservation, and which keeps records on well

construction at its nain office. The Navajo Tribe has also coupiled

records for geveral water wells on the Navajo Beservationr although

few cherical analyses for these wells are available.

The Arizona Departrent of t{ater Regources is currently

lnvestigating groundwater conditions in the Little Colorado River

Basin as part of the adiudication of water rights within this basin

(T. Pepyl personal conlunication). Aquifer gystels heve been renared

for geological fornationa, with the "N" called the Navajo/Lukechukai
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aquifer and the "D" called the Dakota/Cor Springs aguifer. However,

rogt results of this ongoing gtudy ere as yet unpublighed.

Several lasterts theges have been focuged on geological

processes in rocks related to the GIen Canyon Group located on or near

the Navajo and Hopi Beservations. Sargent (f984) inveetigated

intertonEuing relationshipsobetween the lfavajo gandstone and the

Kayenta Forlation in northeastern Arizona; ehe found nine cyclically

occurring sediientary facies resulting frou a variety of depositional

environuents. Three depositional episodes resulting in three lajor

stratiSraphic conponents in which the facies were found represent a

shift frou fluvial sedilentation to aixed fluvial and aeolian

sedinentation to predoninantly aeolian sedinentation (Sargent 1984).

Luttrell (1987) perforled a basin analysis of the Kayenta Forlation in

which petrology played a laior rol.e. She found the Kayenta Fornation

to be a continental redbed asseublage which could be divided into

north and south regions based on differences in paleocliratic

indicators, depositional environrents, and eandstone colpositions. In

the northern half of the basinr rivers flowing south and west

deposited graina derived fror uplifted crystalline rocksr eedirentary

rocksl and localized retalorphic rocks (Luttrell f987); this

corresponds to the gandy faciea of the f,eyenta defined by Harshbargert

Repenning, and Irwin (1957). To the southl rore internittent gtreals

flowed northwest, depositing grains derived fror volcanicr plutonic'

and sedilentary source rocks; the regulting aedirents comespond to

the silty facies of the Kayenta Forration (Harghbarger et.al. 195?).



z3

Only a few theses have been written with the object of

investigating groundwater in the study 8r€8. Ott (f981) constructed a

lodel of the "N" Byster for the Black Mesa sub-basin which was

independent of the better known U.S. Geological Survey rodelr but

based on a siailar finite difference corputer code. Predictions ba3ed

on the two lodels appear to be giuilar. 
r

Several of these studies have provided useful inforlation to

this investigition; excellent nineralogical and hydrological data were

taken fron Luttrell (1987) and Ott (1981) in particular. None of

these works have been oriented towards aqueous geocheaistryr end

certainly none have addressed the geochenical evolution of groundwater

within the "N" systea. The lack of inforlation on aqueous

geocheuistry underlines the iuportance of this investigation.

Historical l{ater Chenistrv Data

Although processes of aqueous geocheaistry acting to create

differing water colpositions within the project area have never been

studied, water sanples have been chenically analyzed by several

agencies for years. The object of such water eElpling is ronitoring

water quality. Appendix I of this thesis contains several historical

water analyses. Table 1 liets several of the agencieg fror which well

construction details and water quality data were obtained. In Teble 1

the quality of inforration found at thege agencies is subJectively

aggeesed and assigDed a ranked score frol zero (non-existant) to five

(excellent) I based on conpleteness, accuracyr and relative age.
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Table 1l List of Archival Sources of tfell Construction and lfater
Quality Infonation.

Drtr Source: Qulitl of hforntiol:
l[ency hcrtion 0ffice lfpe Cleriml Coutructiot '

---------- ,
0.t, 0eolojicrl Srrray llrgrtrlf nb-dirtridt | {
Blrem of ledira lffriru hbr Citl rgetct
Blreru of lldiu Affriru Chille rgelct
Bureru of lldiu lffliru lt, Defiuce Uetct
Bureru of Indiu lffrirs leus Cuyoa rtency

trrrjo lrter Beeourceg Dir. Pt. Def iuce tribll 0

larqjo lrter I $mitrtiot rsrious tribal 0

flatqjo ?ribal Utilitl tuthoritt Pt. Def irnce rrter corput
Ildirn [erlth $enice leug Crnyor digtrict
Indiu flellth $enice lubr Citl district
0ffice of Surfrce tining Delrer regionrl
Bwironreltrl Protectiot lgeac! 8u Frucilco refionrl
lriloar Dept. lrter Berourcer Phoenil ttrte
lrilonr 0eologicrl $urrey ?ucsol ltrte 0 {
Oil I 0u Conilsion Phoenir rtrte 0 |
trtionrl Plrh $enice Ft, Collilg reflionrl 5 5

The Navajo Tribal Utility Authority operates its own chelistry

laboratoryr which has certification fron the Environlental Protection

A8ency. l{ater sanples are collected at regular intervals frol various

water systens operated by NTUA, and analyzed for rajor cations and

anions, bacteriologlcal counte, and radionuclide levels.

Several factorg lower the accuracy of ttrese analyses. A check

of records at the NavaJo Tribal Utility Authority showed that field
paraleters euch ag pH, terperature, and conductivity rere not actually

reasured in the field. lfater talples Here usually collected frol
faucets along the water syater rather than frol the wellhead. l{hile

this rethod lay result in sanples representative of the water systen,

L
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it does not yield sanples which represent water corposition within the

aquifer, gince lengthy contact with pipes and the atrosphere pernits

changes in water cheristry. Delays of up to several ronths occuged

between the collection of a water sarple and its chelical analysis in

the laboratory. Such delays perlit cherical changes within the '

sarpler and deterioration of the analytical results, '

A conputer listing of available water cheeical analyses for the

"N" systen was obtained fron the U.S. Geological Survey. These

analyses covered a forty year spatl extending fron 1947 to 1987. For

each sauple, date and tine and analytical concentrations were listed.

Little background inforuation, such as field techniques' types of

sanpling points, preservation techniques, transportation and storage

tiues, and analytical nethods' w&s available. Often even the

Iaboratory utilized for the analysis could not be deternined. Such

variables have changed considerably gince 1947.

0f far greater value are the chelical analyses reported by the

U.S. Geological Survey in the series of open file reports covering the

nonitoring of water levels in the "N" systel around Black Mesa (HiII

1983, 1985; Hill and Whetten f986). These aalples are prirarily fror

the wells on the Peabody CoaI ColBany leaseholdr althoughr since 1986'

other wells frou surrounding areas have also been sslpled. Because

field techniques, sanple collection and Breservation, and laboratory

analygis are all to lodern standards, this data can be congidered

highly reliable. By coincidencer Bor€ of the wellg sarpled by U.S.

Geological Survey in 1988 were also salpled as part of thig thesis'
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The Bureau of Indian Affairs operates several wells at various

BIA schools on both the Hopi and Navajo Reservations. These wells are

sanpled at regular intervalg, and the waterg analyzed at laboratories

certified by the U.S. Environnental Protection Agency. The Bureau of

Indian Affairs also operates a chelical laboratory in Gallup, New '
C)'

Irlexico. Copies of water analyses of recent date were obtained frou

various offices across the Beservationsr prirarily the Chinle Agency

office. Atlain, no indication of field techniquesr sanple and preser-

vation lethods, or storage tire was provided, reducing the reliability

of these reports. No water chenistry infornation at all could be

obtained froo the Bureau of Indian Affairs laboratory in Gallup.

Indian Health Service constructs wells which are then turned

over to the Navajo Tribal Utility Authority on the Navajo Reservation,

or to connunity water connittees on the Hopi Reservation. Upon

coupletion of the project, the wells are salpled and chelical analyses

run. Again, field, collection, and preservation technigues,

transportation and storage tiresr and analytical nethods are not

always clear, nor are records for all wells drilled in the last forty

years available in the various field offices scattered across the

Reservations. No records could be obtained fron the Navajo area

headquarters office in lfindor Rock. llany records are several years

oldr and ray involve lethods no longer congidered acceptable.

Sore cheaical inforration incorporated into Appendix I nas

obtained fron literature sourceB. The Uraniun lt{ining Tailings Reclan-

ation Act project near Tuba City collected water sanples frou 22 wells
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for cherical analysis and published the results (Departlent of Energy

1986). No inforlation was provided concerning field or preservation

lethods, storage tiuer or laboratories utilized.

The National Park Service provided considerable infornation on

their well into the "N" systel Located et Navajo National lrlonulentr'

near Shontos Arizona. The Navajo Nation Division of Water Resourci!

naintains records on various wells on the Navaio Reservation' but as

yet has no water chenistry data. The Navajo Tater and Sanitation

Departnent operates uostly livestock wells; and does not collect or

analyze water sanples. The Hopi Tribal lfater Resources Departaent is

in the process of developing data base for the Hopi Reservationr has

few records not available elsewhere, and does not yet collect or

analyze water sauples itself . The U.S. Off ice of Surface ltlining

provided chenical analyses for wells on and near the Peabody Coal

Conpany leasehold, provided to then in turn by Peabody CoaI Conpany.

Virtually no other private well operator on either Reservation

collects water sanples or runs water analyses or even raintains

records concerning their wells,

Unfortunately a nunber of problens restrict the utility of these

hiEtorical analyses for evaluating water cheristry within the "N"

systen, as noted in a recent audit of the U.S. Environrental

Protection Agency's irplelentation of the 19?4 Safe Drinking l{ater Act

(General Accounting Office, 1980). Thia report noted that no colplete

inventory exists of all water eysters or of all water wells utilized

for drinking water. The General Accounting Office also noted serious
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deficiencies in sarpling end analysis. These included lack of

standardized sanpling procedures (taking sanples prior to flushing

systea or frol contalinated sarpling points thus obtaining an

unrepresentative sanple, not checking field paraneters such as pH and

terperaturel inconsistent or non-existent preservation of sarples),'
_t

Iack of training foi fieta technicians, lack of record-keeping,

transportation difficulties and conseguent lengthy storage tines. Due

to often wide differences in analyst coupetency, analytical nethod-

ology, analytical equipnent, and effectiveness of quality control

proceduresr the General Accounting Office (1980) found that nost

laboratories analyzing water saoples fron the Navajo Reservation

exhibited wide ranges in accuracy and precision, often on nultiple

subnissions of the sane water sanple. l{ater sanples were collected

and analyzed as part of this conpliance reviewr yet even the General

Accounting Office (1980) failed to coupletely report the rethodolgy

and results of chenical analyses of water sanples which they

collectedr thus succunbing to the saoe errors which they pointed out

in other agencies. Their report calls into question the validity of

alnost aII water chelistry inforlation historically available frol the

project arear and eaphasizeg the need for a databage consisting of

inforratlon gathered under one saapling rethodology during one period

of one year and analyzed by one analyst on the sane equipnent.
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Geolorical Descriotion of the Studv Aree

The "N" aquifer systel is rade up of forlations of the Glen

Canyon Group of Jurassic age. The well-studied Glen Canyon Group can

thus be considered the prinary geological unit of analysis of this

thesis. Its gtratigraphy, lithology, and structural characteristicJ
t

uust be briefly described.

Stratilraohv of the Glen Canvon Grouo

The uppernost fornation in the GIen Canyon Group is the Navajo

Sandstone of early Jurassic age (Blakey' Peterson, and Kocurek 1988).

The Navajo Sandstone is described as a nediun to fine-grained quartz

arenite, weakly ceuented with calciun carbonate (Harshbarger et.aI.

195?); this lithology is renarkably consistent throughout its extent.

Outcrops of this fornation are extensive across luch of the study

area, particularly in the Navajo Uplands, and display conspicuous

high-angle trough cross-stratification which identifies the Navajo

Sandstone as a classic aeolian fornation. Thickest to the northrest

in the study area, it pinches out along the eastern and southeastern

Dargins of Black ltlega. At Kaibito the Navajo Sandstone is 1150 ft

thick, at Shonto 950 ft thick, at Kayenta ?40 ft thickr at Dennehotso

478 ft thick, but only 15 ft thick west of Chinle (Harsbbarger et.al.

195?). tt is not found in New lrtexico or on the Defiance Plateau

(0tSullivan and Green 1973).

In the northwestern portion of the study ares' the Navajo

Sandstone intertongues with the underlying l(ayenta Fonation in a
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corplex fashion described and analyzed by Sargent (1984). The Kayenta

Foraation of early Juraseic age is not divided into lenbersl butr as

thoroughly described by Luttrell (1987)r distinct petrofacies are

present due to lateral variationg in deposition and gource temanes

within a single continental basin. Near Kayenta thig forration is i
(). 

j

fine-grained gandstone with sone rudstone, the "sandy facies"

recognized by Harshbarger and others (1957). Luttrell (1987)

recognizes a subfeldspathic and a plutonic feldspathic petrofacies

within this northern and northeastern division. To the southwest the

Kayenta Foruation grades into a series of intercalated siltstonest

nudstone, and sandstone, and increases in thicltness. l{ithin this

"silty facies" Luttrell (1987) recognizes a feldspathic volcaniclastic

petrofacies, a nixing zone between the two. The "silty facies" of the

Kayenta is not included in the definition of the "N" aguifer sygteor

due to lower hydraulic conductivities. The "sandy facies" is 144 ft

thick near Kayenta, tzl tl thick near Tsegir and 153 ft thick near

Navajo Creek; the fornation thickens to the southwegt as it grades

into its "silty facies," beconing 495 ft thick at ltloenave and 678 ft

thick along llard Terrace (Harshbarger et.al. 1957). The shift froa

one zone to the other is not well delineated, as it is largely buried

under Black lrlega, but it does occur across luch of the thesis aree.

Only the northeastern portion of Black Mesa and the northeastern

NavaJo Uplands clearly fall within the "sandy facles" of the Kayenta

Fornation. It ie in this northeastern area that the fonations of the

Glen Canyon Group can aost accurately be terled a rultiple aquifer
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systerr for the "sandy facies" of the Kayenta Forration is water-

bearing. This forlation Dinches out to the eagt and goutheastr and is

entirely absent at Stealboat Canyon.

Conforlably underlying the Kayenta Forration are the two rerberg

of the lrloenave Forlation. The Dinosaur Canyon ltlerber is a fine

grained to silty fluvial sandstones with gole aeolian lenses, a.nd tiie ''t;

Springdale Sandstone Melber is an aeolian sandstone. Both are

spatially restricted to the western and northwestern portions of the

study area. The lloenave Fornation is not defined as part of the "N"

aquifer systen due nainly to its separation fron the Navaio Sandstone

but also due to its silty tithology and resulting low hydraulic

conductivities. Along with the silty facies of the Kayenta Fornation

in the southern portion of the study arear the Moenave Forration

separates the underlying Lukachukai l'leuber of the Wingate Sandstone

fron the Navajo Sandstone.

The tfingate Sandstone is the lowest unit of the Glen Canyon

Group, and consists of two lelberg in northeagtern Arisona. The lower

Rock Point Menber confornably overlies the Triassic Chinle Forlation

across luch of the central portion of the Navajo and Hopi

Reservationsl but is not present to the westl northr and southeast.

Here the t{ingate Sa,ndstone ig not divided into rerbers. The

Lukachukai lrlenber unconfomably overlies the Chinle Forration. The

Rock Point and Lukachukai lrlerbers are reDorted as intertongueing to

the east and southeagt of Black lrlega (Harshbarger €t.aI. 195?)r but

O'Sullivan and Green (19?3) report unconforlable contacts between the
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two lerbers. Of the two rerbers of thig forrationr the Rock Point

lrlerber is now seen as late Triassic, while the Lukachukai lrlerber ig

considered early Jurassic (Elakey et.EI. 1988). Where the forlation

ig undivided, north and wegt of Kayenta, the entire tfingate Sandstone

is defined as early Juraggic (Blakey et.al. 1988). The Bock Point
c,.

trlenber consists of a series of silty sandstoner siltstone, ludstone

beds, and it is thus not defined as part of the "N" aquifer systen.

In contrast, the Lukachukai lrlelber is described as a fine-grained

quartz arenite with large-scale cross-etratificatioDl 8ll aeolian

sandstone. It is a rajor unit the of the "N" lultiple aquifer eysten

where hydrologically connected to the Navajo Sandstone. It is

approxiaately 300 ft thick acrosa luch of the study area (Harshbarger

et.al. 195?)r thinning to the west and south of Black ltlesa. It is 127

ft thick at Piute Canyon north of'shontor 17 ft thick at Navajo Creek'

?4 ft thick at Dinosaur Canyon, 133 ft thick at lrlontezunats Chairr and

113 ft thick at Stealboat CanYon.

The "N" nultiple aquifer syater is thus thickest in the northern

and northeastern portions of the study arear where the Navaio Sand-

stone, the gandy facieg of the Kayenta Forrationr and the Lukachukai

lrlerber of the lfingate Sandgtone are directly hydrologically connected.

Figure 4 illustrateg the stratigraphic relationshiBs found elong the

northern portion of the study tF€3. Theee roeks of the Glen Cenyon

Group are particularly rell-exposed in the northern lnrtion o.f the

study erea. To the south and gouthwest of the study 8t€81 the lloenave

Forration and the silty facies of the Kayenta Fonation separate the



two nain water-bearing units, the Navajo

lfenber of the l{ingate Sandstone, both of

direction. Here the Navajo Sandstone is

fornation of the tt11ft systen.
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Sandstone and the Lukachukai

which are thinner in this

the only significant

ghowing relationshipe and ageg of late
forrationsr fron Blakey, PeterBonr and

Figure 4: Stratigraphic coluln
Paleozoic and early ltlegozoic
Kocurek (1988).
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Confininr Lavers

The silty relber of the liddle Jurassic Carne} Forlation acts as

the upper confining lay to the "N' aquifer systelr wherever it is

present. llhere it is not present the "N" systen is under unconfined

or water-table conditions. The litbology of the Carlel Forration '

tbecoaes progregsively sandier to the gouth and southwest, where roctl

of the "N" syster thin out due to erosion or lilite of depoaition

(O'Sullivan and Craig 1973). Above the Carnel Forlation is the water-

bearing Entrada Sandstone; the division between the tro becoles

arbitrary where the Carnel is predoainantly sandstone.

The Triassic Chinle Forlationr 800-1500 ft thick across lost of

the thesis arear acts as the loner confining layer for the "N"

oultiple aquifer systen. Its uppemost lenber is the OwI Rock renbert

conposed of linestone and calcareous siltstone (Akersr Cooleyr and

Bepenning 1958). This unit is approxilately 300 ft thick betreen

Round Rock and Castle Butte southeast of Black lrlesal thinning to 270

ft thick near Caneron and 130 ft thick at Lees Ferry on the Colorado

Biver (0'Sullivan and Green 1973). It has been eroded away in the

Chinle Valley, but thing to the southeast of the Hopi Buttes area

(Akers et.al. 1958). Below this unit lies a thick aeguence of

siltstones and rudstones, in which halite and gypsul beds are knom to

occur.
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Other Aouifer Svgtens

The aquifer syster located above the ,'N" ayster ig the "D"

aquifer ryster, corprired prirarily of the Dakota and cow springr

Sandgtonesr and l{estwater Canyon lrtelber of the }lorriron Forlation.

This systel ig rilited to Black lresa end itg iuediate environs;

elsewhere erogion hae reloved it. Figure 5 illustrates the relotive'
positions of the "D" aquifer, the "N" Byster, and the underlying "c"

systen by leans.of a siuplified cross-section across Black lrlesa. The

"D" syster is currently developed alrost golely for livestock use on

both Reservations, due to the brackish nature of the groundrater. The

"D" sygteu contains levels of fluoride which can exceed six ppn

(cooley et.al. 1969). on Black ilesa the zone of the greatest
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saturated thickness of the "D" and its highest hydreulic head values

overlie a rajor groundwater divide in the "N" systel (Levings and

Farrar 19?7a, l977cl fror which "n':. groundwaters flow both northeast

and south. Eychaner (1983) has noted that concentrations of sulfate

and chloride are ruch higher in the "D" than the "N" systel, and that

hydraulic heads in the "D" systel are about g00 ft bigher than in the

"N" aquifer. Although significant leakance fron the "D" to the "N"

has been discounted (Eychaner 1983) for purposes of rodeling water

supply, it is not clear that leakance does not to a large extent

deternine water chenistry by neans of lixing; the evidence is lacking

to clearly establish its roIe. The possibilitieg of interfornational

leakage across the Carnel Fornation and the Entrada Sandstone lust be

considered relatively high, particularly in the southern portion of

the study area where the Carrel and Entrada becore virtuelly
indistinguishable sandstones.

The underlying aquifer eysten is the "Cr" coDposed prinarily of

the Coconino and de Chelly Sandstones, as well as the Shinarulp llelber

of the chinle Fornation, and the Kaibab Foruation. This systen is by

far the lost widespread in northeastern Arizona, and algo one of the

least well-known. Few wells are drilled into this syster in the Black

Itlesa area due to its depth, Becharge occurs along the Defiance Uplift
and the lt{ogollon slope (cooley et.al. 1969)r rnd groundwater loveg

east and north. Near the recharge areaa the quallty of "C" Bystel

groundwater is good, but dissolved golids concentrations rige as the

watere flow down gradient (Daniels 1981), Dissolution of extensive



37

evaporite beds within the underlying Supai Group or the overlying

Chinle Fortation could contribute to increasing ionic concentrations

(Cooley et.al. 1969); Ednonds (196?) reportg sodiur, bicarbonate, and

gulfate as having elevated concentrations in the Sonsela Sandgtone Bed

of the overlying Chinle Forration. In the Chinle Valley the "C" '

groundwaters becole confined under exDosurea of the SIen Canyon Criup,

where the "N" systen groundwater is unconfined.

The possibilities of interforuational leakage acrosa the thick

sequence of relatively inperneable Chinle beds fror the "C" to the

overlying "N" uultiple aquifer syster right aeel relote at first
glance until possible differences in hydraulic head in the Chinle

Valley are considered. Potentionetric raps of the "C" 8nd "N" aquifer

systens prepared as part of an ongoing ADtfR project (lrl. Kennard,

personal connunication) show the-potentioretric surface of the "C"

ranging frou slightly greater than to nearly equal to that of the "N"

in the northeastern portion of the study area, frol the vicinity of

Many Farns north to Dennehotso. Upward leakance is quite possible in

this area' but is less likely under the eastern rargins of Black Mesa,

where the "C" potentioretric surface is geveral hundred feet lorer

than the "N" surface. There ie also a posgible Eource of elevated

sodiur, chloride, and bicarbonate concentrations in the "C" aquifer

south of the study EF€r. Flow lines suggest that even along the

southern rargina of the study area, flow in the 'C" aquifer ie east to

west, with virtually no possibility of northrard roverent of

groundwater frol the saline Holbrook Basin 8F€Er
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Structural Elelents of the Southwestern Colorado Plateau

Geological etructures on the southwestern Colorado Plateau

affect groundwater flow, and thus are irportant in the geochelical

evolution of groundrater within the "N" systel. The rain structural

elerentg include ronoclinal foldsl norlal faultsl and extensive

jointing. Figure 6 illustrates rany of the rajor structural features

of northeastern Arizone. Scattered volcanic features of Tertiary age

are also related to these structural eleaents.

Folds occur across the study area, and rhile lany are not well

expressed in topographyr the large ronoclinal folds are striking

proninent. Davis (1977) has recognized two rajor orientations in fold

patterns on the Colorado Plateau, trending N2O0l{ and N55b, resulting

fron reactivated fault orientations in the underlying Pre-Canbrian

baseaent rocks over which younger rocks have draped. liithin'the study

area large lonoclinal foldsr the Cow Springs and Red Lake ltlonoclines,

forn the Uounaaries of the Black Mesa sub-basin on the northweet and

west. The Echo Cliffs and Organ Bock itonoclines forn the western and

eastern edges of the northern half of the study area itself. The Cow

Springs and Red Lake ltlonoclines aleo lark the division between

confined and unconfined conditions within the "N" aquifer syster west

and northwest of Black !le!a. The total hydrological effect of these

large drape folds, howeverr is not totally clear.

Nurerous anticlines and synclineg also exigt rithin the etudy

arear and while less prorinent, ray exert considerable influence on

hydrological characteristics. The large Black Mese syncline runs



Figure 6: ilap ehoring locat ions of lajor
northeaetern Arisona, note nunerous folds under
fron Doeringefeld, Aluedor and Ivey (19b8).
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north-northwest to south-goutheast through the Kaibeto Saddle under

Black lrlesa. A large syncline running northeast through the Tyende

Saddle ray deternine a groundwater flow divide in that or€r.

Several folds underlie the southeagtern and eastern rargins of

Black lr{esa, These include the Bir Syncliner Black ltlountain Anticline,

Pinon Anticline and Syncline, and the Kears Canyon Anticline. '

Although they ray not be surficially expressed, faults often accolpany

such foids, pioviding conduits for vertical groundwater lovelent.

Interestinglyr this area underlies the area of "D" systen recharge, as

well as one of the aajor groundwater divides for the "N" eysteo frou

which groundwaters flow both south towards the tittle Colorado River

and northeast towards Laguna Creek and Chinle Creek (Levings and

Farrar 1977a).

Faults in the study area tend to be norual, hiEh-angle, and with

the exception of reactivated high-angle Pre-Carbrian baserent faults,

exhibit snall displacenents. Few truly rqior fault systelsr such as

occur in the Grand Canyon area (Huntoon 1969), have been napped, A

few faults have been aapped in the area of Navajo Mountainr but these

probably have little effect on groundwater flor. By far the rajority

of faults have been lapped in the northweatern portion of the thesis

8r€E1 betreen Kaibeto, Copper ltliner and Page. Orientations of thege

feults are both parallel and transverse to the trends of the nulerous

synclines and anticlines algo running through the tF€t. The

groundweter divide rapped by Levingg and Farrar (f9?7b) occurg in this

Er€as and lay be related to these nuleroua faults.
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Jointing is prorinent across the Colorado Plateau, occuping in

all kinds and ages of rocks (Kelley 1966). Unlike the folds, joints

are probably the result of several tectonic forces and thug of several

diverse ages (Kelley 1966). In the Black l{esa basin fractures Ere

poorly exposed due to aeolian sand, vegetative coyer, and lud derivrid

fror the lrlancos Shale. Three trends hive been noted,' to the 
C

northwestr to the northeast, and a rinor resterly trend. Towards the

northwestern portion of the study are8, in the Kaibeto Saddle,

fracture trends are northeasterlyl northerly, easterly, and less

proninently northwesterly, and are auch better exposed at the surface.

There seens to be little relationship to the northresterly folds

crossingl the area (Kelley 1960). West of Black llega rost joints trend

northerly, and several soall faults occur parallel to the crest of the

Preston llesa anticline. Northeast of Black ltlesa on the Tyende Saddle

jointing tends to be northerly, although sole northwesterly and

westerly trends have also been rapped, despite extensive sand cover.

North of Black Mesa jointing trends are irregular and diverse, with no

consistent relationship to the nurerous steep folds which run across

the area (KeIIey 1960). It Beela likely that jointg ere vital to

recharge of the "N" aguifer syster, given their ubiquity and

prorinence across outcrope of the Glen Canyon Group. They algo

contribute gignificantly to the developrent of secondary peneability.

Occagional volcanic featurea are gcattered acrogg the thesis

area. The Hopi Buttee volcanlc field is the rost prorinent rone along

the southern reaches of the "N" aquifer systel, and volcanics appear
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to overlie the Lukachukai ltlcrber of the l{ingate Sandstone near its
pinchout near Dilkon. PluSs and dlkes occur between Kayenta and Bough

Rockr generally following jointing trends. Dikes north of Tuba City

algo follow fracture patterns. Thebe volcanic features are irportant

in that they introduce differing rineralogies along the groundwater'

flow path; they extent to which they contribute to controtling wate'r-

rock reactions is lilited by their restricted geographic extent.

Description of Hvdrolorical Characteristics

The "N" aquifer systen is both confined ( its full thickness is

saturated and the water is under pressure) and unconfined. The linits

of the confined portion of the aquifer generally coincide with the

Iinits of the overlying confining layerr the Carael Forlationr and

thus with the lirits of Black lrlesa. Figure ? illustrates areag in the

vicinity of Black Mesa which are confined versua unconfined areasr and

shows flow directions ag forlerly interpreted. Elsewhere within the

thesis area the aquifer systel is under water table conditions; the

aquifer is only partially saturated. Water-table conditions prevail

in the Navajo Uplands weat, northwegtr north and northeagt of Blaclt

Itlesa, and in the eaetern portion of the aguifer in the Chinle Valley.

White ltleea, corposed of later lrlesozoic forrations, overlies 'N' rocks

north of Black ltlesa, but water in the "N" Byster is apparently still

unconfined under thie slaller phyelographic feature.

Direct recharge to outcropa of the NavaJo Sandgtone takee place

in the Navajo Uplands portion of the thesis EF€ar rostly between the
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considenble recharge.occurs along the interior drainages of Shonto

and Begashibito l{ashesl which erpty into a s!8ll epheleral lake near

Cow Springs forled by dune sands separating it froa Moenhopi l{agh.

Becharge results frol rinter precipitation; flashy suller storls

contribute little to groundwater recherge (Ott 1981).

The actual lechanists of recharge are unclearr but ray involve

several of the hypothesized scenarios below. a) Dune fields are

corgon in the Navajo Uplands, and dunes nay contribute to recharge in

that they store precipitstion which otherwise would be lost to

evaporation, and allow it to percolate into the underlying outcrop.

b) Severe structural deforuation north of Black Mesa algo likely

contributes to recharge by providing ioints which greatly increase

secondary perneabilityr and allow precipitation to percolate directly

into the rock. c) Rock pools found on the surface of the Navajo

Sandstone can hold preciptation for several daysr allowing it to

percolate into the rocke and forn a point of entry into the systeu.

This postulated aechanisrl howeverr is lilited by the grall size of

thege poolsr and by clays which accunulate along the botton and reduce

porosity. d) Alluviur in direct contact with "N" syster rocks can

gtore runoff, allowinS that portion which does not re-enter the wagh

syster to percolate down and into the underlying gandgtone.

Natural discharge occura along several gtrealg. To the

northwest Navqjo Creek, which is perennial in ao.e reacheg and flons

directly into the Colorado Biver, would appeer to receive conslderable

digcharge fror the "N" aguifer. To the northeaet Laguna Oreek is also
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perennial in stretches between Navajo National ltlonurent and Kayenta

(Cooley and others 1969)r and probably receives considerable input

froa the "N" aquifer systerr across which it flowg to eventually join

Chinle Creek. To the eagt Chinle Creek is the raJor gtrearr tributary

to the San Jua^n River, but it is totally unclear how ruch of a

contribution to itg flow is rade by the "N" aquifer eyster. ttarry ot

its tributaries draining Black Mesa to the west probably receive

inflow frou springs discharging the "N" systea. Irlany springs

contribute significant anounts of water to ltloenkopi t{ash and the other

washes draining Black Mesa to the eouthwestr all of which are

tributary to the tittle Colorado River. ltloenkopi llaah rould appear to

receive the greatest inflow, as it has been reported as perennial near

Tuba City in the past (Cooley et.aI. 1969). Discharge varies

seasonally, with the greatest alounts in the winter and apring (Ott

1981)' and is likely to be hidden in the alluviul of dissected washes,

where it is lixed with discharge frou other aquifer systens guch as

the "D" systel.

Groundwater flow has been reported by nost authors as loving

fror recharge arecs around Shonto and Navajo National llonurent south

under Elack ltlesa, hence either southwest or east and northeast (Cooley

€t.El. 1969, Ott 1981, ItlcGavock and Levings 1973). Brown and Eychaner

(1988) alao show groundwater roving north and west fror the

southeastern and eagtern rargins of the "N' syater near the Cbinle

Valley. ltlaps have ghown a groundwater divide running southwegt and

northeast fror the vicinity of Kaibeto to the Copper ltline area
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(Levings and Farrar 1977b). Another groundwater divide has been

proposed fron Shonto gouth and southeast throuSh Black ltlesa, dividing

the Black lrlesa and llonurent Valley sub-basins. These boundaries are

based on potentioletric highs, and can change location rith changing

piezoretric surfaces (Ott f981). Geological factors Soverning the '
't (,!

location of these flow divides rerain unexplainedr and indeedr it is

not clear how large a role geological factorg play in the

deterlination of hydrological characteristics guch as flow divides.

f{ater can be in transit for several thousands of yearsr iudging fron

the single reported radiocarbon date of 15,500 years for an area less

than eight liles distant frol the edge of the recharge zone (l{cGavock

and Levings 1973).



CHAPTER 3

FI ELD AND LABORATORY I{ETHODS

''' .Lu@duglb

This chapter covers the nethods used to collect snow and water

sanples frou the study area, field analytical and preservation

techniques, and analytical nethods utilized in the laboratory to

ascertain concentrations of cations and anions. Possible sources of

sanpling and analytical egor are also reviewed. Such a lethods

review is necessary in order to establish the quality of water

chenistry data.

Infornation retrieval and fietd ss1pling proceeded in several

phases. These phases included retrieval of archival inforlationt

inspection tours of various wellsr collection and analysis of snow

sanples, collection of water sanples frol pulping wellsr Deasurenents

of field parauetersr transportation and analysis of the various

sanples in the laboratory. These phases often overlappedr with

archival searches done, for exeople, whenever the need for additional

inforration arose. Sanples were analyzed aa quickly ea possibly upon

returning frol the field, prior to the next field tripr go that sanple

collection and analysis proceed concurrently.

47
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Archival Searches and Field Inspections

Archival inforration was gathered frou a variety of gources.

The inforlation sought included details of well construction such as

total depth, casing depth, perforated intervals, types of gulps,

construction dates, es well as hydrological inforlation such as stitic
water levelsr puap test results, and the dates various ..""u""n"iitJ

were taken. Historical chenical analyses were particularly sought

out. Naturally water resource offices of both the Navajo and Hopi

Tribes were first approached. Personnel in these offices were quite

helpful in providing full access to whatever linited inforration was

available on specific wells. Agency offices of the Bureau of Indian

Affairs (gtA) in Tuba City, Chinle, Ft. Defiance, and Keans Canyon

also provided considerable anounts of infornation, although, as

discussed in the previous chapter, this data was often linited in
scope and reliability. 0ffices of the Navajo Tribal Utility Authority

(NTUA), particularly the uain office in Ft. Defiance, provided free

access to laboratory analyses and well records. Field officee of the

Indian Health Service (IHS) across both Reservations proved iuportant

sources of data. The various Operations and Maintenance officeg of

the Navajo Tribal l{ater and Sanitation Departlent were also visited

for inforuationr particularly for those windnills falling under their
jurisdiction. The U.S. Geological Survey provided couputer printouts

of historical cherical analyses and well congtruction details for

wells developed into the 'N" syaten, and allowed free access to well

folders.
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After archival inforration had been gathered for specific wells

of interest, field inspection tours were lade prior to sanpling to

deterline the condition of these wells and their guitability as

saapling points. Often wells were found to be abandoned and capped.

Very often weII purps were broken and the wells conseguently no long'er

used, al{lough they still existed; this was particularly true of

windnills. Points near the wellhead to which the saupling apparatus

could be attached were not available on several wells. For those

wells which were obviously unsuitable for saopling, arternates were

found during these field inspection tours, and then archival sources

were revisited to obtain infornation on these alternative wells.

Snow Sanplinr

Because snowuelt constitutes the rejor source of direct recharge

to outcrops of "N" systen rocks (Cooley et.al. 1969, Ott 1981), the

snow pack of northeastern Arizona was sanpled to deterline the

chenical conposition of snowrelt prior to its entry as recharge into

the "N" systen. Precipitation is not pure and free of inorganic

chericals as it falls (Taylor 1987, Colbeck 1981). One rust know the

initial corposition of recharge waters, particularly for the "N"

aguifer eystel, since the recharge weters are little affected by

DrocesBes in the largely abeent soil zone. Knowledge of actual

cherical constituents is vital in rodeling the first stagee of the

geocherical evolution of the groundwater; the water chenistry of the

snowlelt becones a true inital solution.
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Eight snow sarpling }ocations were selected across the northern

portion of the study area rhere the Navajo sandstone is best exposed.

They ranged frol Navajo National ltlonurent in the east to Kaibeto in

the west, but are clustered within 30 niles of shonto, the location

rost often naled as the prinicipal rechar8e area (cooley and others'

1969' ott 1981, Eychaner 1983). Table 2 lists the sanpi'e locations,'

along with pH values, conductivity valuesl and the final tenperatures

after each sanple had been oeasured for pH and conductivity.

Locations are given in terls of universal Transverse lrrercator

coordinates, both in Table 2 and nost subsequent tables, since this

systen is world-wide, reasured in reters, and can be used in conputer

rapping; other locational systeus in northeastern Arizona are

confusing, duplicative, unfauiliar to nost people, and cannot be used

in conputer napping. A concentrated effort was nade to gather all the

snow sanples in one field tripr in order to niniaize any differences

due to differentiar nelting over tine. sanpres were taken fror the

thickest portions of the snowpack at each sanpling location. sanples

at nost locations probably do not represent snowfalls throughout the

winter season, but only drifts of the ratest heavy gnowfall rhich

occured about a week prior to salple collection. However, sarples

taken at Navajo National lrlonurent and at t{avqio lrlountain lay represent

several preserved enowfalls; at these points slall trenches rere cut

nith e trowel ringed in distilled water, and sone evidence of leyering

within the snowpack was obgerved.
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Table 2: Snow Sanple Locations,
Conductiv ites

pH Values, Final Tenperatures, and

Sarple !

Nrnbcr !
a

I

I
z

3

{
5

6

7

I
I

------ I
f 

----- 
|

l{ean: i

std. :

Dev.. i

Sarple
Iocrt ion

lNaveJo Net'l tlon
ll{avaJo Net 'I tfon

Shonto TP

Nevajo Creeh
t{avajo l{tn.
Nava jo !ltn.

Piute Canyon

Ke ibeto
tf i ldcat Peat

ttlll Um Helttng pH Specif ic
Northin5 leatlng Tcrpcreture conductiv

(degrecg C) (rv)
B3:t3l !=:;r::::trrt::a3!=:33tt:aSattt=a:===!a=:=t::rr-t:lat:E-33a=r-=:a

I
a

r05 91 50

{05 9150

{050650
{05 1200

{110000
{ 1 10000

40?8{50
{0{ 3700

4025 700

5{ 1000

5{ 1000

53{{00
5 1505 0

520000

520000

526{ 5 0

{ 92600

{9?850

13.9 g. lg
12.8 E.52
13. 6 g. 15

12. 5 6. {g
13.2 6.9{
12.9 6.05
10.2 9.33
10. 5 6, g1

10.9 6. E{

12,26 ?.39

1 .32 0.91

7

I
7

7

I
9

l0
t2
L2

9.00

1.89

t{ean:

Standard Deviet ion:

In order to sanple the furr anticipated depth of the snow pack,

a snow sanpling tube was constructed of two inch dialeter Schedule 40

PVC pipe. One end of the five foot long pipe wag closed with a

reuovable plug' while a sharpened coupling nas attached to the other

end to act as a bit. The device was built on the rodel of a Bureeu of

Beclanation snow depth leasuring tube, with chenically inert pvc

substituted for stainless steel. This device weg acid-washed prior to
the snow sanpling field tripr and wag rinsed with distilled water

between each salple. The bit was detached and stored tn a sealable

plastic bag, and the tube cloeed during travel between collection

eites in order to rinilize contanination with dust or dirt,
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The snow salple was taken by rarlinS the tube into the snor

packr end erptying the contente into sealable plastic freezer bags.

Arountg tdten averaged ebout a qutrt. Sarples were doubled-bagged in

freezer bags to rinirize contarination or leakage. Sarples rere

transported back to Bilby Berearch Center in a frozen etate; no othcr

preservation rethod was etterpted. e, , ''

A few saaples were taken in a slightly different ranner, by

digging a slall hole into the snowpack with a stainless steel trowel,

also acid-washed prior to the field tripr and then scooping up snow

fron the excavation wall into plastic freezer bags. The trowel was

rinsed with distilled water prior to salpling, and was stored itself
in a freezer bag. This additional rethod was carried out with the

goal of exanining differences between the two lethods; it was felt
that digging out snow frol below the snow pack surfaee light elirinate

any contaoination frol surface dust, which would be picked up in the

saapling tube with the salple coluln,

Several sourees of sarple contalination which could skew the

analytical results can be found in the sarpling process. Falling

plant debrie such ag pine needles or berk could introduce orgenic

colponents with which snorrelt could react. Changes in concentrations

reeult fror alternate relting a,nd freezin6 over tire, particularly

within the first portione of reltwater to undergo such cycles

(Johannegcen arrd Henrikgcn f978). Dugt is a raJor source of

conta^rination (Legrandl Aristarainl end Delrac 1982)r particularly if
several snowfalle have left a rulti-layered snowpack with each level
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exposed for gole tile to the surface. Handling ga,lples with prastic

gloves, rinsing equipnent with deionized water, and double bagging can

rininize chances of contarination during the sarpling process (Taylor

1987); only the first technique was not utilized in this study.

The freshest snows collected had been on the ground over a reekl

and no. further snowfall was recorded due to the end of the winter. No

rain was collected during the sunoer for analysis since sutner

precipitation is described as a ninor source of recharge (Cooley

et.aI. 1969r Eychaner 1983, Ott 1981).

Once transported back to Bilby Research Center' the double-

bagged snow saoples vrere stored in a freeze? a few days until

analysis. The snow sanples were placed in a refrigerator to slowly

oelt, which required two days; slow uelting allowed sanple

teuperatures to renain at about 40 C to preclude any bacteriological

activity that would affect the dilute concentrations in the reltwater.

The saoples were not nelted in an inert gas atlosphere container, and

renained in contact with the roon air. The neltwater was then

filtered through a 0,2 nicron Millipore filter and collected in acid-

washed polypropylene bottlesr with each bag yielding about 200 rl of

water. These procedures are sililar to thoee recollended by Taylor

(1987), again with the exception that plagtic glovea were not worn.

The first paraoeter reasured was pH. An Orion 701 reter with a

Corning corbination electrode was usedl after calibration with

standard buffer solutions. Salple rater, still at 40 C' was placed in

a beaker and tbe electrode inserted and readings td<en. The resulting
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valuesr along rith the terperatures recorded at the end of the initial
leasurerents (rool terperaturee), were presented in Table 2.

A probler was quickly noted. Irleasurelents did not stabilize,

and shifted over tire fror about 8.5 to 7.0 as the aarple water

rerained in contact with the roor atrosphere and quickly heated to '

rooa telperature. The problen right fave been avoidid had the ".nni""
been relted in an atlosphere of inert gas such as nitrogen. It seeos

likely that contact with carbon dioxide in the atlosphere cauged the

pH shift observed. It also seeEs likely that such a shift would also

occur in leltwater entering the "N" aguifer systel as direct recharge,

since the snowpack has gufficient pore spaces to allow atrospheric

contact with the leltwater prior to its infiltration; indeed, near the

ground surface cavities occasionally develop on the bottorgide of the

snow packo '

Specific conductivity was also leasured, but found to be

uniforlly low. Alkalinity titrations were done for each sarple, and

the resultsr reported in leq,/l and in nE/Lt algo were uniforuly low.

Given the pH range, alkalinity lay be considered to be dorinated by

the bicarbonate anion, which the titration reagured. Fluoride wes

reasured with the gelective ion electrode, but in each sa,rple levels

were below detection liritr. Cation concentrations were leaaured on

the flare atolic absorbtion apectrophotoreterp rB degcribed in a

following gection. Anion conccntrations lrere run on the ion.

chroratographr as described in a following gection. Begults are

ligted in Table 3 for each sarple, along with etatistical reane and
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standard deviations fror that rean. Any concentration falling beyond

one standard deviation frol the rean attracted particular attention.

Table 3: Cherical Constituents of Snow Sarples

Suplaltltrlilitl lllrlititl Crlcirr lrjrcriu Sodiu Poturirr Clloridc litnte Srlfrtc Plorpbrte lnorir'
luhrl (req/ll (ts/ll (rsill (r/ll (rrltl (rglU (ultl (:lill (u/U (rrlll (rglll

I
I

rr:rrr | ::rr:rt-

;;;;,'
$td,

Ilet,:

unknorn unlnorn

35. ?0 0, ?0

?0,{0 l.{l
158,{0 3,1?

51.80 1.06

26, l0 0.53

88.00 l, ?6

83, E0 1,6?

l?3,20 I.{6

?0, g9

{6, {9

0,31

0. 26

0, {5

l,l2
0.62

0,15

0,8{

l, ?l

1, 18

0,93 0, ?{

0,03 0, l0

0, 03 0, l0

0,07 0.80

0,05 0, l0

0,0? 0. t0

0.0{ 0. I0

0.ll 0,30

0, 13 0,10

0. 12 0.60

0,0? 0, 29

0,0{ 0. ?3

0, l0 0,08 0. 16

0, l0 0,11 0,30

0, 50 0,69 0. ?5

0, 00 0, ?[ 0,3?

0, l0 0,21 0.89

0.00 0, ll l, ?3

0.50 0,5? 0.09

0,30 0,16 0, ll
0,30 0.31 0,12

0,?l

0, l9

0, 19 0, I1

0, 19 0.35

0, ll 0.00 0.0?

0. {l 0.00 0,02

0,91 0,03 0.{3

0, 12 0,00 0,00

0.56 0,00 0,00

0.66 0,00 0,0{

0,50 0,0{ 0,00

0,63 0,00 0,00

1,0? 0,00 0, 3 1

0.01 0,09

0,01 0, 15

0,590,8?l. {?

0,26

As can be seen in Table 3, the greatest variability in any

single constituent occurred in calciun, which exhibited the lowest

concentrations in sarples taken frot the deepest snowpacks and the

higheet concentrationg in sanpleg reloved fror shallow beds of snow

representing only the latest Bnowfall. Reagons for this calciun

Ionger period of

would

tine to eguilibrate with the atrosphere

would have lower pH values, and thus

enrichnent are unclear. It be expected that deeper snowpacks,

have had a

and take in Dore carbon diox ide ,

contain larger concentrations of calciur. Yet it is the lore ahallow,
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fregher snorpacks that have the higher concentrationg. Sirilar

Datterns occur in alkalinity valuesr but not in ragnesiul

concentrationg.

Other constituents displaying considerable variabitity included

sodiurr chloride, nitrate, sulfate and a,rronia. Sodiur and chloride'

were equally high in Salple 3,(rrhich riSht be'taken as evidence of '

contaeination frot handling the sarple without gloves. Sodiun was

also higher thAn expected in Sanple 9, and the reason ig unclear.

Chloride was also slightly higher than expected in Salple ?r for

unknown reasons. Nitrate levels were quite bigh in the two sarples

fron Navajo lr{ountain, and again the reason is unclear, gince nitrate

levels were appreciably lower in the other satples taken froa a deeper

snowpack. Sulfate levels were elevated beyond one standard deviation

frol the rean in Sarples 3 and 9.- Arlonia levels were elevated in the

sane two earples. Sulfatte and anonia light be taken as evidence of

airborne pollution, such ag light be expected downwind fror the coal-

fired Navajo Generating Station at Page, Arizonar but Sarple 3 ie fror

Shonto, luch farther downwind than Sanples 8 and 9, and Sarple I did

not exhlbit unugually high levels of sulfete and monis,. It sbould

be noted that all concentrations are relatively lowr and aII

variability could be explained solely aa statistical salpling crDor

during analysis.

tfhen viewed ag sarpling locationsr Sarples 3 and 9r frol. Shonto

and lfildcat Peak respectively, displayed the hiShest concentrationg in

rost categories. Sarple 3 was taken with thc gtainleee steel trowel,



due to the shallowness of the anowpack at that location.

taken with the PVC snow sarpling tuber so differences in

techniques do not explain their elevated concentrations.

locations salpled in pairs with the two techniques, the

steel trowel seeled to deliver higher concentrations for

except calciul. The reason is not clear.

Sanple g

sanpl ing

For the

stainless

nost ions

5?

wag

two

Hater Sanolinr and Field Analvses

Water sanple collection fron the finalized salpling points

consuned several nonths of field effort. ?hie phase of the thesis

project was carried out in conjunction with a large salpling prollraD

undertaken by Hydro Geo Chenr fnc. l on behalf of the Bureau of Indian

Affairs, Branch of Rights Protection. Ag a consequence and a benefit'

nuch of the sanpling plan was dictated by the needs of the Hydro Geo

Chen prograu, The goal of their progran was to obtain well-controlled

isotopic and water salples fron that portion of the aquifer systen

falling within the Little Colorado River Basin in order to calibrate a

regional groundwater flow lodel with water chenistryr so the widest

possible areal extent is reflected in their selection of sarpling

pointsr which are ghown in Figure 8.

As part of the tlydro Geo Chel salpling ltrograr' 20 wells were

selected fror wells known to be developed solely into the "N" equifer

systel. These wells fomed the core of the thesis sarpling plan. But

the thesia area extendg beyond the area covered by the Hydro Geo Chen

aodel, so additional sanpling points were required, particularly to
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arount of well construction inforration that could be found for that

well. Wells were also selected to provide sanpling points along flow

paths so that changes in water chelistry fror one point to the next

could be observed. A total of 43 wells and one spring were sanpled

for the thesis. Of the three gub-basinsr Black Mesa was the best '

ganpled and lrlonunent VaIIey the least sanpled, due to the lack of '

wells available in that area. All wells saopled were purping wells.

l{ells equipped with electric subnersible punps had sanpling bibs

attached near the wellhead. Windnills chosen for sarpling as part of

the Hydro Geo Chen project were fitted with one inch couplings about

one foot above the flat plate by tribal personnel; another coupling

was placed over a hole cut through the flat plate to allow water level

neasurerents. This allowed connection with the sarpling apparatus

near the wellhead. However, no such fittings were ingtalled on

additional windnills selected for thesis sanpling. These windnills

were sanpled at the discharge pipe erhere it enptied into the storage

tank or near the top of the standpipe where the discharge pipe was

connected by a union. Windnills were only intended to be sanpled when

a steady wind was available for purping, and although field realities

often dictated sanpling during light and unsteady windsr this

intention was generally echieved.

Serial Sanolinr

Accurate characterization and analysis of groundwater deDends

heavily on the appropriate salpling procedure. The goal of an
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appropriste sarpling procedure is to obtain water salples and selected

field paraueter reasurelents rhich adequately represent that region of

the aquifer systel around the sarpling point. The water garples rust

have niniaal contarination frol anthropogenic influenceg and gurface

condit ions. a

i

Serial salpling was the rethod used to deterline when puaped

waters were free fron hunan contanination, contanination fron the weII

casing, and rdpresentative of groundwater within the "N" aquifer

systen. Serial saupling consisted of in-Iine flow cell leasurelents

of pHr tenperature, and specific conductance for two to six hours

until these paraleters exhibited stability. An easily leasured field

paraneterr pH is sensitive to species in the water. A Hach pH neter

and coubination electrode was eaployedl sensitive to 0.01 pH units.

The electrode seened to lore quickly stabilize than other electrodes.

l{ater tenperature fluctuates with changes in surface telperaturet

especially at low flow rates, and its stability reflected aquifer

conditions. Tenperature was leasured with a glass bulb lercury

thernoueter narked in increlents of 0.010 C, until all therloleters

broke; then telperatureg were read fror the conductivity probe.

Specific conductance depends upon terperature and the total dissolved

aalts in solutionr which right result frol casing contaninationr and

is also easily reesured in the field. A Hach conductivity leter'

calibrated deily, nas utilized for thig paraleter. It alao reasured

total disgolved golids and terperature.
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The flow cell itself consisted of PVC pipe designed to be

irrersed in a water bath to raintain constant sErple teuperatures.

The flow cell is attached to the salpling bib or coupling near the

wellhead via cherically inert plastic tubing; outside air never enters

the syster. Four outlets allow insertion of pH and conductivity '

probea and the therroneter through a diaphrtgt or rubber grorret suci

that punped well water flows continuously over the instrurentation

while renainin! free of atnospheric contaaination. The water bath

also allows tenperature equilibration of standard buffer solutions

used in pH neter calibrationl since a critical concern is that

standards be of the sare or sinilar teuperature as waters to be

neasured. The same applies to conductivity standards. FIow rates

through the ceII were never high enough at windaills to provide any

flow potential effects on pH readings; at electrically pulped wells

the rate was kept low by turning down the saapling faucet.

Serial teasureDents were taken at 10 to 15 linute intervals over

a two to six hour period. Measurelents were docurented on forns and

in field notebooks, and the pHl teuperature, and specific conductance

nurbers for each well in Appendix II are the final serial reasurerente

recorded. Bates of chenge were followed. Tenperature was found to be

consietently the rost gtable reaaurerent; specific conductance usually

exhibited the greatest variability. Stability wag deered to have been

achieved when reaeurerents of pH and apecific conductance varied less

than 3l over three consecutlve reasurerent periods. Begardless of

apparent gtabilityl at least three well volules were pulped frol the



we 11 over the course of the ser ial

weII bore $as flushed and free of

of purging three well volules has

water saupl ing techniques.
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sanpling period to insure that the

casing contanination. The practice

assuned the status of a custou in
\

In addition to paraneters reasured as part of the serial

sanpling procedure, concentrations of several inorganic species were

leasured in the field. These were oostly anions and dissolved gasest

which right be affected by the lengthy storage and transportation

tires involved in any sElpling progran on the Reservations.

Alkalinity was another ilportant paraueter leasured in the field.

ttlost field concentrations were analyzed with a portable Hach

2000 spectrophotoneter; two were purchased new for the project by

Hydro Geo Chen, Inc. Only waters collected fron the flow ceII after

chelical Etability had been achieved were utilized for analysis;

however, the pH electrode and conductivity probe often relained in the

flow cell as this water was collected, which ray have introduced sone

sarpling error. Over 250 specics can be analyzed with this

prograllable ingtrulent, but only about ten were reasured as part of

the Hydro Geo Chen sarpling protocolr and thus ag part of this thegis.

Sulfate, chlorider nitrater and fluoride were all reaeured in

the fieldr end were algo analyzed later in the laboratory. Analyses

rere run for nitriter fenous iron, total lron, gilica as Si02r and

sulfide when dissolved oxygen was legs than 0.5 ng/L Digsolved
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oxylgen was the only dissolved gas reaaured in the field. No

cotDarisons of Hach resultg with oxygen concentrations teagured via

tlinkler titrations or dissolved oxygen reters were done. Ferrous and

total iron, and to sore extent nitrate and nitriter were letsured as

redox couples, since Eh is considered such an unreliable parareter '

when leasured with an Eh reference probe. (-"

The analytical procedure was prescribed by Hach Corporation' and

was closely adh'ered to. Two optically pure and ratched glass cuvettes

were usedr oo€ filled with 25 oI of sanple and one with a blank

(either sanple water or deionized water). Reagents were added to the

sarple, and reactions allowed to proceed for a specified tire period.

The wavelength (in Angstrons) was set for the rethod specified. The

blank was then inserted into the light path of the spectrophotoleter'

the instrunent zeroedr the blank inserted, and concentrations directly

read. Besults were recorded in field notes and on the sare forrg used

in the serial sanpling.

Total alkalinity is a congervative paraneterl and thus is often

ueagured in the laboratory. However, in order to preclude any precip-

itation of calciur carbonate in unacidified salpleg over lengthy

transport and stora!3e titesr with resultant shifts in alkalinityt

titrations were done in the field. The titrant was 0.01639 N. ll2S01 of

reagent grade, and sarple aliquots norrally were 100 rl. A Clags A

buret was usedl and the salPle water was gtirred with o ragnetic stir

bar and a portable Hach table. The erount of titrant delivered (ln

increagingly snaller steps as the inflection point was approached) rnd
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the resulting pH (read fror the already calibrated Hach pH reter) were

recorded on alkalinity titration forls, along with notes on

terlperature shifts. Graphs rere usually prepared to detect the

inflection point' but this was found alnogt invariably slightly below

a pH of 4.5. Titrations were continued to a pH of 3.0, eince this'is
guch a vital field parareter. Although in truth other species

contribute to total alkalinityr in a carbonate systen with a pH

greater than'8.0 the douinant anions deternining total alkalinity are

HC03 rn6 gf. Because the carbonate anion is only present in negligble

concentrations below a pH of 10.3, the alkalinity teasurenent is taken

as the bicarbonate concentration as well, specifically for todeling

inputs.

Sone field analytical problens arose. During alkalinity titra-
tions sone arount of pH drift occurred due to equilibration of the

sanple aliquot with surface tenperEtures. Changes in tenperature were

noted, and did not always love up; during the coldest field sessions

sauple aliquots often cooled down below the aquifer teoperatures by

several degrees. One pH probe failed during a field sesgion at the

BIA Cottonwood 3 well; and ray have been inaccurate for an unknown

nulber of sanples Drior to its failurer although calibrations gave no

indication of such failure. Sulfate and chloride levels at sore wells

were ao high that dilutions nere reguired to lcasure ther, and

although Class A glassware was used to recure accurate voluaetric

deliveriesr field dilutiong are always lore suspect than those done

a laboratory setting. This is because field dilutiong were done in

in

a
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25 ll graduated cylinder, without Eppendorf pipettes and without

thorough rixing. Fortunately laboratory analyses could always be

substituted for field Hach analyses for these anionsr and other

species virtually never exceeded detection lilite. Problers keeping

the Hach Slass cuvettes clean also arose, although they were cleaned'

in the field with deionized water and acetone. Over the aany ronthJ'

of field work, scratches also developed on these cuvettes. This

decreasing optical purity lay have affected analytical accuracy to

sone unBredictable degree, different for each cuvette used.

Each Hach kit was calibrated in the laboratory by running known

anounts of standard solutions. The standards analyses were run both

at Hydro Geo Chen offices in Tucson and at Bilby Research Center at

Northern Arizona University. Fluoride was consistently accurate.

Sulfate and chloride were not as accurater and nitrate wag not as

accurate at lower levels, but aII of these species later were leasured

on the ion chronatograph in the laboratory. Although analysts at

Hydro Geo Chen developed correction factors for these anionsr the

field resultg noted in Appendix II have not had any correction factors

applied to ther.

Flow rates at the well where leasured whenever lnssible. At

rost rells equipped with electrical gubrersible purpsl flow leterg

were installed, and tined readings were taken frol ther. Flow rates

ranged frol 30 to over 100 gpr at guch relle. Becaulc these flow

aeters are periodically checked for accuracy by the U.S. Geological

Survey, and geveral of the wells utilized ae rarpling points had had
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their flow reters checked within a few ronths of the field season, the

readings were taken as eccurate within 10!. At those windnills where

the discharge pipe could be accegsed fror the outside of the storage

tank, a five gallon bucket was filled over a tiled interval. Rarely

did flow rates at windrills exceed three to four gallons per linute.'
.t

Senole Collection and Preservation

After chenical stability of the punped well rater had been

ascertained via serial salpling, and after (or occasionally concurrent

with) field analyses, water sanples were drawn for laboratory

analysis. Sanples were collected in 250 nl polypropylene bottles

which rere thoroughly acid-washed prior to field rork (soaked in 101

hydrochloric acid solution and rinsed three tiles nith distilled

deionized water). trtost of these bottles were newr but soDe were

acquired fron a previous study of nine drainages with extrerely low pH

values; all were washed in the eale rstltl€Fr At the well site, water

wag forced through an in-line Millipore filter (0.2 licron pore

dialeter) by the pressure of the discharging well. At winduills where

such pressure was usually ineufficient to force salple waters through

the filtration syeter, a hand pulp was uged. Each ganple bottle was

rinsed with filtered salple rater three tiles before being corpletely

filled. Three labeled bottles were filled per wellr one for cations;

one for anions, and one for archival purPoBes.

Filtration lust be done prior to sarple collection to rerove

bacteria, suspended claysr and a large proportion of iron and
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ranganese oxyhydroxides frol the sarple waters. These colloidal

particles are often rore repregentative of raterials brought up fron

near the well screen or perforated interval than they are of the

ground water in the aquifer syster itgelf. They also react to change

the cheristry of the nater serples Drior to analyaia. Bacteria '

consule nitrates, for exalple, and clay partfclel exchange cations.

AII sanples were refrigerated after collectionr in a cooler

filled with crushed ice. Cation sanples were further preserved with

analytical grade nitric acid (triple distilled), added to drop the
?-

sanple pH below /.0. Nitric acid of this grade is generally preferred

as a preservative over other strong acids because of its higher

purity. Anion sanples were further preserved by the addition of

phenyl nercuric acetate, a technique often used at Bilby Research

Center; its drawback lies in the'fact that the acetate anion

conpletely nasks the fluoride peak during ion chrortography. Howevert

as discussed in the following sectionr another difficulty with this

preservative was found during laboratory analysis. The filtered and

refrigerated third sanple was dependent solely upon refrigeration for

its preservation.

Additonal hydrological inforration was gathered wherever

possibler in order to update or supplerent inforration obtained fron

archival sources. Thig consisted prirarily of water leveler which

were leasured with a Stevens electrical sonde with a 300 reter

graduated tape. While the original intent ras to reasure rlter levelg

at every wellr difficultiee were encountered which rade attainrent of
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this goal inpossible. First, onry windnills fitted with couplings and

holes in the flat plate to allow insertion of the probe down the hole

between the drop pipe and well casing could be leasured. There was no

way to gain access to those windrills not fitted with such couplingg,

and only windrills on the Hydro Geo Cher sarpling ligt were so fitted.
Even rhen a coupring nas installed, the crooke&ress of the drop Bi'pe

in the hole often leant that the probe did not have an unilpeded

descent; it often got caught long before it dropped to water level,

and several tines nearly did not cone back up.

Second, wells equipped with electrical sublersible puups were

also equipped with centralizers ("spiderg") to laintain spacing of the

drop pipe fron the well casing down the hole, and these rubber or

steel devices totally blocked the descent of the probe. It was later

learned fron varioug field technicians that rater levels in these

wells are only teasured when the puep is pulled frol the holer

allowing a clean and uniupeded descent of a water rever leasuring

device. The water levels risted in Appendix II represent the lost

recent DeasureDents availabler either fron governnental sources or

frol field reasuretents.

Originally it had been planned to run purp testg at rost wells

sarpred by Hydro Geo cher, but this proved irpractical due largely to

the water level leaaurelent difficulties noted above, and due to tire
liritations. No observation wells rere uged, only the purping wcll.

One purp test was run at windrill 9Y-92, which at the tire was

outfitted with a punp jack driven by a gasoline rotor. Only one
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puDping rate could be used, which itself res very low and did not

produce sufficient drawdown for a good tegt. Archival searches

yielded good purp test results fror several sources' particularly

Indian llealth Service and National Park Service.

Possible Sourceg of Salolinl Error

Although every effort was lade to obtain representative sanples

and to preserve ther against cherical degradation prior to laboratory

analysis, it is recognized that several kinds of field sanpling emors

could have occurred. This nay have affected the validity of the

results, and nust be discussed.

Possibly the greatest single source of error lay in the lengthy

storage tines often involved between saaple collectionr transportation

back to Northern Arizona University, and analysis at Bilby Research

Center. It was not usually posssible to return to Bilby Besearch

Center the day after a sauple was gathered, nor was it alrays possible

to perforu analyses within a day of returning fror the field.

Filtration, refrigerationr and preservation techniques epplied in the

field were designed to linilize reactions within the satple bottle

that night affect concentrationg of analytes. Sarples were also

refrigerated in the laboratory Prior to analysie. Horeverl aore

effect of lengthy storage tires nust be exBectedr particularly on

anion concentrationg. But the alount of error fror thig .ource could

not be reagured.

a

j
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rclls equipped with erectrical gubrersible puups usually dis-
charged steadily between 25 and 225 gallons per rinute. But rells
purpcd by windlills never diacharged at such high rates, nor was the

rate constant. slow and uneven pulping rates at windlillsr which

forred a congiderable proportion of the sarple univerger taV have '
.t

arlowed sone sarple contarination through lengthy contact with pipe

laterials and the well casing. sole pH, telperaturel and alkalinity

shifts nay havb occurred ag contact with the atnosphere occurred

during the long lift tires frol the aquifer. Again, the extent of

such error could not be reasured.

Serial saapling was an attenpt to ninirize such drift in

sanples. It is not certain that continued teasureDents of pH,

telperature and conductivity insured a totally representative salple,

but it seeDs likely that nininal shifts in such leasurelents indicated

riniral shifts in salple paraneters as well. It is clear in the field

notes laintained for each well that drift in pH; telperature, and

conductivity for wells purped by electric punps and for wells pulped

by windnills where winds were steady and strong was at an equally low

leveI.

The worst salpling situations occurred when the windg were

erratic and light. Occagionally winds would die down altogether for
gore tirer and cerial rarpling reeruretentg exhibit considerable

variability for thore instanceg. Duc to tire conatraintlr gore

genplea had to be taken on dayg with light and variable winds, rhen

serial sarpling never indicetcd good cherical stability. These
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sanples are the worst gathered during the field phase.

that good weather can cause bad sanpling.

7T

It is unusual

In order to have sore indicetion of the presence or extent of

garpling error in the fieldr duplicater and in one case triplicatet

serples were taken at selected wells. The greateet percentage of

error in laboratory analysesi'of the triplicate sarples was less than

one percent; wells for which duplicate sanples were gathered had

higher percentige differences for the sane paraneter, probably because

the duplicate sanple was collected at a later date than the original.

Laboratorv Analvses

The goal of laboratory analysis of water saaples collected frou

the Navajo and Hopi Indian Reservations during one field seagon with

one field nethodology was to provide e consistent set of accurate

cheuical conpositions for "N" aquifer systel groundwaters at several

points across the study 8p€Bo This provides an accurate description

of the water chenistry of the aquifer systen for a relatively brief

period of tine during one season of the v€tr.

Perforlance of all analyses by one analyst ueing a standardized

rethodology on one set of ingtrunentation rith one set of reagents

ritigates against the introduction of various biases inherent in using

several workers at geveral laboratories with differing rethodg. The

report by the General Accounting Office (1980) notes wide dicparities

in analytical resultg for both real-rorld aarples and epiked serples

fror differing analytical laboratoriesr degpite utilization of siril.ar

a

t
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EPA-certified laboratory rethods. In order to obtain the greatest

poseible analytical precision for this thesis, the author alone

perforred aII cherical analyses using equiprentr reagents, and

distiUed water at Bilby Beaeerch Center.

llajor anion concentrations were deterrined on the ion chroratoj

graph, a l{escan Ion Analyzer equipped with a Spektra-Physiks sol"eni

delivery systel. Preparation of eluant (5 d'l PHBAI pH 8.5) and anion

standards has been standardized at Bilby Regearch Centerl and this

procedure was strictly follored. The basic analytical procedure is to

inject the salple through an injection port into the streal of eluant

flowing through the gyster and into the separator colurn. In the

separator colunn the passage of sanple anions is selectively retarded

and thus various anions separated out; the resulting chan6es in

electrical conductivity are ronitored by a conductivity cell' and the

regults passed to either a chart recorder or a colputer for recording.

Corparison of these curve areas with those of known concentrations of

standards yieldg sarple concentrations. Analyses of thesis sarples

were recorded as data files by a progra! called "Chronatograph-Chart"

which later allored quick analysis of those data fileg.

The anions anelyzed by this procedcure in the laboratory were

also analyzed in the field on tbe Hach 2000 portable

spectrophotoleter. Differences betreen the field resultg and the

laboratory resulte were often cubstantialr ta can bc aeen in Teblc 4.

Belsong for thc high percentage differences between the two analyeer

were not alrays clear, althou8h it ehould be noted that actual
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Table 4: Differences between Field and Laboratory Anion Anelyses
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concentrrtion unit differencea were often ruch graller than the

perccntage difference would suggest. In sole sarples laboratory

analysis ras delayed due to lengthy transportation tires back to Bilby

Research Center; thia ray haoe playld a lajor role in aarple

detcrioretion. Sarples analyzed in the field rere uauelly not
.'

filtered, whereas sanples taken back to the laboratory were invariably

filtered through a 0.2 licron Millipore filter; this too ray have been

a rajor factor in the analytical differences that were seen.

Dilutions in the field were rore hastily done with less satisfactory

equipnent than those done in the laboratory where good glassware and

Eppendorf pipettes were available' and this is certainly a causative

factor in differences between analyses for anions with higher

concentrations. Field analyses were often perforred under lesg than

ideal conditions of blowing dust and extrene telperaturesr whereas

careful bontrol of reagents, waters, and lethods was rigorously

laintained in the laboratory. This too Day represent a source of

divergence between valueg derived fron field analyaes and those

deterrined in the laboratory. In all casesr the laboratory results

are taken as superior to thoge concentrations resulting fror field

anelyseg, and are used in the geocherical rodeling portion of this

thesis.

Sore parereters, horeverr were better reasured in the field.

Nitrite wea letsured in the field, but no apDreciable nitrite

concentrationg could be found in laboratory analyses. Nitrite

degradeg so rapidly upon contact with oxygen in the atrosphere thet
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even riniral transportation tires allow drastic reductions in

concentrations; hence field reasurelent of this paraaeter is the best

rethod available. In ahost all ion chroratograph runs at Bilby

Reseerch Center the fluoride peak wag rasked by a broad peak which nay

represent soae unknown orlianic corpound, rhich could never be

identified. Hence fh" ftuo"ide concentratione obtained fron field '

analyses are preferable because they are the only concentrations

available. Siiicon dioxide was teasured in the field quickly and

easily, whereas laboratory colorinetric analysis would have involved

tine-consuning and difficult preparationg without any pronise of

substantially aore accurate resultsr so field deterninations were

used. However, Iater neasureDents of accuracy at Hydro Geo Chen

revealed an error factor of up to 28A (Chengr personal conrunication)r

showing in hindsight that laboratory deteminations of silica

concentrations should have been perforled.

No cations were analyzed in the field' so only those results

obtained at Bilby Research Center are available. Cations were

analyzed on a Perkins-Elner 500 flane atouic absorbtion

spectrophotoreter. Chelical interference was overcole by adding a

lanthanur-cesiun solution to the sanple to free up all cations.

The only cations aeasured were calciua, ragnesiurr potassiuat

and sodiur, the rost cornonly analyzed letals. Iron was analysed in

the field, and sensitivity on the Perkins-Elrer atoric absorption

spectrophotoreter did not allow a lore accurlte deterrination of this

cation. Field figures were ueed for iron concentrationsr although in
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retrospect, the lack of conaigtency in using filtered versus

unfiltered salple waters lay have detracted fron the utility of such

leagurelents. Irlanganete also requires greater sensitivity than

allored by the instrurent at Bilby Besearch Centerr and the gare is

true for alurinut. Bariul, boron, arsenic, crdliurl silver, coppei,

chroriul, and lead are other retalg rhich are often reesured io t.t8"

quality analyses but which were not analyzed for this thesis. Sore of

these, particularly alulinun, could have been ueasured by utilizing

the graphite furnace atolic absorption spectrophotoueter at Bilby

Research Center, but the tine and funding required to use this high

regolution instrurent were not available.

Stock solutions at known strengths of ultra high-purity calciun'

regnesiun, potassiun, and sodiun have been rade up at Bilby Research

Center, and several dilutions were prepared froa these standard

solutions for use in calibrations. Dilutions were also prepared for

each salple to be run in order to ratch the rorking range of the

instrunent for the specific elerent being analyzed. To each dilutiont

both salple and calibration standards, the appropriate aaount of

lenthanur-cesiut aolution waa added to rinirize tatrix interferences.

During analysis the concentrations reported by the instrurent were

recorded on paper, and latcr rultiplied by the correct factor to

eccount for the dilution. Care was taken to check the linearity of

thc calibration curve at freguent intervals to elilinate a gource of

electronic emor.
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Accuracv and Precision

Accuracy is defined as how clogely a leasured value agrees with

the copect valuel precision is deflned as how closely individual

teaBurelents agree with one another (l{hitten and Gailey 1981). The

lucce3s of any laboratory analysia cen be iudged fror how accurate and

precise the l'iasurelents of 'various paraletQFs tt€. Yet it is not air

easy ratter to assess accuracy and precision in rogt laboratory ana-

lyses' even though it is irportant to try.

Accuracy was leasured at Bilby Research center by spiking

salples after they had been initiatly run and re-analyzing thel.

"Spiking" refers to the addition of a known arount of a sttndard

solution to a sanple solution to see how ruch of that gtandard is

recovered during the analysis. It is eirilar to the use of gtandard

additions (Klein and Hach 19771r but uses only one added arount of

standards rather than geveral stepwise increrents, and is intended to

check accuracy rather than provide a working calibration curve

silultaneously with analysis of the sauple.

Two separate spikes were added to the three Red lake PMl

sanples. The first contained 2 ppr of fluoride, chloride,and sulfate

standards (each), while the gecond was colposcd of four ppr of

fluoride, chloride, and sulfate gtandardg. Both contained 44'3 ppr

nitrate, due solely to forgettin6 to add the eecond 500 ricroliter

injection of that sttndard golution to the second apikc' Then rll

were run on the ion chroratotraph in one day. The rcaultc are

prescnted in Teble 5. It can be reen that the arountg recovered were
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Table 5: Accuracy of Spiked Anion Analyses

lrounts Becorered Per Cent Becorered

Chloride titrrte Suifrte I Cl I [03 I S0{
--Q---- -l----t-t-t---------- ------------------------
---o-----------------------! --------------------a---

Suple Spile

tnal yt i cal

Chloride

Concentrrtions

lit,rete Sulflte

Bed lalie l-l none

Bed lake l'l one

BeC [,lire 1-i trc
Bed lahe l-2 rone

Bed Lake l'? ore

Red Lake l'? tro

Bed Lale 1-3 ncr€

8ed Laki 1-3 oni

1.385 1,3?8 I ,599

3 , 303 26. {{l 5,5 16 I ,918

5 . ?C6 ?$.83? 9, ?69 3,821

1,390 {,51{ 1,831

3.?{C ?t,fi61 [,9?6 1.f50

5.i11 26.066 9.{09 3.??1

1,38? {,33f, 1,815

3,{?E 38,805 6,010 ?,|]{6

??,063 3,91? {.??5 -0,286 2, ilg
?1,{5{ 8,1?o 1,685 2,511 -2,081

??, 1{? {.095 8, 108 -0,66{ -?,3?0

21, !5? ?,5?8 ?, +98 1.0?9 5,569

?x.539 {,195 -?,?{8 -?,J{8 -{.6{8

Arera[e: f.{[{ 0,?[l '0.??3

o

t

remarkabl,v consistent, and quite close to the actual amounts addedt

thus establishing a high degree of accuracy for the chloride, sulfate'

and nitrate attalyses, As with all previous runsl the fluoride peak

was nasked by an unknown substance, and the accurac.v of neasurenents

of this anion cannot be established. However' field neasurenents of

fluoride were used throughout the thesis proiect.

Five samples were also rerun with calciun and nagnesiun spikes

to test the accuracy of cation analysis. The original intention was

to run spikes of calciun, nagnesiun, sodiuu, and potassiun with

unspiked sanples, in the alounts of t2,5 rg/Lr 2.5 n8/1r 25 ng,/I, and

t2,5 ry/L respectively. llowever, an unfortunate dilution error

reeulted in a ten-fold increase in each spike concentrationt which

left only the first two cations still within the detection linits of

the instrunent. Thus a spike of 125 ng/L of calciun and 25 ugll of
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Table 6: Accuracy of Spiked Cation Analysee

suDlr crtcllr u/S3lilr Dlllrronco tLan"ilr r/Sptlo Diftrnncr
:3t:=3a-==33!:=t333=33-==a:3::taar:!a3tl3!t=3!t:3:=tt33at:::l!!al3::==

lod hb t-l l{.1 113.5 r29.{'. a.{ 30.2 ?5.8

rod Leto l-2 13.9 1a2.6 12E.9 {.3 30.1 25.E

l.d LL l-3 11.0 r{s.E l2t.t 4.3 30'0 23.7

Drnnohotro 2 1.7 133.5 f25.E 1.9 27,5 25.6

totrccc a 1.6 L2E,2 123.C t.l 27,2 28.1

Flean Recovcrcd:
Std . Dev iet ion :

LZ1 ,5
2,4

25,I
0,2

nagnesiua was added to each of five water salples. The results are

presented in Table 6 above.

Both Tables 5 and 6 deronstrate that considerable accuracy wag

achieved in analyzing anions on the ion chroratograph and cations on

the flane atonic absorbtion spectrophotoreter. Prec'ision wag leasured

by coaparing analyses of the sare sanple water perforred on different

days with the sare equiplent and procedures. Here the three sarples

fror Bed Lake Pt{l proved very useful, as they were independently

analyzed on at least three different days for cations. Table 7

presents the results of thesc rung for catione, and shors thet a lower

Ievel of precieion wag achieved than of lccurecy.

Table ? containe corparisons of different runr fror wells other

than Bed La^ke Ptrllr and like that wellr thesc different analyecs of the

sare water exhibit differing degreea of prcciaion for differing

cations. Irlagnesiur displayed the greatest degree of precisiont

possibly a3 a reault of the inherent low variability of low
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Table 1 z Precision of Cation Measurenents

Salple Analysis Calciul ltlagnesiun Sodiul Potasgiul
---------
Red Lake 1-1 1

Red Lake l'2 1

Red Lake 1-3 1

Red Lake 1-1 2

Bed Lake t-2 2

Red Lake 1-3 2

Mean:
Max inun:
Min i num :

Percent Di f f erence:

1T- 227
1T- 227

Mean:
Percent Di fference:

1

2

15.8
15. I
15.8
14. 1

13, I
14. 0

14,9
15. 9
13.9
12.6

27 ,5
27 ,7

19. 5

0.7

0,7
0.8
0.4
0.6

0.6
0.8
0.4

50.0

4.6
4.6
4.6
4.4
4.3
4.3

4.5
4.6
4.3
6.5

3.4
3.5

4.5
2,9

0.1
0. t
0.1
0.1

0.1
0.1
0.1
0.0

3.9
?.9
4,4
3,7
3,7
3. ?

4.6
7.9
3,7

53. 2

4.1
2.8

14. 3
31. 7

1.9
1.8
1.8
1.4
1.3
1.4

{...

1.6
1.9
1.3

30. 1

T,2
T,2

7,L
4.0

3M-156-1
3M-156-2
Sllt- 15 6- 1

3M-156-2

1

1

2

2

132.0 0.5
132.0 0.5
n/d 0.1
n/a n/a

Mean:
Max i nun :

Min i num:
Percent Di fference l

concentrations. Sone of the difference between concentrations

leasured for the sare salple waters ray be due to the difference in

enalytical dates. The second run of each sarple water was perforled

over two lonths after the initial analysis on the flare atoric

absorption gpectrophotoneter. Deapite their preservation with nitric

acid and storcge in a refrigeratorr gore cheniccl deterioration ray

have occured, thus reducing cation concentrations. Howeverr the

degree to which the declines in cation concentrations can be
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attributed to sarple degradation versua differences in eguiprent,

rethodsl standard preparation, end dilution on two different occasions

cannot be deterrined.

Table 8 surrarizes the reaults of geveral anion analyseg of the

aere sarple waters on different dates. llere three diffcrent rune of'

waters frol Red Lake Pill, plus different analyses of waters fror otirer

wellsr shor that ion chrolatography is less precise than atoaic

absorbtion spectrophotonetry. WhiIe an interval of two lonths passed

between the second and third analyses of the Bed Lake PM1 sanples,

only a week separated the first tno runs, so deterioration of sanples .

is less a factor in the analyses of the Red Lake PMl sarples. The

sane is not true for the other sanple waters, where sone chenical

deterioration nay have occured despite storage in a refrigerator, thus

causing sone decline in anionic concentrations.

In both Tables 7 and I differences between separate analyses of

the sare sanple waters yielded ionic concentrationg whicb often

differed only one or two tf!/L, usually less. In Table 4, which

includes all wells sanpled, not just duplicate sa^rples, the field and

laboratory analyaes of the sare ion often differed only by one or two

nE/Lt soretireg legs. It geelg likely that sore of the differences

betwecn field and laboratory analyses of duplicate waters fror the

gare well can be explained best by differences in equiprentr dilutiont

rethodsr and standards. Sole of the large differencea in

concentrations for the tare sarple, of course, do betray errorg in

analysigr and field analyses are usually rore suspect than laboratory
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Table 8: Precision of Anion Analyses on the lon Chrolatograph

Sanple Di lut ion Analys i s Chloride Nitrate Sulfate
====3 == ======== == = ========= == = = ========= == == ====================
Red Lake 1-1
Red Lake L-2
Bed Lake 1-3
Bed Lake 1-1
Bed Lake t'2
Red Lake 1-3
Red Lake 1-1
Red Lake t-2
Red Lake 1-3

BI A Di lkon 2-l
BIA Di lkon 2-t
BI A Di lkon 2-2
BI A Di lkon 2'2

Mean:
Max inun:
Min i nun :

Percent Di fference:

1.41
1. 33
1. 31
1. 13
T,L2
1. 25
1.39
1. 39
1. 38

1. 30
1.41
I ,12

20. 64

82,20 none
78.43 none
80.31 none
77. 53 none

79 ,62
82,20
77,53

5. 69

fulI
full
fuIl
fuII
ful1
full
full
full
f u11

7225
1: 10
1: 10
Lt25

1

1

1

2
2
2
3

3

3

5.02
5. 66
4,7 4
4,73
4.84
5.00
4. 38
4.51
4 ,34

4. 80
5. 66
4. 34

23 ,37

1.91
1.73
1.83
1. 96

J.98
1.86
1. 55
1.83
L,82

1 .83
1.98
1.55

2I ,77

192.95
I72,22
173.94
170.83

L77.49
192.95
1 70. 83

11.46

1

2

1

1

ilean:
Itlax inun:
It{ininuu:

Percent Difference:

analygee. That anion anelysee provcd slightly lese accurate than

cetion enalyseg was exDectcd, given the differing rcthodg; in that

flere atoric ebmption tpcctroscopy is a rell-proven technlque,

without as rany poccible source! of epor as liquid chroretojraphy.
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Charte Balance Error

Perhaps the lost coluonly used reasure of laboratory accuracy is

the ion balance figure. In all waterg the total equivalent charges of

cations lust egual the total equivalent chargeg of anioner because the

waters are electrocherically neutral. In rodern analyses which are'

reasonably coaplete, the percentale difference between the two ghouid

always be less than 101 and prefereably less than 5I (Hen 1980)t

although largir percentage differences can occur when the total of

anions and cations falls under five nilliequivalents per liter.
Table 9 presents ion balance figures for rost of the wells

analyzed. Besides the well nunber and nane, total anions and cations

in nilliequivalents per liter are presented. Of the final two

colunns, one is the percentage difference calculated between the total

anions and cations, with the ninus sign indicating a preponderance of

anions. The last colunn is the charge balance percentage error as

calculated by WATEQ, a conputer progran discussed at length in a

subsequent chapter which yields equilibriuo speciation inforration'

aDong other things.

lrlost of the nulbers cluster around 51r because those analyses

which exceed 201 were not included in this table. These glaring

exceptions are listed in Appendix II, and consist only of a fen wells.

These exceptionsl usually with percentage differences of above 50It

rostly represent wells fror the eastern and aoutheagtern rargins of
'the thegis area. These wells include 1K-214, where the wind died

during aanpling' 8T-510, 8T-522' 9K-215' 9Y-92' BIA Kayenta 2' aII
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Table 9: Charge Balance Percentage Error

33a3fa3a:3aatt33aalllataa333:3a3!33tt833:r33a3a3=3a333:3a3:a8sta3:r:3t3333:8a3aa

Icl I
tfurbcr

Iel I
lf ere

1tr-203 0l-060-09. I5r01.95
lf,-509 Donc tnom
lI-239 unlnom
Itr-215 01-0f 3-09 ,g2ll {. 66
lT-227 0l-0{l-09.95103. ?5
lT-229 01-027-03 ,12116.92
lT-50{ 01 026-0?.9311?.10
2A-93 A2-A26-02.25103.86
2f,-319 02 011-05,32116.02
2n-322 Hilltop tell
3t-156 03 076-06.53111.01
3ll-156 03 0?6-06.53111.01
8T-518 0g 037-09.51115.97
9K-218 0g 021-07 ,22'.Ag. 93
loR-tlr 10 05{-01. {7109. 39
10R-111 10 05{-01. {7X09.39
Polecca 6 IHS Folrcca 6
Hotevilla 2 BIA Hotcvilla nn
Sceondtfssch2 BIA gccond tere gchl nn
poleccrPD&9? Poltcca Day School nn
Hopi HS3 Hopi Hilh School P}|3
f,ca,ru Cy?Z f,cut Crr:yon PDC2
lT-521 NTUA f,ltrtlltc 1

{T-523 FIUA Forcrt Leles
2T-516 I|TUA thonto Junctlon I
llavqio tf lfon A-38-1? 17-l r0ld tell
BIA Tube C 5 03 0?7-13.8310?.?g
BIA Bedlelcl BIA Bcd Lal,c Pitl
BIA Bedlal,cl BIA Bcd LeLc Pill
BIA Bcdlelcl BIA BGd lrlc Pltl
BIA llcnncbo2 BIA Dcnnchotro Fnz
BIA Loriltn 2 BIA lor lountaln 2 (Ifcw]
BI A Cbi !chn3 BI A Cbl lchlnbeto ltrf 3
BIA DilLon 2 BIA DlILon 2
BIA DllLon 2 BIA Dtlhon 2
BIA Ebooto 2 BIA Shoato gnz
BIA Plaon 6 0f 0?3-12.26110.09
BIA [,r!bcto2 Donc
IHg HrrdBL R IttS Hrd Bocb "n"
IRg Hrdft D IHg nrd loclt 'D'Gt-61 rcDG

Irrlrur Yrluc:
Itntrur Yrluc:
Icen Vrluc:

BtrDderd llevlttlon:

Ionic ilATEQ
Totrl Totel Brlsrcc ChergeAnionr crtlonr Perccntagc Belence(rcVl ) (rcg/l ) Error Enor

2.159 1.993
2,32? 2,A92
5. f02 6. 155
2,017 l. g5g

l. gg5 1.960
2,379 2. l{0
2,323 2,127
f. 136 3.563
2,192 2.033
2,269 1,9?1
6.625 5. ?gg
6,622 5.902
6.929 5. ?93
2,263 2,A7 6

l{. 539 {6. 973
15.6f0 l{.236
21 ,69 r 2l ,339

3. l{0 2,120
6. 5?0 5. 239
8. 59{ ?. tf3

t{.695 1{.961
10.9r0 9.6{{
1,207 3. ?gl
3.519 3,127
3.863 3. { 39
2,2A5 2. 0l I
2.006 1. 711
1.636 1.395
1.623 l. 561
I.626 l. f0{
2. 905 2.661

13. 129 12.960
{.076 3.930
t,188 ?.571
?.993 7 ,177
3.010 2,t21
1.663 |,0ll
l. ?00 I.5gg
r.l2g 2,312

22, ?gg 21.259
80. tll t?.992

f5.61 f6. g?

1.62 1. tg
?.8f ?.96

10.13 10.20

-1.2{9
-5. 55?
-2,3{0
-f. 8{0
-3. 52?
-5. 289
-{. fOf
-?,{{3
-9. 9{ 5
-7 ,006
-6. 65 7
-6. 600
-8. 929
-1. 310

2. 660
-l . 562
-0. 698

-12.950
-11 ,2?l
-9. 22A
0. 562

-6. I 59
-5. 333
-5. 898
-5. 807
-{. 602
-7 ,8{9
-8. 309
-1.9{?
-7 .327
-1. 38{
-1 . T7?
-3. f 12
-3.915
-2.6{3
-3. 21 |
-l ,lfo
-3. f06

-lf. 369
-3. f?l
-5.86?

e.66
-tf. 3?
-5. 62

3. 39

2. 800
{.630
2.270 .
3. 970
1.560 *
{.600
3. ?{0
6. ?40
?. 630
5. 920
6. 930
6. ?90
g. 510
3. 590
2. 550
1. 620
0. 8?0

10. 960
10.{50
8. 810
0. 180
6.170
{.810
5, 320
5, 250
3. t60
6. 210
6.870
2.12A
f.960
3. ?30
2. 150
2. 980
3. ?30
z. 5{0
?. ?30
6. 500
2. 9{0

12.060
E. 6{0
6.020

12.06
0. lg
f.gg
2,ll
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five of which are grouped to the northeastern portion of the thesis

area, and BIA Cottonwood 3. BIA Rocky Ridge 2 also had an

unexpectedly high percentage errorr as can be seen in Appendix II t

though lower than the otherg.

htATEQ corputes the percentage charge balance error as part of '

its calculattons. Its figures are consistently }ess then those "

conputed on the basis of total anions and cationsl due to the fact

that I{ATEQF speCiates analytical results' which lends greater accuracy

to the calculations.

There are two possible causes for the extraordinarily hiSh

percentage error figures in these seven wells. Firstr since the anion

concentrations are far aore elevated in these sanples than cation

concentretions, an unknown systenatic error nay have been introduced

inadvertantly during analysis. Four of these sauples were analyzed on

the ion chronatograph on the saue day' which certainly points to

analytical error. Yet other sanples analyzed during that run do not

exhibit gross percentage errors. AII cations rere analyzed in two

days, yet if cations were nissed to cause the gross inbalancer other

analyses should also exhibit depleted levels of cations. None do.

The.second possiblity lies in the sauple bottles thengelves'

sone of which had previously been utilized for an acid line drainage

gtudy. It is very possible that the acid-rashing procesa wes

insufficient to thoroughly clean these previously uged bottlesr and

that soue ions rerained attached to the bottle ralls. There is no way

to judge the extent of this source of eanpling error.
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It is also possible that both of these sources of error were

operative to sone extent. The nassive iubalance in the charge balance

was not seen in sanples froo sone of the saae wells analyzed at Hydro

Geo Chen, so clearly sanpling error did occur.

t{hen the charge balance error percentage figures were

recalculated without the seven wellg which grossly exceeded 10I, t;
average error percentage was 5,521t and only 4.992 as conputed by

WATEQ. The standard deviation was 3.392p and 2,7L1 in the WATEQ

colunn. These are the figures shown in Table 9. This denonstrates

the overall accuracy of nost of the laboratory analyses.

Notes on Anion Preservation

Three sanples were collected for each wellr one for cations and

preserved with nitric acidr oD€ for anions and unpreserved, and one

for anions which was preserved with phenyl nercuric acetate. All were

refrigerated. It was not clear at the beginning of the field phase

that preservation with ice alone would be sufficient to prevent

deterioration of the anion sanples. Because other researchers have

used it before in an atterpt to prevent changes in anion

concentrations, dilute phenyl lercuric acetate was added to the third

archival,salple. Phenyl rercuric acetate is also coloonly uged as a

preservative for coruercial products guch as nagal spraya. Several of

these archival sauples were later run on the ion chroaatograph, and

the results conpared with sanples run sinultaneously' but which had

only been refrigerated. The results are presented in Table 10.
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Table 10: Corparisons of Anion Concentrations in Saaples l{ith and
l{ithout Phenyl Mercuric Acetate (PMA)

$uple

lurber

litnte Sulfrte C[loride

r/Ptt r0/Ptt I Diff r/Pil ro/Ptt t Diff r/Ptt to/Plt I Dilf
ta.l-----------,- --- - ----oatra-- - --o----- ----- - ---- -- ----------------------!-o-o-'-'_""..to'
-- -- -------! --11.t--o ra-- --- -------- -o - ------ -;---- iorr oiiiorllor o r------o---'-"'--'-'-t o"-

0,6{ -19,?8 13.?3 10.11 -l?,32 1,1{ 2'5? 38.06

'l?, !9 1.26 9,36 9.69 -3. 16 5 ' 
90 8,03 -35.99

8,93 1,88 10,?6 10,99 -?,11 I.56 0,{?'150,{3

?,83 8.2{ 5,5{ 5,61 -1,88 {,08 {,fl '8,90

0.00 0,00 1966,30 1980,83 -0,?l 96,91 101.98 '5,23

0,00 0,00 3t2, $5 3{5 , 0l -0, ?? l?0.6? 123 , {{ '0.66

?,15 -?03.91 130.23 lll,l2 '32,21 66,{? ?8,13 'l?,99

?.63 19,33 l?3.03 l?3,5{ -0,30 00,0{ 80.31 -0.33

0,00 0,00 66.55 60,63 8.90 199.50 180, I5 9 ,65

0.00 0,00 18,?0 ll,rl ll.{f 13,50 ?1.?5 ?,{$

f,5l 1,63 l,8l I ,83 0, ?0 I ,0{ 1,39 '3{,0{

l[-t39 0.ll
( i 1[-lo3 1i,88

ll-$09 9, I I
2[-319 8,53

l0n-l I lf I 0. 00

Polrcca 6 " 
0,00

BIA Dilkon ?'1 ?.35

BIt Di llon 2'l I, {6

BIA lor lta ?, 0.00

BIt Cottorrd 3 0,00

Bed Lahe l'? {,59

lean:

$tmdlrd Detirtion:

l?,30

59,6{

3,3f

11,5?

18.0{

{6.?5

Tith a few glaring excegtions which are uore likely due to sooe

unknown analytical or satple contanination error rather than real

differences between salples with and without the phenyl lercuric

acetate, the percentage difference colunns for both nitrate and

sulfate show no discernable trends. Howev€tr r the percentage

difference colurn for chloride is douincted by rinus signst rhich

indicate a drop in chloride concentrations between sanples without the

preservative and those with phenyl lercuric acetate. Although the

nuaberg are not overwhehing, they suggest a trend in which chloride

concentrations decline in thoee sarples pregerved nith phenyl lercuric

acetate. The reason lay lie in the valence rtate of thc lercury; with

a valence of oner the rercury cation attracts the chloride anion in
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apreference to the higher valence sulfate or nitrate anions, forling

salt which precipitates out of solution.

Because phenyl rercuric ecetate appears to cause sone degree of

chenical deterioration in chloride concentretionsr it probably should

not be used as a preservative where laboratory Deesureeents of

chloride are anticipated. Constent refrigeration appears to be thel'

preferable preservative technique.

Discussion

During the fietd phase, great pains were taken to collect water

sauples which were as representative as possible of the groundwater

within the "N" aquifer systen. Considerable tine was spent at each

saupling point in serial sanpling to deternine cheoical stability' as

well as in deternination of iuportant paraneters such as pHr conduc-

tivity, tenperature, alkalinity, and concentrations of several of the

Iess preservable constituents of the water. Although it took longer

than anticipated, the field saupling prograD was successful in

achieving broad coverage of the thesis area and in obtaining the

highest quality sanples possible.

The laboratory analyses of these representative water salples

was also successful. Standardized lethods were strictly followed on

high-grade analytical equiplent to obtain the leagurelents reported in

Appendix II. The concentrations that rere reasured for the rajor

cations and anions are replicable, precise, and accurate within tceep-

table linits. Spiking sanples with known concentrations of gtandards
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as well as the charge balance percentage differences all indicate a

high degree of accuracy and precision. Only a few sanples yielded

suspect data, either as a result of contaninated eanple bottles or as

a reflection of one day of poor analytical technique in the

laboratory. These sarples are not included in subsequent discussions

of ajtalytical results. e

The field and analytical nethods having been delonstrated to be

rigorous and relevant to the probl€or & uajor source of error in nany

projects can be elininated. The water cheuistry data can be trusted,

and is acceptable for use in geocheuical nodeling.



CHAPTER 4

RESULTS OF CHEI'II CAL ANALYSES

Because this thesis is a regional study, presentation of

analytical results in terns of ionic concentrations in tabular forn

alone is insufficient. Tables do not clearly illustrate patterns of

regional variation, although presentation of exact resultsr as in

Appendix II r is essential to any hydrogeochenical study. In this

chapter the results of analyses are discussed on an ion-by-ion basist

to better isolate those parameters nost inportant to understanding the

"N" aquifer.

Lloyd and Heathcote (1985) suggest graphical representation of

groundwater chenistry as the best initial approach to understanding

processes involved, including X-Y plots to spot specific

relationships, distribution naps for pertinent paraaetersr and Piper

(1944) plots of several analyses to discern related groups or types

within the waters. For each of the paraneters discussed below a

distribution nap has been Brepared, with concentrations contoured as

isocheas across the study srear so that regional trends can be

discerned.

I

I

90
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Fiturc 9 lr e np lllurtratlng thc dirtribution of rullate

tcrorr tbc rtudy lrGlr nith conccntratlou Gxprerted ln rilll3nrs Dcr

lltcr. ln thie teDr 13 in rott rapr that follorr the tlcL rerlt to

the tidcr gc Univenrl Tren3vcrle llcrcetor (Ufi) coordinater, in
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101000 rcter incrcrente; the rctric coordlnatcs trc rore cagily mppcd

than latltudeg and longitudcs. Alro on thig and all rucccding raps'
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proninent Reservation towns are plotted'for better conprehension, as

are well locations (crosses) I and the top of the nap is north. AII of

the distribution or isocheo iaps in this and following chapters were

plotted with a geostatistical algorithn called kriging to deteruine

gradients between data points. It can quickly be seen that the lajo'r

accunulations of sulfate occur along the southeast edge of ?fr" 
"tuav

ap€81 and that one weII, 10R-111, accounts for the one oajor high for

this anion. It is not clear why this one well such have such high

sulfate concentrations. One of the nore Iikely explanations for the

high levels of sulfate in this well is leakage fron the overlying "D"

aquifer systen, probably along the corroded well casing. This well

was originally drilled in 1935, and is one of the oldest wells

sanpled.

Sulfate levels are also elevated in the vicinity of Polacca and

south of Red Lake, egain for unknown reasons. Corroded weII casings

and vertical leakance are unlikely explanations for every high

occurence of sulfates. The priuary source for sulfate in groundwater

is the dissolution of gypsun (Freeze and Cherry 1979, Faust and AIy

1981). Yet none of the forrations or reubers of the "N" aquifer

systen are noted for large anounts of gypsun or any other evaporite.

l{herever gulfate concentrations are high, if gypsun dissolution

is the aource, then calciun concentrations should also be elevated.

In Figure t0 calciun concentrationg for each saaple in which the

charge balance error was less than 20I are plotted on one axig against

sulfate concentrations, both expressed in nilliequivalents per Iiter.
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Tro 3roupr lrc rppcrcntr onc rith hlfber ratlor of cllclur to rulfete

rnd the otber rith higher rrtior of tulfatc to crlclur. The lineer

reletlonrhig rhich rould bc cxpcctcd lf fyprut dirtolutlon rerc

controlli4 thc conccntretionr of thcte ionc docr oot appcar. Thc

arouD with thc htgher ratio o! calciur to rullatc ray bc the rcrult of

the dirrolution/precigitrtion of calciur carbonatc, which ir a ryetci

which rust elway3 be congidcred. The group with the higher

concentrations'of rulfste relative to a ateedy velue of calciur is
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rore difficult to cxDlain rlthout the prcrcnce of Dyrlte or othcr

oolron rourcc! of thir rnion.

Filure tl ie e trp lllurtratlng tbc dirtrlbution of cbloridcr

exprcucd in rilliSrar3 Dcr litcrr tctrofs the rtudy trGto Atain

higher chloride concentrationr ere noticeably llcred to the

routheastern cdger rith the rclla ercocietcd rith Hoiri tomc

exhibiting consistently high concentrations of this tnion. Another

{{0000 .coooo ac0000 600000 geoooo c{0000
al10000

a{o000 ato000 aao000 100000 6Eo000 tr0000 ta0000 tlooo !00000 at0000
IttI t dl{

Fi3urc 11: Dirtributionr ol Chlortde Conccntntionr (CI=25 .S/L,

a

IE

r.o8ooo0

f,-
E rocoooo

1

\
o

Eboato
I

+

fccIP
I

JIdbrto
I

2,-
ffi2



=*kere

95

ucr ol clcvrtcd conccntrrtlonr occura nctr f,eny Furr elong the

cartcrn cdjc of Black l{era. Cbloridc too it uruelly dcrived lror the

dirrclutlon of cvelnritcr (Frecre rnd Chcrry 1979)r rDd eSaln hslltc

ir r rincrd noticcably rbrcnt fror dcrcriptiont ol "lf" tyeter

rincralogy.
' Fiture 12 is an I-Y plot of rodiur vtrtu! chloride '

coucentrations, in rilliequivalents Der literr for eech well. In thig
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figure a linear rerationship does seen to energe, suggesting

dissolution of halite as a aajor nechanisn for the introduction of

chloride (and sodiun) into the "N" syste!. The r? varue for this

relationship was calculated at 0.334, which is not a regression value

confining a Iinear relationship. The best fit line is slightly
skewed due to one sanple with an abnornaffv hilh sodiun concentration.

Because the Glen canyon Group contains few evaporites, with no known

concentrations of halite or gypsun beds along the southeastern uargin

of Black llesa, the reasons for elevated levels of chloride in this

area are not at all clear. However, halite and gypsun beds are known

to occur within the underlying fornations, particularly the Moenkopi

and Chinle Fornations, as well as in overlying Cretaceous beds.

Figure 13 is a nap illustrating the distribution of fluoride

across the thesis arear using fluoride concentrationg deteruined in

the field. Notable highs occur along the eastern and southeastern

flanks of the thesis area. Another nound is found between Tuba city

and oraibi, but this uay be an anonolous welr or the result of a poor

field analysis. Fluoride concentrations tend to run under three ng/I,

but occesional higher arounts have been reported for the gouthern

Colorado Plateau. However, none of the field analyses yielded

concentrations beyond the expected range.

Source uinerals for fluoride include fluorite and apatite, as

weII as sone alphiboles, and rore rarely, cryolite, gellaiter and

ralstonite (Faust and Aly 1981, Hen 1985). llogt of these usually

occur in igneous rocks, but there are no heavy concentrations of
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l&cou: roclr ln thc vicinity of the clevatcd concentrationa of

fluorldc rccn in thc rcutbcrn and certern lnrtiona of thc atudy are!.

Volcr,nic arh ir congldcred r ratcrirl whlch could contrlbute

ritnificant arounts of fluoride. Horeverr within the rtudy erea the

only volcanlc fcaturer intruded lnto the Glcn Canyon GrouD arc dikes

and eills rcattered Drirarily northweet and east of Black llesa.

Navajo lrlountain is a raJor leccolithic fcature affecting "N" ryster
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rocks, but no elevated.fluoride levels were seen near it. Hen (1985)

notes that higher fluoride concentrations can be expected in waters

with lower calciun concentrations, since higher calciun concentrations

can lead to equilibriun with respect to fluorite. Certainly calciun

Ievels are not elevated in those areas along the southeastern and

eastern Dargins of Black lrlesa with high';r fluoride con'centrations.

Again the direct cause of the slightly elevated levels of fluoride

noted to the south and east cannot be easily ascertained, but this ion

does not appear to be of critical inportance in the geochenical

evolution of "N" systen groundwaters.

Figure 14 is a nap which illustrates the regional distribution

of nitrate concentrations across the thesis area. Faust and Aly

(1981) note that there are few geochenical sources for nitrate or even

nitrite. Nitrogen in organic forn is converted into nitrate and

nitrite by bacteria in the process called nitrification (Hen 1985).

The presence of nitrate is usually considered indicative of pollution

of the groundwater by hunan and agricultural sources of nitrogent

particularly wastes and fertilizers. On Figure 14 only a few areas

with elevated concentrations of nitrate can be geen. The najor zone

of high nitrates is to the southr near the Hopi towns and centered

around Polacca School 2, a shallower well in a long settled connunity

with nunerous older septic tenksl leach fields, and livestock; it is

very possible that organic wastes uay have reached the "N" systen at

this point given the lengthy anount of tine they have had to do go.

The anount of nitrates found in the groundwater in this area of the
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llopl Belcrvation could Dolc a bealth rigk to lnfantr and young

children. Another zone of clevatcd nitrateg can be leen near Shonto

and llavaJo Netional llonurentr rnd ray be exDlalned by the close

Droxirity of rewege treetrent leSoone to the relle garplcd. Hells

nortb of Tuba City and eouth of CopDer lrline, end the rell ncar DilLon

also rhored enotoloug highg. Severel relle exbibited no detecteble

nitrate (or nitrite) whatsoeverr cither in the field or in the
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laboratory. Irlost dieplayed rinor concentrations. The gcattered

nature of nitrate highs reveals no consiEtent pattern which can be

related to "N" sYsteu geologY.

Figure 15 ie a lap which illusirates the distribution of

bicarbonate anions acrosa the thesis tr€a. Even with a contour

interval of 30 utt/L, the nuabgr of highs and.lows outlined by the

contour lines reveals a conplex pattern. This is only to be exPectedt
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since the bicarbonate anion is a aajor part of the carbonate systen,

which clearly doninates the "N" aquiferts geochenistry. Bicarbonate

levels are controlled by pHr which in turn is controlled by the

partial pressure of carbon dioxider and across nost of the thesis area

the bicarbonate concentrations are slrnonyuous with alkalinity. The

highest levels of this anion are seen along the eastern and

southeastern edges of Black Mesa. Under Black Mesa, where the aquifer

is confined and closed to the atnosphere, bicarbonate concentrations

are also elevated. The pH levels begin to rise in this arear since

carbon dioxide can no longer exchange with the atnosphere. The lowest

concentrations occur in those areas identified as recharge zones'

which are also largely open to the atmosphere, and thus pernit carbon

dioxide to enter the systeo and keep pH values nore ecidic.

Figure 16 illustrates the ratio of calciun to bicarbonate' with

bicarbonate values derived fron alkalinity neasurenents. In a

geochenical situation doninated by sinple digsolution/precipitation

within the carbonate systen, bicarbonate should be directly related to

calcium concentrations according to the stoichionetry of the basic

equation (Freeze and Cherry 1979). Since the carbonate systen was

envisioned as the prinary deteruinant of "N" systen aqueous

geochenistry, this plot was expected to reveal such a relationship.

However, with a regression r2 of 0.346, no linear one-to-one

relationship eterges on this X-Y plot. Insteadr two linear

relationships seen apparent, one in which the auount of calciun

increases relative to bicarbonate and another in which bicarbonate
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concentrations increase while calciur concentrationg rerain stable.

This suggests that even the carbonate :yster within the 'N" aqulfer is

not as ailple as right be expected, and that airple

precipitation/dissolution is not the only reactlon controlling celciur

and bicarbonate concentratione.

Of the corlon anions, then, bicarbonate, chloride, rnd rulfete

exhibit the lost significant variability. The usocletion of chloride

rith godiur seeDs clear-cut and causal. The grouDing of both

bicarbonate and gulfate into two groups when plottcd againrt celciurt
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the rajor expected cation t

explanations.

does not yield quickly diecernable

Cationg

Figure l7 is e rap rhich illustratcg the dirtrlbution of calciur

concentrationg (in rilligrars per llter) across thc thegl8 lrca.

Again thia tap is gridded in terrs of tm[ coordinates, and sarpled
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wells and Reservation towns are plotted for easy reference. This aap

is clearly different than uost the preceding figures. Several areas

of elevated concentrations are revealed, rost to the northwest of that

region of the study area where anions have higher concentration

levels. Indeed, this nap seeDs alnost a nirror inage of Figure 15

which showEd bicarbonate highs and lows. The largest set of aounds

forns a continuous high across the thesis area extending south frou

Navajo Mountain across Black Mesa to the vicinity of Pinon, and

reaching west to the Tuba City area. Large portions of this area

correspond to the recharge zones for the "N" aquifer systen.

At Dilkon, south of Black lrlesa, one well is associated with a

najor calcium high. The Dilkon well is relatively shallow and nay

represent recharge waters nore sinilar to those in the northwestern

portion of the study 8rea, thus displaying sinilar calciun

concentrations for sinilar reasons. The elevated calciun leveIs nay

also be related to the extensive volcanics, containing calcic

plagioclases, which overlie the Wingate Sandstone at that point. At

10R-111, west of Many Farns, another calciun nound can be seen. This

well has produced anooolous concentrations of other speciest and nay

be an exanple of leakance along a corroded well casing fron the

overlying "D" aquifer aYsten. .

In contrast to the elevated calciuu levels to the west, the

depressed concentrations along the eastern and southeastern p'ortions

of Black ilesa are less easily explained. It is not inuediately clear

why geochenical processes acting to the west should not be equally
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actiye to the east, but clearly this eagtern area exhibits rinilal

levels of calciul. Off to the northeast of Black llesa in the

northeastern lnrtion of the Chinle Valley calciul levele again rise,

and this area too has exposures of the Glen Canyon Group thet act as a

recharge zone.

Figure 19 further illustrates that two distinct bodies of

groundwater are represented in the "N" systeu chelistry. The ratio of
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bicarbonate plus surfate to calciuu, in nirliequivalents per liter, is

essentially the ratio of the rajor anions to the rajor cation. Two

straight line relationships can be.discerned' with no interaediate

zone between the two. In one grouping, anion concentrations tend to

rise while calciun concentrations reoain stable; in the other calciun

coHcentrations teird to rise against nore slowing rising values of

bicarbonate and sulfate. In these two groups of watersr two different

processes are occurring. The lack of internediate points suggests

that one Elroup is not evolvin! into the other.

Calciun is one of the nost comuon cations found in groundwater,

and has a variety of geological sources. Dissolution of calcite and

aragonite is the chief source, but dissolution of gypsun is also

inportant where that nineral is found (Hen 1985). However, Figure 10

elininated that process as control'ling the "N" systen. Other ninerals

which can contribute calciun include doloniter anhydrite, fluorite'

fluorapatite, and apatite, as well as calciuu-rich plagioclases'

amphiboles, and pyroxenes. In sone instances cation exchange with

sodiun can contribute calciun to groundwater (Heu 1985).

Figure 19 is a rap which illustrates regional trends in the

distribution of nagnesiun. No significant differences fron trends

noted on the calciun distribution lep can be discerned. Magnesiuu is

not as easily precipitated as calciur; and once dissolvedr tends to

stay in solution until a high ragnesiun to calciun ratio is attained

(Hel 1985). lrlagnesiun can be precipitated as dolouite or lagnesian

calcite, if sufficiently high aagnesiun to calciun ratios are attained
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in the lnitial rolutlon (Folt end Lendr 19?9). Horcverr rotl retera

end groundrater tound in randstone rguiferr rarely reaches the ratiog

high cnough to Drecipitatc rnything but celciter rblch doeg contain

Iow uountg of ragxreriur. Serplce tarther elong thc flor path of the

"N" ayetet rhould be enriched rith ragncriur reletivc to thorc rerplce

clorer to rccharge trcaa, but ruch a trend ic not reOdily rpparent.

sourceg of ragnesiur incrude dolorite, ragnesiur-rieh carciur
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cerbonate, and ferro-ragnesian tinerals guch ag oliviner Dyroxcnest

arphibolesr biotite and otherg. Concentrations of regneaiur in rost

aarplea rcre quite arallr often below the detection lirits of the

fla,re atoric abgorbtion spectroDhotoreter.

FitUre 20 tg en I-Y plot of the ratio of celciur to ragne3iul.

It reveals no aignificant trends, only the nearly linear relationchip

that tight be expected for thege closely related cations, with a r2 of

0.612, a higher regreasion value than otber guch Dlots. lloet calcite
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contains soDe lagnesiun substituting for calciun within the crystal

structure. It seens likety that the dissolution of calcite containing

Iow anounts of DagnesiuD is the source for this cation. The ratio of

calciuu to uagnesiun within calcite varies sonewhat, but given the low

lagnesiun to calciuu ratios in rost soil waters and the rapid

crystallization rate, calcite with nininal'' lagnesiun substitution is

the expected forn of any calciun carbonate precipitated (Folk and

Land, 19?5). Dolonite involves very slow crystallization rates and

nuch higher ratios of nagnesiun to calciuu, such as night be expected

in hypersaline watersr and these higher ratios were not observed. Nor

was any dolonite observed petrographically.

Figure 21 is a map which illustrates distributions of sodium

concentrations across the thesis &re&. Sodium is an inportant cation

in the consideration of which geochenical processes are controlling

water chemistry in that it is such a connon cation, and tends to

exchange readily with calciun in clays. Cation exchange can often be

assessed by exanining the relationship of sodiun to calciun and

various other species. The regional trend seen on this uap is sinilar

to those of sulfate gnd chloride in that concentrations along the

eastern edge of Black Mesa, the southeastern and eastern portions of

the thesis area, are elevated, while sodiun seeus alnost absent to the

north and west. The correspondence of elevated sodiuu and chloride

levels is clearly related, since FigUre 12 deuonstrated allost a

linear relationship.
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Figure 22 is an x-Y plot of the ratio of sodiuu to calciun plus

nagnesiun, again expressed in nilliequivalents per liter. If cation

exchange Here a aajor process controlling concentrations of these

cationsr then a lixed scatter of points across the field light be

expected, since clays are thinly but evenly scattered through the Gleh

canyon Group, which uight be expected to lead to continous cation

exchange. But this scatter of points was not s€€n. Tro distinct
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linear relationships energed, again suggesting two distinct bodies of

nater. The near total lack of any points falling in the internediate

zone between the tro linear groups probably indicates that little

cation exchange is occuring, and does not support the idea that one

uater uay bave evolved into the other.

Potassiun levels were lot; acrbss nost of the studl' area' and

this parameter accordingl3' nas not napped. Such trends as are

apparent in Appendix II tend to closel]' approximate trends observed
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for sodiuu concentrations; potassiun levels were niniual to the north

and rest and elevated along the eastern and southeastern portions of

the study area. Potassiun is another cation usually derived froo

feldspar weathering or the breakdown of volcanic rocks.

As seen in Figure 23, concentrations of total iron tended to be

quite lor across nost of the thesis area. The solubility of iron is

controlled largely bl' pH and reduction-oxidation potential' and given
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the right conditions, iron can be dissolved by oxidation, connonly of

pyrite (Hen 1985). Iron-bearing ninerals are prolific, and include

pyroxenes, anphiboles, biotite, and olivine. Several ninerals, such

as henatite, goethite, siderite, pyrite, and larcasite, are forued as

iron precipitates under varying conditions of pH and Eh.

The various nounds of rblevated total 'iron concentrations are

scattered and isolated across the thesis area, and few occur towards

the eastern portion. High levels of dissolved oxygen to the north and

west and generally lon or non-existant levels of iron sulfides within

the Glen Can.von Group suggest sources for these highs other than

water-rock reactions with the "N" aquifer systen. MetaI particles

fron well casings often contaminate sanples, and manl' samples analyzed

in the field were unfiltered. windmills had low flow rates, and even

several hours of purging may have,been insufficient to flush the well

casing of uretal particles. This is probably the best explanation of

the scattered highsl nost of which seen to be associated with

windnitls. There is also sone possibility in the confined areas of

the "N" systen of vertical leakance from the overlf ing "D" aquifer,

which does contain considerable anounts of ferrous sulfides.

Figure 24 is a nap of two paraneters super-inposed to

denonstrate the degree to which they are interrelated. The solid

lines represent concentrations of silicon dioxide in oilligrans per

liter, as deteruined in field analyses. The dashed lines indicate

tenperature in degrees Celsius. Tenperature of groundwater within the

"N" aguifer systen is controlled by the geotherual gradient, as can be
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seen by the fact that tenperatures are highest under the structural

basin of Black ltlesa, rhere Glen Canyon Group rocks are nost deeply

buried. The prinar;- control on silica solubility is teuperature, when

a single source of silica is involved. Feldspar dissolution also

plal's a couplex role (Hem 1985; Holdren and Berner 19?9)' and other

sources of silica also exist, such as guartzr chalcedon)'r and

anorphous silica. The widespread nature of weathered feldspars in

aaoooo acoooo aloooo Sooooo 5zoooo 6{0000 6t0000 6t0000 too000 t?0000
a I 10000 { 1 10000

{ot0000 a0c0000

t

a050000+050000

a030000 {03000c

tc90000 t990000

IOC0000 19c0000

I9gO000 !9t0000

'3900000
.coooo iooooo I8o0oo s{oooo 630000 sto000 000000 ce0000

UTU Errtlrlj
f.0000 aco000

Figure 24: Distributions of Silica (solid Iinesr CI=3 Dgll) and

Tenperature (dashed linesr CI=40 C)r superiaposed'

{rJf ;t

-.\/.! '/,'tnr/({, I/r-ta
rltru-r f

{5ry2
/

q
F



115

GIen canyon Group roc.ks, which is discussed in the following chapter,

nakes their distribution alnost a constant, and while guartz is also

ubiquitous, other forns of silica were less connon. Feldspars seen

the nost likely source nineral for silica. The pattern seen in Figure

24 for silica concentrations, thenr nay weII reflect the overriding

control of tenpei;ature on silicb solubility. In general, the higher

the temperature, the greater the concentration of dissolved silica.

Horever, some of the contours towards the center portion of Black Mesa

represent unusuallf' high levels of silica, and other processes na]'

also be contributing to silica concentrations at depth.

Piper Diaqram

In order to facilitate interpretation of evolutionary trends and

h]'drochemical processes, Lloyd and Heathcote (1985) note that sone

forn of graphical representation of water chenistry data should be

used in conjunction with distribution naps. One of the nost widely

used neans of representing large numbers of analyses for conparative

purposes is the Piper (1944) diagran, a variation of a trilinear

diagran in which two base trilinear diagrans plot anion and cation

equivalent percentages. These are then respectively extended into a

dianond field where the intersection point represents the sauple.

This diagran also has the advantage of progrannability, and several

computer prograns exist that can plot Piper diagrans fron water

chemistry data (Cheng 1988).
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Figure 25 is a Piper diagran which plots najor cation and anion

equivalent percentages for all "N" systen sanples analyzed for this

thesis, nith a eharge balance error of less than 201. It is quickly

apparent that two najor groupings exist Hithin the data. Qne cluster

is doninated b.v sodiunr and a varietl'of anions such as bicarbonatet
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sulfete, and chloride; these analyses are nostly fron the eastern and

southeastern portions of the study area. Another nore tightly

clustered grouping is doninated by calciun as the chief cation and

bicarbonate as the principal anion, and these sanples are uostly fron

the northern and western portions of the thesis area. There are

virtually (ho analyses which fall in the internediate zone between

these two distinct groups. Often analyses which plot between tight

clusters suggest sone degree of mixing between the two groups.

Cheng (1988) has noted the inherent difficulties of defining

hydrochenical changes and geochemical evolutionary trends based solely

on the positions of r.'ater chenistry groupings within the diagran. In

particular, the inference of urixing as a najor chenical mechanism is

difficult to draw based onll'on trends seen in a Piper diagran,

because of the vari.et.v of post-nixing reactions that are possible

(Cheng 1988). It is thus a mistake to define a set of geochenical

reactions on the positions or trends seen in a Piper diagran, but the

diagran renains an extrenely useful tool for presenting large anounts

of hydrochenical infornation in a conprehensible fornat. Often its

greatest use lies in the definition of hydrochenical facies (Freeze

and Cherry 1979), by which Deans water chenistries are succintly

described, though not explained.

D igcrlss i on

At least two chemically distinct groundwaters

the rtptt aqu i f er systen. One i s & calc iun-dominated

are present within

water to the north
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and west, while the otherr Iocated along the eastern and southeastern

uargins of the thesis arear is a sodiun bicarbonate to sodiun sulfate

water. The set of reactions which create the chenically distinct

water to the north and west ."" cl"""ly doninated by dissolution-

precipitation reactions within the carbonate systen. But to the south

and southeast a different set of processes controls the evolution of

the water. Silica represents one parameter which appears to be

controlled prinarill' by tenperature across the entire study area.

Having examined the groundwater chenistry, it is now inportant to

exanine the mineralogy of these areas to understand the other half of

the rater-rock reactions which are occurring.



CHAPTER 5

MI NERALOGY OF THE GLEN CA}ryON GROUP

Introduction

This chapter discusses the nineralogy of the various fornations

and nenbers of the Glen Canyon Group, the nain rock body conprising

the "N" aquifer system. Methods of study are explained, analytical

results are presented, sources of uncertainty discussed, and general

trends observed across the thesis area are evaluated.

Of the various fornations of the Glen Canyon Group that nake up

the "!,i" aquifer system, only the Kayenta Fornation has been thoroughly

investigated in terns of nineralogyr mostly in the forn of recent

naster's theses (Sargent 1984' Luttrell 1987). No detailed analyses

of the nineralogy of the Lukachukai Menber of the Wingate Sandstone

could be located in the literature, and the Navajo Sandstone has also

received only perfunctory nineralogical treatnent. Probably because

both are interpreted ae classic aeolian sandstones, they are alnost

unifornly described as clean quartz arenites (Harshbarger et.aI.

1957). Such descriptions are insufficient to explain the geocheuical

changes in water chenistry noted in the previous chapter.

Irlineralogical analyses were therefore perforned on saoples of

the Glen Canyon Group, particularly the Wingate Sandstone and the

119
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Navajo Sandstone, in order to clarify what naterials in what

abundances are available within the "N" aquifer systen for water-rock

reactions. Such nineralogical knowledge is necessary for a variety of

reasons.

Plunner (1984) has noted that virtually all attenpts to nodel

geocheoical reactions within groundwater systens have paid frfr too

little attention to nineralogy. Since modeling is a process of

inferring the nost plausible set of water-rock reactions that would

produce a specific water chenistry, good infornation on the nineralogy

of the rocks involved in those reactions is just as necessary as

accurate water analy'ses.

Perhaps as important as knolring which ninerals are available for

water-rock reactions is knowing which ninerals are absent and could

not possiblf' be involved in the geochenical evolution of the

groundwater. In the previous chapter the elevated levels of sodium

and chloride were noted for the eastern and southeastern portions of

the thesis area. The single nost Iikely geochemical nechanisn that

would produce such elevated concentrations is the dissolution of

halite. Yet evaporite beds have never been reported for the Glen

Canyon Group. If halite cannot be found within "N" systen rocks, or

textures suggesting its foruer presence, then the reactions which

produce sodiuu and chloride cannot be occurring within the aquifert

and another source nust be sought.

The goals of the oineralogical analysis, then, were to clarify

the conpositions of the rocks with which the groundwaters react as the
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flow fron recharge to discharge areas, and to obtain sooe idea of the

relative abundance of the inportant ninerals across the thesis area,

so that regional trendsr if any, could be traced. The two analytical

nethods used to realize these goals were X-ray diffraction and petro-

graphic analysis. These two nethods conplenent one another in

delineating grains, cenents, and natrix within the rock.

X-ray diffraction was judged to be the best nethod of

approaching clay' mineralogy. The clays are probably the nost

inportant ninerals involved in any ion exchange reactions which night

be occurring within the systen, and detailed knowledge of their

mineralogy and relative abundance is necessary to understand ion

exchange reactions.

Petrographic analysis of thin-sections enables a deternination

of the grains present within the rock, their relative abundancesr and

textures which provide clues concerning geochenical processes. Under

the petrographic nicroscope it is also possible to see the kinds and

anounts of cenent present, and postulate a seguence of developnent for

those cenents. Matrix is less easily approached via petrographic

techn iques.

Provenance of Analvtical Sanoles

, All naterials used for X-ray diffraction analysis were obtained

fron archived drilling cuttings. Several thin-sections were obtained

fron these cuttings as welI. Additionally, surface rock sanples were

collected in the field, and several selected for thin-sectioning and
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petrographic analys i s.

descriptions.

Table 11 presents sample locations and

The Arizona Bureau of Mines in Tucsonr Arizonar uaintains an

archive of drilling sanplesl nostly rock cuttings, fron nost of the

recorded oil and gas wells within the State of Arizona. A nap showinl

well locations acconpanied by sone construction detaiIS, available

fron the Arizona Qil and Gas Conurission (Conley 1975)r was used to

select wells within or near the thesis area conpleted through the Glen

Canyon Group. More detailed lithologic logs were exanined in Tucson

and a shorter list developed. Cuttings for each well were exaninedt

and the largest culled out for analysis fron 13 wells.

These cuttings have the advantage of representing the aquifer

naterials at depth, not solelrv at the surface where water-rock

reactions nay be different, and where weathering n&y have seriousl.y

affected nineralogy. But their disadvantages are nany. Firstr oil

wells are not evenly distributed across the state or the thesis area;

nost are located in the far northeastern corner of Arizona. So there

is Iittle representation of the western and southwestern portions of

the thesis area. Cuttings were taken fron the conplete GIen Canyon

Group interval as loggedr not fron single fornations or linited depth

intervals which would not have yielded sufficient naterial for

analysis. So they represent the GIen Canyon Group as a whole, and not

any single fornationl a disadvantage when trying to ascertain.which

specific geochenical reactions occurred within which specific

fornation within a thick sequence. These sanples are thus not truly
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Table 11: Sample Locations and Analytical Methods
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representative of either the horizontal or vertical variability within

the Glen Canyon Group, but they were the only subgurface sanples

avai Iable.

In order to obtain a clear picture of uineralogy within specific

fornations, particularly the Wingate and Navajo Sandstonesr several

surface sauples were collected during the coufse of fieldwork. Using

detailed geological naps (CooIey et.al. 1969), locations were verified

as within the formation desired. Samples were collected fron the

vicinity of BIue Canyon, Navajo National Monunent, Kayenta, and Many

Farns. These samples have the advantage of being evenly distributed

across the thesis area, and definitely identified as to fornation.

They have the disadvantage of being surface rock sanplesr thus more

highly weathered than subsurface sanples. They are also few in

number, and cannot be considered truly representative of the spatial

variability of the mineralogy of the Glen Canyon Group.

Despite the scattered nature of these sanples, both vertically

and horizontally, they are important in that the nineralogical

infornation derived fron then cannot be found elsewhere.

Interpretation of these few sauples suggests trends for the lithology

of the "N" aguifer systen as a whole. No clain is aade that these few

sanples constitute a definitive study of the Glen Canyon Group.

X-Rav Diffraction Analvsis

x-ray diffraction was perforaed at Bilby Besearch center by a

qualified geological technician. Prior to analytical runs, the
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sanples were treated in two different nanners. One portion of each

sanple was sinply ground to the appropriate size and run as an

unoriented whole rock rount. The other portion was nixed with

distilled waterl sonified' and size segregated by centrifugation to

retrieve the clay fraction of the rockr and this portion of each

sanple, the less than two nicron fraction, received further attention.

Diffractograns were produced for each analytical runr and

interpretations appear in Table 12.

Three distinct steps were involved in the preparation of each

clay fraction sanple. The first step was the preparation of a slide

using a water,/elay nixture. This has the effect of orienting the C-

axes of the clay ninerals perpendicular to the slide in order to

obtain clear peaks on the diffractogram for better interpretation.

Glycolation r'ias the second step, involving treatment of the sauple

with ethylene glycol. This produces an expansion of the clays, and is

particularly useful in aiding identification of swelling clays such as

dioctrahedral snectite (Srodon 1980). The final step consisted of

heating the previously treated slide to over 5000 C in order to

collapse the peaks which had been accentuated by glycolation. By

conparing diffractogrars of alI three slides, clay rinerals and their

rough proportions can be identified.

The whole rock nounts were prepared frou unoriented powder which

were site packed in a randon powder lount, placed in the gonioaeter,

and analyzed. Schulz (1964) pioneered a rough technique for

estiuating anounts of various ninerals present in the rock based on
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Table 12: Relative
Deternined by X-Ray

Anounts of Major Minerals as
Diffraction.

ABI{ CIay Fraction

liurber Snectife f Illite f
fhole Rock Prrction

Quarts Feidspars Calcite0the r/Conlents

2506

2089

2051

?011

2C33

,n1n
{, t'irr L'

, n7 tl
gr I'

20i3

r ,rt4
itr {f

1186

i|]05

?8?

68

82

?6

90

g0

!Ll

rn
I r/

80

?(rv

9f

il

1{

95

18 lired-layer?

24 tingate only

10 gocd salple

1() ninor kaolinit"e?

20 pom rurr

311 nixed-layer?

inpossrble to interpret

X0i nixed-layer

25X nixed- Iayer

I C ninor kaol inite?

89 nixed-layer?

56 nixed-layer?

t
v

rinor rrjor art,

plag?,others rinor

n ino r rino r

ninor lajor alf,

rinor naju alf ,

rinor lajor arf,

ninor ninor

rinor lino r

rlbi.te?ofher ninor

rinor lajor rnt,

plag? , others linor

linor rinor

rinor rinor

dor i nant

don i nrnt
t, .;

don inan I

rajor a[t,

lajor ant,

najor &nt,

don i h&rr t

don inant

doninant

don inant

don inant

doninanf

d oe i nant

relative strengths of characteristic peaks seen on the diffractogran,

but no attenpt was oade here to estinate percentages. Mineral

conponents could be seen as najorr ninorr or douinant, and are so

noted in Table 12. The aEgregate nature of the ganples, representing

all of the Glen Canyon Group rather than one foraation, rould render

precise estinates less ueaningful. Also, the whole rock uounts did

not receive sufficient rotation to pernit identification of snaller
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secondary peaks of soDe oinerals; over 600 of two-theta rotation nay

be necessary to see all relevant peaks for sone ninerals on the

di ffractogran.

Results of running the three slides (oriented' glycolated' and

heat-treated) for each clay fraction sanple were trore successful.

Snectite and illite peaks consistently stood out on nost of the

resulting diffractoglrans, and it was possible to deternine their ratio

folloning Srodon (1980). Rough estinates of snectite and illite

percentages appear in Table 12. Noise nade identification of nixed-

layer snectite/illite clays nore difficult, and very few indications

of kac,linite were seen. In alnost all sanples, snectite is the

doninant cla.v type, with sone illite present. No regional variability

could be seen; howeverr it should be rernembered that these sanples

represent the entire Glen Can.von Group, not any one unit such as

either facies of the Kayenta Fornation.

Quartz, as expected, was the doninant nineral seen in the whole

rock nounts. Minor anounts of feldspars accoopanied the quartz.

Exact feldspar identifications were rendered inpossible by the

foreshortened two-theta rotation, as well as the overlapping nature of

prinary feldspar peaks, which tended to nask one another. The calcite

peak was alnost always present, often in surprising strength.

Although no regional trends could be discerned, it is clear that at

depth calcite is a najor cotponent of the GIen Canyon Group. Since

calcite is not congidered a naior grain type in the GIen Canyon Groupt

the calcite peaks seen in X-ray diffraction probably represent cerent.
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Petrosraohic Analvsis of Thin-Sections

The largest cuttings fron five of the wells represented at the

Arizona Bureau of lrlines were sent to National Petrographicl Inc.l for

thin-sectioning. Potassiun feldspars were stained yellow in each

slide for easier and nore colplete identification. Epoxy was colored

blue in order to pernit better''porosity estirates. A sixth sanple of

volcanic naterial from a location near Chilchinbito on the east side

of Black Mesa was also subnitted, in order to assess ions contributed

by igneous source rocks. Because only five sanples were thin-

sectioned, they cannot be considered an adequate representation of the

GIen Canyon Group, but their analysis does provide a basis for

suggestions concerning Iithological trends within the "N" aquifer

system.

slides were analyzed at Northern Arizona university by the

author. No point counts were donel since five to nine large chunks of

Glen canyon Group rirere Eounted on each slide. It was felt that no one

chunk was large enough to peruit 300 points to be countedr and which

chunk cane fron which fornation was not randonized enough to provide a

valid representative saaple. Instead proportions were estinated

utilizing percentage charts.

Several trends were noted for these five subsurface sanples'

First, aost of the grain-supported sandstone chunks (probably Navajo

Sandstone and Wingate Sandstone) contained virtually no ratrix. Sole

chunks were identified as siltstones (wackes) on the basis of luch

Iarger anounts of clays; these nay represent the Kayenta and Moenave



129

Fornations. Secondly,'calcite was the latest and usually doninant

cenent, although quartz overgrowths were consistently present. This

agrees with peaks seen in X-ray diffraction. Calcite occurred as

large blocky crystalsr and sone evidence of recrystallization was seen

in a few slides. Thirdly, although quartz was the douinant grain

type, far nore feldspars were present than had been expected. Most of

these showed sone signs of alteration. Several of the sandstone

chunks night Dore properly be terned sub-feldspathic arenites rather

than quartz arenites, as feldspar percentages were routinely estinated

to be greater than 202. Porosity was often choked off by calcite

cenent, and rlhere noticeable, often was greater outside layers of

larger grains which were often totally cenented with large calcite

crystals. These layers of larger grains between fields of slaller

grains nay represent nicro-strata resulting fron regular perturbations

in sand flow, such as create the phenonenon of clinbing translatent

strata.

Two slides were obtained for analysis that represent the Navaio

Sandstone near Gap, Arizona, at the western edge of the thesis area'

Both were very sinilar. Both exhibited low porosity, and were well-

cenented with silica in the forn of kaolinite. No trace of calcite

could be found. Sone feldsp&rs were present, and were very badly

altered to sericite. Occasional pockets of authigenic natrix were

noted.

The seven surface rock sarples collected during the field phase

were also thin-sectioned. They were not stained for potassiul
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feldspars, and no blue dye was added to the epoxy. Three were from

the Lukachukai Menber of the Wingate Sandstone, and four fron

exposures of the Navajo Sandstone. The quality of these slides was

rather uneven, and all had too nany'grains ripped out during the

grinding process to pernit good point-counts, or even good estioates

of porosity. However, several trends could be observed. Petrographic

observations for aII of the slides thin-sectioned are sunnarized in

Table 13, although the observations for the Arizona Bureau of Mines

sanples represent onl,r, the sandstone chunks present on each slide.

One of the nost striking trends noted in the four surface Navajo

Sandstone samples was the lack of calcite cement in these slides.

Only one slide, from west of Man-v Farns, displayed traces of large

calcite crystals. AII had silica cement, in the forn of quartz

ol'ergroliths. Matrix seemed somewhat nore plentiful, and feldspars

were far nore thoroughly altered than in the subsurface sanples.

Berner and Holdren (1979) have pointed out that initial water-rock

reactions quickly alter feldspars, and such weathering processes would

tend to occur near the surface. Weathering of feldspars can release

cations such as sodiun, potassiun, and calciuo, depending on the

conposition of the solid solution. But it is not clear that this

process is the chief source of these ions.

Calcite cenent is far nore co6pon in the three sanples of the

Lukachukai Menber of the Wingate Sandstone. Kaolinite and quartz

overgrowths also serve es cenent, but calcite appears to be the uost

recent. In several spots calcite was observed to be replacing
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kaolinite. Feldspars were nostly altering

appeared to be sonewhat nore abundant than

to

in

sericite, and natrix

either the subsurface

sandstones or the Navajo Sandstone sanples. It should be noted that

these sanples were collected fron the northeast and eastern nargins of

the thesis area, where the Lukachukai Menber of the Wingate Sandstorle

is directly hydrologically connected with the Navajo Sandstone and the

Kayenta Fornation.

Kaventa Formation Mineraloqv

No surface sanples of the Kayenta Fornation were collected for

thin-sectioning. Luttrelf (1987) has done the nost detailed

petrographic work within the thesis area. Luttrell (1987) recognizes

a subfeldspathic and a plutonic feldspathic petrofacies within the

northern and northeastern portions of the extent of the Canyon Group.

To the southwest of Black Mesa the Kayenta Fornation grades into a

series of intercalated siltstones, nudstone, and sandstone, and

increases in thickness. Within this "silty facies" LuttreIl (1987)

recognizes a feldspathic volcaniclastic petrofaciesr a nixing zone

between the two. The "silty facies" of the Kayenta is not included in

the definition of the "N" aguifer systenr due to lower hydraulic

conductiv ities '
Luttrell's (198?) plutonic feldspathic petrofacies is charac-

terized by sandstone petrology which is rich in feldspars and lithic

fragnents, although quartz grains still doninate. Feldspars are

nostly orthoclase and nicrocline, which release potassiuu upon
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weathering. Lithic fragnents reflect a plutonic source terrane

(Luttrell 198?), are nostly quartzose. This varied petrological

nature is found in the northern portion of Black Mesa and the north-

eastern Navajo Uplands, where the Kayenta Fornation is directly

connected to the Navajo and Wingate SandstoD€s.

In the far northeastern portion of the thesis arear Luttrell

(1987) describes a subfeldspathic petrofacies which is closer in

composition to the Wingate and Navajo Sandstones. Quartz conprises

about two-thirds of the grains, with reduced percentages of feldspars

and Ii.thic fragments. Rock fragments are both plutonic and

netanorphic clasts (Luttrell 1987). However, this petrofacies is too

limited in extent within the thesis area to have substantial inpact on

the chemistry of the groundwater.

The "silty" facies of the Kayenta Fornation as first defined by

Harshbarger and others (1957) extends across nost of the southern and

southwestern portions of the thesis area. The fine-grained

sandstones, siltstones, and nudstones in this region contain

considerable anounts of illite and snectite, as well as quartz,

feldspars, and volcanic lithic fragnents (Luttrell 198?). Although

the flow of groundwater through these rocks is slight due to lowered

hydraulic conductivities, processes such as cation exchange nake soue

contribution to the water chenistry at the lower boundaries of the

Navajo Sandstone.
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Discussion

X-ray diffraction and petrographic analysis of the linited

nunber of sanples described in this chapter is not a definitive study

of the lithology and nineralogy of the GIen Canyon Group. However,

several najor trends were noted for "N" aquifer systen nineralogy,

both between subsurface and surface sanples, and regionally across the

entire thesis area:

1) Calcite cenent dominated subsurface sandstone sanplesr often

choking off porosity, and usually associated with larger grains around

nhich porosit)' had originally been greater, Crystals were large and

blocky, indicating continuous crystal growth.

2l Calcite cement was almost totally lacking in uost surface sanples,

although scattered traces of blocky calcite suggested that it had once

been pervasive. SiIica ceuent, prinarily quartz overgrowths' was Dore

couoon in nost surface sanples.

3) The lack of calcite cenent in surface sanples was nost notable for

Navajo Sandstone slides fron the west and northwest of the thesis

8r€&. The one Navajo Sandstone slide fron the southeastern portion of

the thesis area displayed rore signs of fornerly pervasive calcite

cenent than the others. AIt three sanples of the Lukachukai Menber of

the Wingate Sandstone showed considerable calcite ceoent; all are fron

the eastern and northeastern edges of the thesis &r€8.

4l Feldspars were far Dore cotrnon then expected in sandstonesr par-

ticularly in subsurface sanples. They were also far less altered in

subsurface slides than in surface sanples. No regional differences
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could be observed across the thesis area.

5 ) Matrix was connon only in the subsurface chunks that were clearly

siltstones, probably fron the Kayenta or Moenave Foraations. Matrix

was alnost entirely lacking in subsurface sandstone sanples, and was

only slightly nore prevalent in surface sanples. Navajo Sandstone

sanples fron the western and northw0stern portions. of the study area

exhibited the greatest anounts of natrix for sandstonesr probably

derived from the intensive alteration of feldspars in these rocks.

Its conposition, as revealed by X-ray diffractionr was nostly suectite

with some illite, and very probably sone undeterninable anount of

nixed-layer snectite-illite clays

Fron these trends several water-rock reactions can be predicted.

By far the major activity appears to be riith the calcite cenentt

particularly near the surface, and particularly in exposed Navajo

Sandstone to the north and west. These dissolution-precipitation

reactions doninate the "N" systen water cheuistry across nuch of its

extent. The amount of matrix is too snall to contribute significantly

to water chemistry via ion exchange reactions. Feldspar weathering

contributes sodiun, calciunr and potassiun ions. No trace of

evaporite ninerals was foundl particularly to the east and south.

These then are the factors that nust be taken into account in

describing geochenical evolution of "N" systen groundwater.



CHAPTER 6

GEOCHEI'II CAL M0DELI NG

Introduction

Geochenical nodeling is an attenpt to derive the nost therno-

dynamically plausible hypothetical set of water-rock reactions that

yield specific water chenistries. Because of the excessively large

nunber of conputations required' geochenical nodeling is usually

performed on a conputer (Plunner 1984), and a wide variety of prograns

exist that do the necessary calculations. No geochenical nodeling has

ever been done on the "N" aquifer system of northeastern Arizonar an

onission which nay be part of the reason for the overall lack of

knowledge concerning the equeous geochenistry of this systen.

This chapter takes the results of the laboratory and field water

analyses, and the results of nineralogical studiesr and atteupts to

rnodel the hydrogeochenical reactions which create the two distinct

water chenistries observed. A brief overview of nodeling in aqueous

geochenistry is provided, as well as discussions of the nore relevant

prograDs.

136
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An Overview of Geocheuical ltlodeline

Goals

Geochenical nodeling revolves around the attenpt to better

understand processes occurring within the aquifer which cannot be

directly observed. It is because the nater-rock reactions of intere3t

cannot be directly observed Ls they proceed'within the aquifer

naterials that nodeling is required. Several diverse goals have been

noted (Plunneri Parkhurst, and Thorstenson 1983) for all efforts at

geochenical nodeling:

1) Determination of the type of reaction controlling the evolution of

the groundwater, under what conditions, and to what extent. It is a

najor goal to reasonably infer that dissolution, precipitationr cation

exchange, or oxidation-reduction reactions are occurin$, reversibly or

irreversibly. The kinetic rates'at which these reactions are

occurring are also desired information, but are not always conputed by

most models.

2) Identification of the ninerals which are involved in the

postulated reactions. It is a najor goal to deteruine which ninerals

are dissolving, precipitating' oxidizingr or reducing along the flow

path, and to trace changes in nineralogy. This goal is often nost

iuportant to petroleun geoloSists following the evolution of a

diagenetic front.

3) Description of the spatial variation in the doninant reactions

across the study area. A set of water-rock reactions which proceeds

along one flow path nay be different than a set of reactions
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controlling the evolution of nearby groundwaters. If spatial

variability exists across an aquifer, nodeling is often the best way

to study it.

4) prediction of water guality at points beyond the flow path

analyzed. The set of reactions seen between two points (two water

cheoistry analyses) can be extrapolated into areas where no water

chenistry data is available. This is an inportant goal for resource

Danagers in predicting water quality in unknown areas.

Reouired Innut

Three types of infornation are reguired for effective

geochemical modeling (Plumner 1984). First, accurate knowlege of

water cornpositions at several points within the study area is

essential. Water chenistry data nust include ionic concentrations in

water sanples which are representative of groundwaters within the

aquifer. Conditions within the aquifer itself nust also be known'

including paraneters such as pH, reduction-oxidation potential,

tenperature, alkalinity, and concentrations of dissolved gases'

particularly oxygen. For this thesisr considerable attention was

devoted to obtaining inforuation on aquifer conditions and water

sanples which were truly representative of the groundwater within the

aquifer through the use of serial sanpling and field analyses.

Laboratory analyses were carefully perforned in order to retrieve the

aost accurate and precise water chenistry data possible. This data

requirenentl then, is fullY net.
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Second, thorough knowledge of the nineralogy of aquifer

naterials is required for effective geochenical nodeling. It is

necessary to know what ninerals are presentr in what anounts those

ninerals are present, and how they vary spatially across the study

area. The presence of any regional trends in couposition or textureb

that can be related tb the direction of groundwater flow is also

needed. Evidence of changes in texturesr such as secondary versus

primary minerals, replacement texturesr coatings, zoned crystals,

seguence of cements and other observations, aids in interpretations of

the geochemical evolution of groundwater, The X-ray diffraction and

petrographic analyses done for this thesis had the ainr of obtaining

nuch of this information.

Third, thorough understanding of the hydrological flow systen of

the aquifer is required for effective geochemical nodeling. Recharge

and discharge areas nust be identified, so that beginning and end

points are known. Areas where the aquifer is under confined

conditions, and areas where it is under water table conditionsr nust

also be identified. FIow lines nust be known, since nodeling is an

atteupt to understand water-rock reactions along those flow lines.

While no new hydrological studies were perforned for this thesis'

ongoing work by the U.S. Geological Survey (Eychaner 1983' Brown and

Eychaner 1988, HiIl and Whetten 1986) and the Arizona Departaent of

I{ater Resources (T, Perryl personal connunication) provides a. rather

couplete picture of groundwater flow within the "N" systen for aost of

the thesis area; only the far northwestern portion is not covered. So
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flow lines, transnissivities, confined areasr and other hydrological

factors are known.

Eoui I ibrium Speciation Calculations

Eeuilibriun speciation celculations of solutes are the first

step along the nodeling process. Fron these speciationsr the

saturation state of the groundwater with respect to several ninerals

and even gases assuned to be present in the aquifer systen (Plunner'

Parkhurst, and Thorstenson 1983) can be deternined. Although such

calculations point to which ninerals could be dissolving or

precipitating within the systeu, they cannot alone provide the answer

as to whether or not the nineral is actually reacting as predicted.

Speciation calculations depend both on the accuracy of the water

chenistry data rihich is available for the systen and on the accuracy

of the thernodynamic database which is utilized for the calculations.

The thernodynanic databases used for najor oinerals function quite

well (Plunrner 1984), but theruodynanic data for trace ninerals is less

satisfactory and speciations of these ninerals are less accurate as a

result. Thernodynanic data is largely derived frou published and

replicable chenical experinents, but the accuracy of water analyses

depends on the analyst.

saturation indices for specific ninerals are the result of

equlibriun speciation calculations. The saturation index is the log

of the ion activity product divided by the equilibriuu constant' and

thus is a Deasure of the degree to which that nineral is dissolving or
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precipitating. Because saturation and true eguilibriun are present

only at a value of zeror this Deasure is often called the

disequilibriun index. Saturation indices conputed for siuple solids

such as calcite or Elypsun avoid the uncertainties inherent in conplex

stoichionetries such as smectite or apatite, and are thus nore
;)

reliable indicators (Plunner 1984).

Mass Balance Caleulations

Mass balance calculations define the net Dasses of ninerals

entering or leaving, in a physical sense, the aqueous systen as a

result of water-rock reactions (Plunner et.aI. 1983). Used with

speciation models to eliminate unlikely reactionsr Bass balance

calculations can identify the more likely reaction paths fron initial

to final points along a flow Path.

Those minerals which enter or leave the water along the flow

path are chosen from a set of plausible phases, chenical constituents

which could reasonably be expeeted to participate in reactions. This

set of nrineral phases is derived fron nineralogical, petrographic'

geological, or chenical evidence. The difficulties of nass balance

calculations Iie in the nultiplicity of plausible phases that can be

identified for nany aquifer systens.

Two other theoretical constraints are vital in nass balance

calculations, conservation of nass and conservation of electrons

(Plunner et.al. 1983). The total anounts for each elenent nust be

balanced between reactants and products, so that nothing is lost.
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Also, the total anounts of electrons transferred between reactants and

products nust be naintained, through the technique of equating any

change in redox state between initial and final solutions to the

change in electrons. For both of tiiese conditions to be net, the ion

balance difference in the water analyses used uust be as low as

possible.

Reaction Path Simulation Calculations

Reaction path simulations trace the progress of water-rock

reactions from a starting conposition to a final water chenistryt

based on assunptions of equilibriuu and specific irreversible

reactions. Such sinulations predict what the conposition of the water

should be at any given point, as well as the anount of ninerals

transferred anong the aqueous and solid phases, given specific

irreversible reactions and thernodynanic conditions (Plunner 1984).

The nunber of reactions paths thernodynanically possible for an

aquifer systen depends on the nunber of irreversible reactions defined

for that systen. If only one irreversible reaction can be defined'

then the reaction path is siople. But if several can be defined' then

choosing anong the rore likely reaction path candidates becones nore

difficult. Definition of the nost probable reaction path depends

heavily on knowledge of kinetic rates of irreversible reactions

(Plurler 1984), which is often not available. Such inforaation was

not available for this etudy. Following the progress of a reaction

path variable, such as tenperature or the nunber of noles of reactant
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Ieaving a systen, is the usual Deans of selecting the theruo-

dynauically nost likely reaction path.

Results of reaction path sinulation calculations include the

nasses of ninerals dissolved and precipitated as a result of the

reaction, as weII as the water conposition. It seers possible to

conpar€ the final predicted water couposition with observed analytical

values along a flow path to deternine the predictive validity of any

reaction path sinulated.

Interpretation depends heavily on the definition of the problen

and the plausible set of mineral phases postulated for the aquifer.

In turn, independent evidence fron petrographyr geologyr and other

sources, including X-ray diffractionr facilitates the selection of

plausible phases and the definiti,on of the problen. Accurate water

analyses are obviously a najor requirenent.

Comouter Modeling Protrans

Because aIl geochenical nodeling essentially involves huge

nunbers of nathenatical calculationsr a wide variety of conputer

prograns has been developed over the years to perforn the uodeling

calculations discussed above. Sone of these codes are rather obgcure

and used only by their authors, but several are widely known and usedt

including such codes as WATEQF' PHREEQE' and EQ3/6. These progratrs

are briefly sunnarized below. It proved possible to uee only I{ATEQF

in this study, due prinarily to tiue constraints and the difficulties

of developing acceptable input files for the other two prograns.
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WATEQF

I{ATEQF was originally written by Truesdell and Jones (19?4) for

nainfrane conputers, but has been widely nodified since for a wide

variety of nachinesr including personal conputersr and has been nade

far easier to use. Its ease of use has uade it widely used, and nany

researchers enploy WATEQF as an essential first step inr:

interpretation, deriving ion balances, nolal concentrationst

activities, and saturation indices as guides for further nodeling

efforts. The input to this program includes the thernodynanic

database, which again has been nodified over the ye&rs and can be

further modified bl' any researcher investigating a problen for which

nineral solubilities are not yet in that database. Water analyses are

also specified for the progr&D, including variables such as dissolved

oxygen, pH, tenperature, concentrations of najor cations and anions'

and concentrations of optional ions such as nitrate.

WATEQF conputes ion activities for each reported constituent

based on either the Debye-HuckeI or Davies ion activity coefficient

equation. Having conputed ion activity coefficients' WATEQF then

conputes activities for both ion pairs and free ions in the solutiont

as well es ion activity ratios, ion activity products, and solubility

products.

Finally saturation indices for several ninerals of interest are

conputed. This is probably the najor feature of the progral for rost

researcherg. If the gaturation index for a rineral is zeror the water

is at equilibriun with that uineral. If the saturation index is less
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than zero, the solution is undersaturated with respect to that uineral

and thus tikely to dissolve; if greater than zero the solution is

supersaturated' and that uineral is likely to precipitate out. The

last two situations do not represent equilibriun conditions, hence the

tern disequilibriun index. WATEQF does not predict whether or not

dis*blution/precipitation is actually occurring within the systen,

only whether it is thernodynanically probable or not.

PHREEQE

PHREEQE is a U.S. Geological Survey conputer progran which

sinulates reaction paths fron an initial water conposition. PHREEQE

follows the evolution of the solution along one or nore phase

bo.undaries by calculating pH and pe as dependent variables (Parkhurst,

Thorstenson, and Plunner 1980). PHREEQE can sinulate reactions such

as addition of reactants to a systen, nixing of two waters, and

titration of one water with another. Provided by the user with

approriate mineral equilibria, PHREEQE can conpute reacticn paths to

the requested points at phase boundaries (Plunner 1984). Various

input codes (Flening and Plunner 1983) should nake PHREEQE easier to

use than Dany reaction path prograns, but these prograns theuselves do

not always work.

Input consists of an initial water conposition and a set of

plausible reactants. Exact lineral equilibria and coopositions ehould

be specified. Alternativelyr the user can provide two initial

solutions for the situation in which it is desired to assess the
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effects of oixing of two waters or titration of one water with

another. PHREEQE expects that the initial solution will be

electrically neutralr but this can be overriddenr since in oany actual

water analyses the charge balance does not quite equal zero (Plulner

1984). The progran can also accept a water couposition frou a

previous run as an initial solution, allowing a seri0s of runs to

sinulate the progress of water-rock reactions. The user nust also

nake assunptions as to which irreversible reactions are involved in

the systen.

Output consists of a description of the final solution,

distribution of agueous species including nolality and log activity

for each, total rnolalities for alI elenents, and saturation indices.

The program also calculates several other quantities, including pH,

p€r and the anounts of ninerals or other phases transferred into or

out of the aqueous phase (Parkhurst et.al. 1980). The user uust then

interpret these resultsl and there is no guarantee that the final

water conposition will natch any observed water chenistry along a flow

path (Plunner et.al. 1983). If however such a natch is attained, the

analyst can infer that the net transfer involved is therlodynanically

val id.

E83NR 'trQF

An entire package of conputer prograDa waa developed at Lawrence

Liveruore National Laboratory for perforning equilibriun speciationt

nass balance, and reaction path nodelling (t{o}ery 1983). Connonly
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called EQ3/6, these prograus are too big for a personal conputer, and

uust run on nainfranes or ninicouputers. A copy of the package was

obtained and nodified to run on the Digital Equipnent Corporation VAX

ninicouputer at Northern Arizona University.

like WATEQF, the EQ3NR portion of the package couputes

speciation-sqlubility infornation for a set of water anelyses. Input

consists of water analyses in a variety of concentration unitsr which

are converted to nolalities. Temperature and pH are also nornally

supplied. Various constraints are specified with a series of flags.

But setting up an input file for EQSNR is not as easy as in WATEQF.

Output fron EQ3NR is sinilar to that of WATEQFT in that it

provides the distribution of agueous species in terns of

concentrations (nolalities) and thernodynanic activities (Wolery

1983). The progran provides saturation indices for ninerals in its

Iarge thernodynanic database. By specifying the thermodynanic state

of each redox couple in the water, the progran also defines the degree

of disequilibriun anong these redox couples. Finally it writes a

pickup file for use by the EQ6 portion of the package.

Using the results of EQSNR' EQG calculates the reaction path

taken by the solution changing in response to one or nore irreversible

water-rock reactions. EQ6 differs fron PI{REEQE in that the colputer

code itself selects the reaction path (Plunner 1984); in PHREEQE the

analyst rust choose arong different plausible reaction paths. EQG

allows fewer selections of critical variablesr and thus fewer

nanipulations of the systen. Also, EQ6 conputes the reaction path
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increnentally throughout the entire progress of the reaction variable

followed; PHREEQE only couputes changes at specified intervals,

usually phase boundaries (Plunner 1984). The output of EQ6 is siuilar

to that of PHREEQE'

Results of Runninq WAIEQF

WATEQF was run utilizing the water analyses of the various wells

sanpled during the field phase. The goal of running WATEQF with these

analyses was to obtain saturation indices for the nost inportant

ninerals thought to be dissolving and/or precipitating. In addition

to these indices, r.;hich were added to Appendix II' detailed

descriptions of each solution were generated.

Two inportant constraints rere set for WATEQF. Firstr Eh was

calculated from the dissolved oxygen concentrations deternined in the

field, rather than being set to a constant value. Figure 26 is a Dap

of the distribution of dissolved oxygen scross the study area, and

illustrates the shifts in Eh. 0f the variety of neans of calculating

this variable, the dissolved oxygen concentration was felt to

represent the best field DeasureDent available. A previous attenpt to

calculate Eh using total iron and ferrous iron concentrations with the

Nernst equation failed to provide reasonable nunbers.

Second, the Debye-Huckel equation was used to calculate activity

coefficients, rather than the Davies equation. Given the dilute

nature of nost of the water analyses, this was felt to be the better

neans of approaching ion activities.
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WATEQF also conputed ion balancesr and for several saoples

derived a large error percentage that prevented further conputations.

Saturation indices for these relle are listed in Appendix II as 9.999,

which is an arbitrary value larking the progran's inability to

continue calculations. These wells occurred rostly in the eastern and

southeastern portions of the thesis area, and their large ion balance

error was discussed in Chapter 4.

440000 4c0000 4t0000 600000 le0000 c{00@ troooo 3t0000 too000 te0000
{t too00 {t t0000

{0e0000

a030000

r {0?0000
tr

dat
o2
I
5 regoooo

t9cooo0

T9IOOOO

r900000
440000 {c0000 fI0000 to0000

Figure 262 Distributions of

I310000

I000000
c80000 I{0000 sco000 cI0000 't00n00 Geo000

UTll lrrtla3

Dissolved Oxygen Concentrations ' CI =2.A r,g/l

o<r
\
V



150

Figure 2? below represents a contour lap of the saturation

indices rith respect to calcite, the Dost inportant lineral for r'hich

saturation indices rere calculated. A saturation index of zero

indicates equilibriun the water rith calciter while a value less than

zero indicates undersaturation. A value Sreater than zero indicates'a

supersaturated solution. The contour intGrval on the nap is 0.2

(dinensionless) units. contours belori -0.5 units have been blanked
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out'sincenolowerfigureswerecalculatedandsince-9.999wasused

at several points as an arbitrary base level'

Fron the nap it can be seen that equilibriun of "N" systen

EroundwaterswithrespecttocalciteisattainedunderBlackMesa.

Indeed,alongtheeasternedgesofBlackMesalaswe}lasthesouthl

western flanks, the waters are slightly super-saturated with rep=tci

to calcite, and it is thernodynanically like}y that ca}cite is

precipitatin$outintheseare&s,probablyascenent'Innostofthe

areas which have been described either as recharlle zones or areas

under water-table (open) conditions, the groundwater is undersaturated

with respect to calcite, which should be dissolving'

Petrographicdataseentosupportthesetheruodynanic

indicators. As discussed in the previous chapter, ca}cite cenent was

noticeablylackinginsurfacesanplesfronthenorthernandwestern

portions of the thesis arear although traces of fornerly widespread

calcite crystals were often seen. Yet calcite cenent douinated sub-

surface sanples taken at depth fron oil wells on or near Black Mesa'

Itwouldbeexpectedthatsurfacesanplesinrechargezoneswould

exhibit the greatest effects of calcite dissolution, having been the

nore thorou$hly flushed with waters undergaturated with respect to

calcite.

Figure 28 is a contour nep of the saturation indices for gypsunt

su I f ate ions when digsolved 'a najor source of both calciun and

values below -6.0 had no contours

used 8s an arbitrary base level.

plottedr again because -9'999 was

It can quicklY be seen that all
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glroundr.ater uithin the thesis area is significantly under-saturated

uith respect to gl'psun. There are no areas where this lineral is

Iikell. to precipitate out, and it is theroodynanically likely to

dissolre rherever encountered. Petrographic analysis revealed no

trace of gypsum anyrhere in the GIen Canyon Group, and this absence

explains wh.v "N" systen groundwaters arR under-saturated rith respecl

to this mineral. Both theruodynauic calculations and petrographic
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observations, thenr point away fron ttN" systeu rocks as I aource of

the high sulfate concentrations nost apparent along the eastern and

southeastern largins of Black Mesa'

Figure 29 is a contour lap of the saturation indices couputed by

I{ATEQF for fluorite. Again, no contours were plotted for values lese

than -5.0. Againr "N" systen groundwaters are undersaturated with

respect to this ninerall only approaching equilibriuu in a few

isolated areas around the nargins of Black lt{esa. These "highs"

approxinate those areas of elevated fluoride concentrations seen in

Figure 13. Fluorite is not the only source of fluoride ions, and when

concentrations are lor,r, other nineral sources nay be nore inportant'

This denonstrates the linits on the utility of WATEQFT in that the

saturation indices calculated by the prosraB cannot adequately

describe all dissolution/precipitption processes which control ionic

concentrations. However, WATEQF is often the only nodel which can be

fUD.

The modeling effort involving WATEQF to conpute ionic activities

and saturation indices was an inportant first step in understanding

geochenical procesges within the "N" aguifer systen. lrtaBpin$ the

calculated saturation indices for calcite denonstrated how close I'N"

systeu groundwater is to being in therlodynanic equilibriuu with this

ilportant rineral, only slightly undersaturated in recharge zones or

areas of open conditions, and stightly overgaturated under Black tlesa

(confined conditions). This guggestg that the dissolution and precip-

itation of calcite is a naior ongoing geochenical processt which
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agrees rith petrographic observations'

Mapping saturation indices for gypsuu and fluorite was useful in

revealing processes rhich are not occurring. These two uinerals

exhibited signficant disequilibriuu,'uith "N" syster groundwaters

consistently very under-saturated with respect to both. The fact that.

groundwaters could not dissolv6 enou6h sulfate to approach equilibriur

with respect to gypsun suggests that gypsuu was not present in
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sufficient quantiti.es (if at all) to shift equilibriun calculations,

and again this agrees with petrographic observations. So elevated

levels of anions such as sulfate cannot be adequately explained via

dissolution of coDDon ninerals within the "N" systen rocks; other

processes are operative. The fact that groundwaters did not approach

equilibriun with respect to fluorite night suggest that insufficient

auounts of that uineral are present to act as the sole source of the

fluoride anions, but other uinerals also yield fluorider and this

situation is uore anbiguous.



CHAPTER 7

I NTEGRATION AND I NTERPRETATION

This chapter Clsesses the efforts described in previous

chapters, integrates the results, and provides an interpretation of

the aqueous geochenistry of the "N" aquifer systen of northeastern

Arizona. Sone final observations concerning future research and

nanage6ent of this critical water resource are also provided.

Assessnents and Sunnaries

Assessing the success of each stage of this regional

investigation lends rore credence to the results of each stage. Each

phase of the project built on the results of the preceding phase, and

incorporates the strengths and weaknesses of all previous stages of

research.

Archival Infornation

The prereguisite background literature search revealed few

studies of the water chelistry of the "N" aguifer systel, but several

excellent studies of hydrological flow within the aquifer. Many of

these consisted of lodels which require accurate spatial infonation

fron one point in tine concerning water levels. The aodel rost

156
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recently nodified by the U.S. Geological Survey (Brown and Eychaner

lggg) provided a picture of water levels and directions of groundwater

flow that were directly edopted for.. this thesis. In this rodel'

groundwater is depicted as roving south fron recharge areas in the

vicinity of Navajo Mountain and shonto, where the aquifer is

unconfined, under Black Mesal where conditions are confined, and hence

southwesterly towards discharge points along naior washes such as

Moenkopi l.|ash and Polacca l{ash. There is alsor once the water Doves

under Black Mesa, an northeasterly flow towards the northern portion

of the chinle valley. Most notably different fron other oodels is the

picture along the eastern and southeastern portions of the "N" systent

where groundwater Doves northwesterly fron sources in the southern

Chinle VaIIeY.

Water chenistry infornation was difficult to gather and assesst

since nost of it is unpublished and stored in offices scattered anong

several agencies &cross both Reservations' That infornation which was

gathered was often suspect, due to a variety of sanpling and

analytical difficulties discussed by the General Accounting office

(1980). What thiE archival search clearly established was the need

for recent and reliable infornation frou a wide selection of sanpling

points with a uniforu and rigorous field saopling protocol and equally

rigorous and consistent laboratory proeedures. This becane the goal

of the field and laboratory phases, and considerable effort was

devoted to the realization of this goal'
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Field Sanolinr

During the field phase, great pains were taken to collect water

sanples rhich were as representative as possible of the groundwater

within the "N" equifer systen. Considerable tine was spent at each

sanpling point in serial sanpling to deternine chenical stability, is

well as in dt6ternination of inportant paraneters such as pH, conduc-

tivity, tenperature, alkalinity, and concentrations of several of the

less preservable constituents of the water. Although it took longer

than anticipated, the field sanpling progran was successful in

achieving broad coverage of the thesis area and in obtaining the

highest quality samples possible. This was perhaps the nost

successful stage of the entire project.

It is important to note that the 49 sanples obtained (sone

duplicates) represent essentially one point in tiue, so that seasonal

or annual variations were nininized. No attenpt was nade to sauple

tenporal variability, only spatial variability. The sanpling protocol

was very rigorous and consistently applied. No better water sanples

have been gathered for the entire extent of the "N" systen.

Laboratorv Analvses

The laboratory analyses of these representative water sanples

was also successful. Standardized rethodE were strictly followed on

high-grade analytical equipnent to obtain the neasurenents reported in

Appendix II. The concentrations that were ueasured for the lajor

cations and anions are replicable, precise, and accurate within
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acceptable linits. Spiking saoples with known concentrations of

standards as well as the charge balance percentage differences all
indicate a high degree of accuracy. However, the laboratory stage of

the project was not entirely without flaws, as the source of the large

charge balance errors in certain sanples could not be ascertained.

Laboratory analyses of representative water sanples did l'learfy

denonstrate certain trends in water chenistry. At least two

chenically distinct groundwaters are present within the "N" aquifer

systen. One is a relatively dilute and very fresh water to the north

and nestr while the other, Iocated along the eastern and southeastern

nargins of the thesis area, is a nore brackish water doninated by

excessive concentrations of bicarbonate, sodiun, and sulfate.

Mineraloqical Analvses

X-ray diffraction and petrography rere the two nethods of

nineralogical analysis applied to several surface and subsurface

sanples of "N" systen rocks gathered during the project. X-ray

diffraction was the preferred nethod of clay analysis, but served

nostly to point out how little clay is contained in nost of the

fornations of the Glen canyon Group, with the exception of the Kayenta

Foruation. Petrographic analysis provided useful but not exhaustive

infornation on grain types, celentsr and textures present in the

sandstones which are the lajor water-bearing rocks of the systeu.

Several trends were noted. Calcite ceuent was coDnon in nogt of

the subsurface sandstonesr but was absent in those sanples taken frou
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surface exposures. This lack of calcite cenent was nost evident in

sauples froo the northwestern portion of the thesis Erea. Feldspars

were Dore coqron than suggested by literature sources, and nost

displayed considerable evidence of diEsolution. Irlatrix was rare' and

wherd present was Dostly suectite with sone illite'
()

Frou these trends several water-rock reactions can be predicted.

By far the najor activity appears to be with the calcite cenentr

particularly neai the surface, and particularly in exposed Navajo

Sandstone to the north and west. Carbonate systen geochenical

reactions dominate the "N" systen water chenistry across nuch of its

extent. The anount of natrix is too snall to contribute significantly

to water chenistry via ion exchange reactions. Feldspar reathering'

seen petrographically in both surface and sub-surface sanplest

probably contributes sodiun, calciun, and potassiun ions. No trace of

evaporite ninerals was found, particularly to the east and south'

These then are the factors that nust be taken into account in nodeling

geochenical evolution of "N" systen groundwster'

Geochenical ltlodel inr

conputer codes that eubodied principles of equilibriun

speciation and reaction path sioulation were enployed for geochenical

nodeling of the "N" aquifer systeu. WATEQF is a widely used

equilibriun speciation progran which provides inforuation on water

solutions and saturation indicesr with those indices indicating

whether dissolution or precipitation is thernodynanically likely for
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specific ninerals. PHFEEQE is a reaction path nodel which provides

estinates on pH end Eh at phase boundaries when given initial water

conpositions and a set of plausible ninerals with which the water is

assuned to react. EQ3/6 is a conbined package which conputes

equilibriun data and a reaction path.

The results of running these prograDs with the data('derived fron

earlier stages of the project were not as clear as had been

anticipated. WATEQF proved nost useful in describing dissolution and

precipitation in the carbonate systen which doninates the northern and

western portions of the thesis area. This is probably because this

area is so close to equilibriun conditions with respect to the

carbonate system, a situation ideal for description with saturation

indices alone. Clear reaction paths did not eoerge.

The geochemical nodeling portion of the project was its least

successful aspect. This is unfortunater because the developnent of

water chenistry within the "N" systen can now be described in only the

nost general terms.

Interpretations

The waters of the "N" aquifer systen of northeastern Arizona can

be divided into two groups, one najor body to the north and west of

the thesis area, and one snaller body located along the eastern and

southeastern portions of the thesis EF€E. The chenistry of each is

controlled by different processes.
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For nost of the thesis area' particularly to the north and west,

the doninant reaction is that of dissolution-precipitation of the

calcite cenent that is ubiquitious in the sandstones of the Glen

Canyon Group. This reaction is not irreversible in those areas under

water-table conditions, and thus is difficult to lodel. Under Blaik

Mesa where the "N" systen is confined, tenperature riseE and gases,

particularly carbon dioxide, cannot enter or leave the systen, and

thus thernodynanic conditions change; this produces a definite

direction for the carbonate reaction. Other nore oinor reactions in

this najor portion of the thesis area include the dissolution of

feldspars, particularly orthoclase and nicrocline, with a subsequent

enrichnent of the waters with potassiun and sodiun. Cation exchange

occuring rithin the snrectites and ninor illites of sandstone oatrix

and especially within the Kayenta Fornation provide another source of

sodium for the water.

To the east and southeast ionic concentrations are excessive,

and doninated by bicarbonate, sulfate, and sodiun. The nost likely

nineral sources of such ions are beds of evaporites such as gypsun and

halite, but no trace of these uinerals was found during rineralogical

analysis. The best explanationr thenr for these brackish waters is

that they are uixed with waters fron another aquifer systen. This is

further supported by the hydrological flow nodel, which notes a water

nound to the east and southeast. It seens likely that this area of

higher head is created by both recharge to exposed Glen Canyon Rocks

and by flow into the "N" systen fron another aquifer. The oost likely
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candidate appears to be the overlying "D" aquifer systeu, which has

both very brackish waters and uuch higher hydraulic head than tbe "N"

systen. The area of naxinun rechar,ge and highest piezonetric surfaces

in the "D" is found on the eastern and southeastern portions of Black

Irlesar jwhere a series of underlying folds laY,.,have produced faultinq

to provide easy conduits for vertical downward leakance to the "N" in

that area where a flow divide occurs and where "N" grgundwaters are

nost brackish. However, the underlying "C" systen is also a probable

source of nixing water for the northeastern portion of the study arest

in that hydraulic heads in the "C" in this area uatch those of the "N"

aquifer systen.

Recomnendat ions

It is clear that resource Eanagers on both Reservations who wish

to further develop the "N" systen as a priuary source of high quality

water should develop that area to the north and west of Black ltlesa.

The area to the south and east of Black Mesa yields water which is too

brackish for nost hunan or industrial uses. On}y livestock wells

should be developed in this area. It is also clear that intensive

developnent of the "N" systen in the area between the fresh waters and

the brackish area will produce a greater hydraulic gradient which will

increage the extent of the brackish water over tine; this should be

avoided. t{hile the effects of large groundwater withdrawals connected

with the Peabody Coal Conpany lease on Black Mesa are not cleart it is

likety that, if punped too heavilyr the quality of the water will
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deteriorate over tiue as the brackish water troves west with increased

hydraulic gradients. No tine frane is possible for such postulated

effects, The actual nechanisn of nixing renains unknown, and while it
is postulated that faulting near proninent folds plays a najor roler

detailed hydrologic and isotopic studies are needed to identify the
.,

ne'ans by which "N" groundwater is nixed with that of other systens.

Tbe "N" aquifer systeo is not as cheoically siuple as nost

researchers describe it. The najor portion of its extent can be

described in terms of a few chenical reactions, but the nixing which

is apparently occuring along its eastern and southeastern nargins is

oore conplex. More study is needed in this area before the precise

degree of nixing can be ascertained. More infornation is required on

the nineralogy of this area, as well as water chenistry infornation on

surrounding aquifer systens. More hydrological infornation fron punp

testsr flow nodels and other sources is needed for the "C", the "D",

and "N" systens in this area, so that nixing nechanisns can be

assessed and future effects on "N" aquifer groundwaters can be

evaluated.
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[BilS CY[2

IBTTS CYfl?

IEATS CT[z

IEIIS Cr[z

lBrrs fffl?
8?-500

Br3

0t 056-09,00103, ?3

0t 0$6-09,00I03,?3

0{ 056-08,80105,85

0l 0?{-08,9$101,95

0l 0?l-08.91101.95

0{ 056-08, llI0l, l5

0{ 056-08, 11101, l5

0{ 056-08, 1ll0l, 15

0{ 016-08, l1l0l, l5
0{ 050-08, I 1101, l5

0{ 056-08,11101,15

0{ 0$6-08,llI0l,l5
0{ 056-08,11I01,15

0l 056-0?. lll0{, l3
0{ 056-0?, t1I0{, l3

0{ 0[6-0?, I 110{, 13

0{ 050-c?,1110{, 13

0{ 056-0?, 1110{, l3

0{ 0!6-0?, tlI0{ l3

0{ 050-0?,11101,13

0{ 056-0?, 11101, 13

0t 039-06,68n?,11

08 039-06 ,68I1 ?. I 1

08 039-06,68I1?, l1

08 039-06,6811?.11

08 039-06 . 681 l?. I I

08 039-06,68I1?, ll
06 09{-03,2?110,80

0s 09{-03 , ?3ll 1,05

06 09{-03, ?3I11.05

06 09{-03 ,13I1 1,05

06 09{-03,23I11,05

06 09{-03,?3111,05

08 039-00, ?0101,5?

0g 039-00. ?0I01,5?

0{ 0?3-12,?6I10,09

0{ 0?3-l?.26I10.09

0{ 0?3-l?. ?6110,09

0{ 0?3-1?,26I10.09

08 038-09, {010?,08

08 038-09, {0I0?,08

0? 093-06, ?5103,85

t030, 00 3160,00 0,00 6x30,00

?030 , 00 3{60. 00 0 . 00 6130, 00

0,00 0,00 0,00 6390,00

1950,00 ?3 10,00 ?36,00 63{0,00

1950,00 ?510,00 ?36,00 63{0,00

?090,00 3710,00 0.00 6590,00

1090,00 3Tf0,00 0,00. 6590,00

?090. 00 3 ?10, 00 0. 00 6 530 , 00

?090,00 3?10,00 0,00 6590.00

2090,00 3?10,00 0,00 6590,00

?090,00 3?{0,00 0.00 6590,00

2090.00 3?f0,00 0, 00 6590,00

2090, 00 3?{0,00 0.00 6590, 00

1950, 00 3590, 00 0,00 6{50.00

1950,00 3590,00 0,00 6f$0.00

1950,00 3590,00 0,0c 6{50,00

lg$0.00 3590,00 0,00 6{50,00

1950,00 3590,00 0, 00 6{50,00

1950.00 3590,00 0,00 6150,00

1950,00 3590,00 0,00 6{!0,00

1950.00 3590,00 0,00 6{50,00

?050.00 3{90,00 0,00 66{0,00

?050.00 3{90,00 0,00 66{0,00

?050,00 3{90,00 0,00 E6{0,00

?050,00 3{90,00 0,00 66{0, 00

2050,00 3{90,00 0,00 66{0,00

2050.00 3f90.00 0.00 66{0.00

93 I , 00 1090,00 0, 00 1800,00

906,00 1110,00 0,00 5809,00

906 ,00 I I 10,00 0.00 5809,00

906 ,00 I I 10, 00 0, 00 5809,00

906,00 lll0,00 0,00 5809,00

906 ,00 I I l0 . 00 0 . 00 5809 .00

?1?,00 808,00 5{,50 5?10.00

0,00 0,00 55 ,00 5?10.00

lg00,00 l?10, 00 0, 00 6{00,00

1900,00 ??10,00 0,00 6100,00

1900.00 ?2f0,00 0,00 6{00,00

1900.00 I?{0,00 0.00 6f00,00

0. 00 0 , 00 160 , ?l 5650, 00

{?0.00 l3{0.00 1??, l0 1650.00

1180,00 l?60.00 0,00 il{0,00
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tel I

Iulber

BIt eudtrngle
tulber

0ther

Iurbet

lop Bottol

lquifer 0pen 0pen later

Code Intenal Interrrl lerel

lrter
tltitude

cilcm il3 08

8[-{3 I 08

8l-53? 08

Brl 08

B0uffi Pr3 l0

l0t-?51 I0

l0l-?51 l0

8[-{3{ 08

8[-{03 08

8[-52 I 08

g?-$ 19 08

9I-92 09

10[-?35 10

10[-235 l0

10[-235 l0
gY-l 2 09

?63

901

902

903

90{

910

9lr
913

9t{
91?

920

9?l

9?0

9?l

9??

038-0f, f3Il5 ,39

03?-l l. 05101 , +8

05{-10,96100.63

05 {-10 , 96100 . 63

05 l-06 , 80106 , 35

05{-06.66106, 18

051-06,66100.18

012-05,65115,80

0l?-05.28I10,68

0?2-0$,?3I10,58

02?-01,80I05 , f5

03?-01,8111f,35

0[3-1?,6?I05.8{

053-12,6?10[,8{

053-l?,6?t05,8{

021-01.53I00.8?

??0xtJ0 ll{0,00
t?0[tJ0 l?6,00

t?0[tJ0 300,00

2?0nJ0 ?30,00

?20[[J0 1150,00

??0[tJ0 1390,00

I?0[rJ0 1250,00

I20XIJ0 9,00

??0mr0 1?0,00

??0[il0 {?5,00

??0[rJ0 18,00

??onvJ0 t5{,00

?20[vJ0 {96,00

2?0[vJ0 l?{,00

?20t9J0 180,00

I?0[rJ0 t89,00

?20[vJ0 0,00

?20$J0 58.00

220[!J0 63.00

2?oNJ0 ?8.00

2l0NJ0 3?,00

9?,00

220[!J0 311,00

??0nrJ0 331.00

220nil0 139.00

?20nvJ0 130,00

?20nil0 Il6,00

220RrJ0 3 l5 .00

I?0[eJ 0

l5?0,00 0,00 5950,00

528, 00 0, 00 55?0, 00

360, 00 3?6.65 5860.00

?80,00 3?8,95 5860,00

l5?0,00 0,00 6230,00

1{00,00 0,00 6?10,00

1390,00 0,00 6?10,00

?0?, 00 0, 00 II{0, 00

210.00 0,00 50{0,00

6?5,00 0.00 5020,00

{20,00 0.00 5?00,00

300 ,00 0,00 56?0,00

?03,00 0,00 569?,00

{96.00 0,00 !68?,00

?03 ,00 0,00 5687,00

592.00 0.00 5 165 ,00

0,00 0,00 0,00

?8.00 50{9,00 0,00 t
?3,00 {?0{,00 0,00 I
18,00 0.00 {?0{,00 |
l?,00 {8?9.00 t
19?,00 50{8,00 t
35 1.00 !05{,00 t
3?1.00 f98?,00 t
156,00 {969,00 I
150,00 {9??,00 t
150,00 {95{,00 t
355.00 {9{0,00 I

50{?,00

50?3,00

508?,00

cilcm Pr3

8[-{3 I
8l-5 3 ?

Btl
BOUOI PT3

l0l-?5 I

8[-f3 I
8[-{03

8[-5?l

8?-5 I I
9I-9?

10[-23 5

9Y-l?

903

90{
q1f]

911

913

91{

9t?

9?0

9?l

9?0

9?l
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le I I Coas Iruct ion

flurber Dlte

$uple Specilic

Drte Conductmce p[
Cllciul hguesiur

?erperuture lg/l tgll
Sodiul Potassiur

rg/ I rg/ I

l1-2{0 c

l[-?3 I
I0Br c Prs

tuB cl Pr6

Pr ?,

Prl
?0Br c il{
3l-5{
mtlt 5 Tc

fllur 3

tlur I

BTBE TE? I

BTBE TBl 2

ilt sm{
IAIBIT PT3

s[0r10 Pr(z

s[0[t0 Pf{2

s[rT Pr3

$[0m0 n{
USPIS OBAI

ORAIBI PT{

OBTIBI PI{

OBTIB! PT{

ORAIBI PT{

21-5 1{

Bt{
Bocff Pr{l

BOCIT

BOC[T

BOCil PTz

BBTIN I T

[0Plrlc
Br oBs 5

PETBODT

PEABODT

PBIBODT

PBTBODT I
PB$ODT ?

PB$ODT ?

PBABODT

PE[BOOI

PBABODI

196$0{0{ 0{-0{-65

1956061{ 0?-00-56

195?01?2 09-16-65

19630?08 03-00-63

0 09-16-65

0 09-16-65

19511101 0g-16-65

l9?ll00l l0-lg-?l
19?11001 10-lg-?l

l9?11001 I l-09-?l

19590825 0g-16-65

19550?01 0{-11-55

19550901 0g-?0-55

19630209 03-00-63

19580CI25 06-?6-59

190 10505 05-05-61

196i0505 05-20-86

1962 lZ21 08-0?-?3

196{0?15 08-0?-?3

196?0??0 0?-?0-6?

1908080? 0?-29-82

1968080? 08-l{-g{
1908080? 08-15-83

1968080? l0-! l-68

t9?202 l5 06-16-7?

19??0215 06-16-?2

19590819 l1-30-6?

19?60309 03-09-?6

Ig?60309 09-02-81

196306?6 0?-00-63

196?0?01 0?-?5-6?

19690101 ll-?3-7?

t9??0??5 1t-?3-12

196?0601 0?-?1-96

196?0601 08-09-?9

196?0601 08-l?-6?

196?0601 08-19-80

196?0601 0g-10-?3

t96?0601 ll-l?-?6
19680501 03-15-96

19680501 08-09-?g

19680501 08-lg-80

I3?0 ?,30

3 16 6,90

2?0 8,10

116 8,80

?30 8,00

l2g 9,00

?10 9,20

190 ?,80

190 7.80

lg3 ?.60

230 8,00

2{6 ?.80

?68 ?.30

181 8.10

290 ?,90

?90 ?.50

30? ?. l0

?90 8,30

280 8.30

-l 9,30

385 9,50

385 9,90

{00 9,60

{00 9,80

236 ?. g0

?36 ?.90

?80 9, {0

??0 9.00

255 g, l0

36{ 8, {0

224 ?, {0

-l -1,00

386 9,00

llz 8, ?0

na 8,50

l2l 8.80

??5 ?. ?0

?30 8.20

160 8.60

?05 9,30

I?0 8,80

230 9,10

-1,0 19,00

18, 5 3?.00

-1,0 If,00
-1,0 -l ,00

-1,0 t6,00
-1,0 ?6.00

-1,0 ?{,00

15.5 ?{,00

15.5 2{,00

16.0 ?3,00

-1,0 ?8,00

16,0 25,00

15,5 ?9,00

-1,0 -1,00

-1,0 30,00

-1.0 {l .00

l{,0 {l,00
-1,0 {{.00
-1,0 f?,00
-1,0 -1,00

2?,0 0, {3

?l,c 0.{3

22,0 0.50

-1,0 2.00

l{,0 36,00

11,0 36,00

-1.0 ?.00

-1,0 {,00

?6,0 0,5?

?{,0 5. f0

l{,0 3{,00

9,5 -1,00

-1,0 1,30

31,0 9,l0

31,0 8,20

?9.0 ?,00

30,5 8,50

3l , 0 ?.80

30,0 1,90

3?,0 f,90

32,0 5,10

3?,0 {.60

5,20 -1,00 -1,00

16,00 -1,00 -1,00

{,90 10,00 l.?0
-1,00 -1,00 -1,00

{.90 8,30 l,?0

{,90 8,00 l.?0

3,60 8,30 l, ?0

{, l0 ?, l0 1,00

(-, {, 10 7, l0 l, 00 ,

l, ?0 ?,80 I ,00

{,90 g, {0 l, ?0

6, {0 -1.00 -1,00

9,00 -1,00 -1,00

-1,00 -1,00 -1,00

12,00 g. ?0 0,90

6, ?0 -1,00 -1,00

5, {0 5, ?0 1,60

{.90 5 , 00 1, 60

{,90 5,00 1,60

-1,00 -1,00 -1,00

0,0{ 85,00 0, f0

0,0? 88, 00 0, {0

0. 16 8?,00 0,50

-{, 00 88. 00 0. {0

3, ?0 3,50 I ,30

3, ?0 3,50 1.30

0,00 59,00 0.60

-{,00 5?,00 1, ?0

-2,00 16,00 0,50

0, l0 -1,00 -1,00

{, l0 -1,00 -1,00

0, {0 -?.00 -1,00

0.30 ??, 00 I ,50

0, ?l ?6,00 0,90

0, I0 {3.00 0.90

1,00 {?,00 l, t0
0,50 39.00 0. ?0

0.20 f1,00 0,90
-2,00 {1,00 0,?0

0,0{ {1,00 0, ?0

0, l0 {5,00 0, ?0

0.10 l{,00 0. ?0
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Construction $alple $gecific
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lerperrture lg/l
lrgneriur $odiur Potassiut

r8/ I rgll r8/ I

PBABODT I
PBABODT I

Br6
BT6

P[I80DI 5

PBIBODT 5

PBTBODT 5

PEIBODT 5

PTIBODI 5

PTIBODT 5

P[rBCtY 5

PEABOOY 5

PBTBODT 3

PETBOOT 3

PETBOOT 3

PETBODT 3

PEABOIY 3

PEABODY 3

PETBODY 3

PEAEOIT 3

PETBCDY 6

PTTBODY 6

PEIBODY 6

PBIBOOT 6

PEIB001 6

PBTBODY 6

IEAilS CY[3

[8ilS Cn?

nils cT[?

[[Ars cY[z

lBlrs cn?

mils cT[z

8?-500

Br3
PIM[ PT

PIffi PT

PIIOT PT

19680501 09-10-?5

19680501 ll-l?-?6
t9??061{ 0t-18-??

lg??0131 08-30-??

19?7013 I 08-30-??

19680101 0l-18-??

19680101 0l-23-86

19680101 01-x3-86

19680101 06-1?-68

19680101 08-09-?g

19080i01 08-19-80

19680101 08-23-??

19680101 09-10-,?[

19680{01 01-23-86

19680{01 0l-?3-86

19680{01 0{-29-68

19680{01 08-09-?9

19680{01 08-i9-80

19680{0t 08-?3-??

19680{01 09-10-?5

19680f01 1l-18-?6

0 0l-23-86

0 01-?3-86

0 06-29-68

0 08-09-?9

0 08-19-80

0 08-?3-??

197

l9?00501 05-l{-?0

19700501 08-13-8{

l9?00501 08-?3-83

l9?00501 09-01-8?

l9?00501 I l-?3-??

19590?29 06-0?-6?

lg5g0??g 06-0?-6?

tg?00?01 05-29-?0

lg?00101 08-l{-8{
19?00?01 08-16-83

19?00?01 09-16-82

l9??01?9 0l-18-7?

t9??0129 n-23-?2

l9??0{01 0{-l?-??

??0 8, {0

?{0 9, l0

na 9,?0

?00 9, f0

t05 g, l0

na g,?0

398 9.60

398 9,60

2?,1 9. ?0

220 8, ?0

?10 9,10

22| 9.30

?{0 8, 50

l?5 9, ?0

1?5 9, ?0

?36 8,20

2{0 8,50

130 9,10

230 9.30

2{0 8,50

?!0 9. ?0

182 9,10

182 9, l0

?01 9,00

?60 8.50

?60 8,90

2{0 9,30

-l -1,00

-l -1,00

0 0.00

0 0.00

0 0,00

'l -1,00

591 ?. {0

592 ?, {0

{90 9,80

{90 10,00

505 g, ?0

185 9,60

220 9, ?0

30? 8, ?0

ll?0 9.00

PIn0[ Pr 6

8I-5 3 I
I ril Pr2

3{,0 1,90

32,0 ?,00

3?,0 3,50

30,0 -1,00

30.0 l{,00
3?,0 3, t0

31,0 -1,00

31,0 0.9{

31,5 2,90

31,0 {,30

3?,0 |,50

33,0 3,80

3{,0 3,50

33.0 |,00

32.0 -1,00

3l ,0 ?, {0

32.0 3, l0

32,0 3, f0

3?,0 3.90

31.0 3,30

3?,0 3,50

33. 5 f, ?0

33 .5 -1,00

3f,0 2.80

33,5 3.10

3?,0 f,00

3{,0 f,00

9,3 -1,00

8. 5 -1,00

9,3 19,00

9, I 19,00

9,0 19,00

9.8 -1,00

15.0 ?6,00

15.0 16,00

-1,0 I,00

??,0 0.50

Il, 5 0, 56

?5 ,5 0,58

31,0 3.50

-1,0 1,30

-1,0 ?.00

0, ?0 {1.00 0, ?0

0, l0 10,00 0.80

0. l0 15,00 0,60

-1,00 -1,00 -1,00

0, l0 {5,00 0,60

0, f0 {5,00 0,60

-l ,00 -1,00 -1,00

0,01 89,00 0, ?0

1,00 5 1,00 0, 90

0, l0 {3,00 0, 70

0, l0 {?,00 0.80

-?, 00 {?, 00 0, ?0

0, l0 51,00 0, ?0

0.03 36.00 0, ?0

-1,00 -1,00 -1,00

l, ?0 55.00 0, gc

0. l0 53,00 0, ?0

0,10 50.00 0,?0

-2,00 19 ,00 0. ?0

0,20 52,00 0, ?0

-?,00 50 , 00 0, ?0

0,0{ 38.00 0,80

-l ,00 -1,00 -1.00

0,50 5?,00 0,90

0. 10 5?,00 0. ?0

0.00 50,00 0,80

0, 10 5 1.00 0, 80

6,00 ?,30 -1.00

I,00 1,90 -1.00

0.90 0, ?0 -i,00

0,99 0, I{ -l,00

0,82 0,?5 -1,00

0,80 0. l0 -1,00

8,00 -1,00 -1.00

8,00 -1,00 -1,00

0,01 110,00 -{,00

0,01 I 10.00 0, {0

0,0? I 10, 00 0.50

-?.00 110.00 0,50

0, f0 15 ,00 0.60

0, l0 -1,00 1, f0

I, ?0 3?0.00 -{, 00
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le ll
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Crlciur lrgnesiul $odiu Potassiur

lerperrture rg/l rg/ I rg/l rg/ I

cmcffi Pr3

8[-{3 I

8l-53 |
8tl
800ffi Pt3

l0l-2$ I
l0T-?$ I
8[-{3 I
8[-{03

8[-5 ? I
8I-5 19

9Y-9?

10[-? 3 5

l0[-u35

i0i-?35

9r-12
? r,lI UU

901

90t

903

90{

9r0

9r1

913

91{

9t?

9?0

9?r

970

9?1

0??
Jta,

19650915 08-13-?3

lg550f0f 0l-05-55

19?20201 05 -2{.-12

lg?20?01 0[-?t-??

19590301 03-26-59

19581002 10-19-?0

19581002 10-19-?0

195506 l? 06-17-55

lg{80901 0?-?5-69

196{0605 0?-30-6{

t93901C? 08-?3-?l

19520818 05-10-55

lg5?0818 05-10-55

195208 18 05-10-5 5

1935021? 03-ll-51

0 ?-?2-95

1985 3-?0-86

lg85 ?-?3-8[

1985 ?-?{-85

1985 7-?{-85

I98! l -8-86

l98t l-8-86

1985 {-10-86

1985 {-9-86

1985 {-10-86

1985 {-9-86

1985 {-10-86

?-22 -95

? -23 -95

?-23-g5

3?0 8,80

600 ?, ?0

538 9, t0

538 9, ?0

1530 9,00

1010 8,90

l0l0 8,90

{10 ?,30

3?0 8.80

350 8, ?0

59{ 9.80

l2?0 8,00

339 ?, I0

339 ?, ?0

339 ?,20

I l{,50
2?0 ?. {{
210 ?,30

?$0 9, l5

160 ?,86

?{0 ?,62

1{0 ?,62

150 9, {6

ll0 9,69

ll5 g,?2

190 8, 08

185 8,08

l{0 8,66

180 8,00

800 8, ?9

?05 ?. {9

-1,0 16,00

-1,0 -1,00

?1,0 3. ?0

21.0 3, ?0

-1,0 ?0,00

-1,0 3,00

-1,0 3,00

1{,5 5{,00

-1.0 10,00

-1.0 8,00

-1,0 8,?0

-1,0 l?0.00

ll,0 l{,00
l{,0 21,00

l{,0 ?{,00

0. I 0.90

16,0 29,00

15,0 31,f0

19,0 0.?0

19.0 3?.00

1?,0 38,00

16,0 31,00

16.0 16.90

l?,0 8.5?

l?,0 31,90

l?,0 31.?0

1?,0 30.?0

l?, 0 20.30

16.0 ?3,00

15,0 3,?0

l6,0 30,00

t, {0 53.00 0, ?8

-1,00 -1,00 -1,00

0,30 I?0,00 l. 10

0,30 l?0.00 l, l0
{,80 -1,00 -l ,00

-{,00 ??0,00 31,00

-f,00 ??0,00 3{,00

8,'30 -1,00 -1,00

3 .00 ??,00 {,00

3. ?0 6?,00 0, 80

0, l0 -1,00 -1.00

5?,00 62,00 0.90

?, ?0 -1 ,00 ?. 00
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-1,00 150,00

-1,00 -l ,00

-1.00 200,00

-1.00 190,00

-1,00 150,00

-1, 00 150,00

-1,00 1,00

-1,00 1,00

-1,00 l?.00
-1,00 12,00

-1, 00 13,00

-?.00 1?,00

0,00 3?0.00

0.00 3?0,00

-1,00 300,00

-1,00 180,00

-1.00 2?0,00

-1,00 -1,00

-1,00 160.00

0,00 l?0.00

-1,00 830,00

8?-538

InlnI
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tell loron hrgeuic Iron lrnganele Seleniul tD$

turber .8ll r8/l rg/l rg/l rg/l r8/l
---t------ -------- - ---- --t-_ott-t" " -'_-'-tt..-_t':'___-- 

_-
oiiiriiirorrririlirtrorrao--------------------------o--!---O

c[tcEfl Pl3 180,00 -1,00 -f,00

8[-{31 -l,00 -1,00 '1,00

81-53? -1.00 -1,00 80,00

BI I -1,00 -1,00 80,00

B00c[ Pt3 -1,00 '1,00 ?0,00

l0T-?51 -1,00 -1,00 -1,00

l0I-251 -1,00 -1,00 -1,00

g[-{3{ -1.00 -1,00 -1,00

g[-{03 0 -1,00 -1.00 -1,00,

8[-5?l -1,00 -1,00 -1.00

8l-519 -l,00 -1,00 -1,00

9I-92 -{,00 -1,00 -{,00

10[-235 -1.00 ,.1,00 -1,00

10[-235 -1,00 -1,00 -1,00

10[-?35 -1,00 -1,00 -1,00

9i-11 -1,00 -1,00 -1.00

?63 0,00 0,00 0.00

90 I 0, 00 0,00 0, 00

g0l 0,00 0,00 0,00
gc3 0, ?0 0.0i 0,03

g0{ 0,20 0,01 0,03

910

9ii
913

91{

9l?

920 0,05

921g?0 0,01 0,03

g?l 0. l0 0,0! 0,03

g?2 0, 10

-1,00 0,00 190,00

-1,00 0,00 -1,00

0.00 -1,00 360,00

0.00 -1.00 360,00

-1,00 -1.00 11,00

-1.00 -1,00 -1,00

-1,00 -1,00 -1,00

-1,00 0,00 2f0,00

-1,00 0,00 ?10,00

-l ,00 0,00 -1.00

-1,00 0,00 350,00

-1.00 0.00 980,00

-l ,00 -l ,00 l?,00
-1,00 -1 ,00 1?,00

-1,00 -1,00 l?.00
-1,00 0, 00 0,00

0,00 0,00 3?0,00

0,00 0,00 160,00

0,00 0,00 200,00

0,01 0,00 110,00

0.01 0,0? 3?0,00

0.01 158,00

161.00

I fl. 00

- 1?{,00

l8?,00

163,00

l?0.00

210 , 00

600, 00

l{0.00

0.01
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Xuber lue

1[-?03 0l-060-09,1$101,85

l['509 rore hnorn

lI-239 unhlorn

l[-? l{ 0l 018-10, ?3106. ?8

1[-?ll 0l-0{3-09.8?lll,66

lT-l?? 0l-0{l-09,85103,?5

1T-?X9 0l-0u ?-03,{lll6.9?

lT-50t 0l 0?6-0?,8311?, l0

0ther

I dent i fiet
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lT-509 rore rtri hble
fiopi Do, 0l 0?6-09. ?ll0?, ?l

l[-2ll 0l 058-10, ?3106, ?8

l[-?l$ 0l-0{3-09,8?11{,66

ll-??? 0l-0{l-09,85I03.?5

1l-?x9 0l-0??-03,{?116,9?

1?-50{ 0l 026-0?,8311?, l0

Spring 0t 020-02,15103,86

2[-3lg 02 0{1-0$.32116.0?

il[tT0P t[ 02 0?5-09,86116,06

3t-156 03 0?6-06.53I11,01

3[-156 03 0?6-06, 53ll 1,01

8T-510 08 039-11,83108.69
g1-5 18 08 03?-08 ,5 lIlS ,8?

?-l ?sBcl 08 039-08,31105,09
g[-?15 09 036-10,89112, ll
9[-218 09 021-0?, I?I08,93

BIt Qudrmgle
lurber

0?t 0tt
Brgt florth Lltitude

{6U 0f6 {036328 36?8?{

509600 {06?r00 36530?

50681? f00?10{ 361138

105r80 {0?8300 36?{0[

{6180? {0t3{50 363?15

506{76 {060900 36{1{{

t9{5{{ 106?{01 361515

509??0 106?l?8 36f506

518{00 {0883?t 365638

513??8 {0{1158 363103

5?8?5S t068896 36f60?

51t003 39e3?99 3605?6

5r2003 3993?99 3605?6

5{8060 {05311{ 363???

598r91 {0{1983 363 1r?

[53613 {058909 36{03{

616665 {0{8r93 363{?6

622085 t08il55 365213

60900{ {0{{5?9 363?3?

60982? {0?{??3 36?1{9

60982? f02{??3 36?1{9

553 l?[ 3963210 35{8{0

530150 39?5?50 3555??

l{6r50 3961325 35{?30

$55385 3965000 35t?{?

563000 396{000 35{930

5625{r 39661e3 355023

583e90 {01??90 362130

562300 t0r[{50 361?30

5276?5 f03{6?5 30??30

5{0681 1058??6 36{03?

{???06 3e9893$ 36081?

50{58! {0198 10 36 1933

50$85 f0t9810 361e33

50r58$ f0l98l0 36 1933

601600 {0?6?00 365000

566315 {065000 36{{00

580150 3e??800 355638

I8?280 r0{?5 l5 363 l3?

56IfI0 39t?610 35U l?l
56?rI0 391?6r0 35?12{

I9e6?0 3991800 360600

5308?5 {0{9800 3635$8

5?0310 3995513 3606rf

5368{l 3991??f 360{18

f9t?10 {0{8{?5 363{30

5{5900 39e{500 360500

5{5900 399f500 360500

16?850 39?0$ r0 35[300
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ll-93
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0?-026'02, 15r03 , 86
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3l-156 03 0?6-06,53111,01
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gl-5 18 0g 03?-08, 5 1115,8?

81-522 08 039-08,31105.09

9[-215 09 036-10,89I1?, l{
9[-218 09 021-0?.22108.93

09 037-01.8111{,35 9r-9?

{T-[2I

09 03?-01.81I1{,35

108-lll l0 0${-01, {?109,39

108-lll l0 05{-01, {?109,39
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fioterilla ? BII [otevilh PIZ

SecondlsSch?BIt Second tesa Schl Pt?

PolaccrPDt02Polacca Dat School PI?

fiopi [S3 flopi fiigh School PI3

[ears Cnl lears Canyon PDC?

{l-5?1 [TUt [itsillie I

{l-523 [TUt Forest lales

21-516 [T0t $honto lunction I

flalrjo [ [ouA'38-1? l?'1'0ld tell
BI t luba C 503 0??-13,8310?, ?9

BIt Bedl,akelBIA Bed LrLe Ptl

BIA BedlakelBlt Bed Lake PII

BIt BedlrkelBlt Bed lrke Ptl

BII DemeholBll Denrehotgo PIz

BIt hpta ?IIl lrlentr Pl?

BIt loiltn lBIt [,or louutlin 2 ([er]

BIA Chilch3Bl[ Chilchirbeto PI3

BIt Dillon ?BI,t Diltoa ?,

BIt Dillor lBlA Dillon I
BIA Cttnd 3BIt Cottonrood PI3

BIt Shonto 2BIt Shonto PI2

BIt Pilor 6 0{ 0?3'12,26110,09

BIA Eocb ? 0l 0?5-05,09I11,30

BIt [aibeto?none

IIS hrd[k il[$ fiard Bochs'['
I$ [ardBl Dl[S hrd Bocls 'D'
6I-6f none

10R-lll 10 05{-01. {?109.39

l0B-l I I l0 05{-01, l?109,39

P[ 8l-{28 roue uaillble
[oterilh 2 none available

Secnd lesa 2uone arrilable
Polacca PI? 09{ ?. ?5Ill, ?0

BIt [opi [S3none urillble
I[Sf3, lotlt306 09{'03'13111,05

noDe rvrillble
{l-523 none uai lable

I[S Xt83-?39none ataillble
BETIil [ I 0? 0{0-0?, {8105, 16

IUBA C PI5 03 0??-13,8310?.?9

BtD t[ ill 0l 058-ll,03Ill,9?

BtD L[ ill 0l 0$8-11,03111,9?

BED t[ Pil 0l 058-11,03111.9?

Dennehotso hone rtrihble
layentr ? rore rnil$le
I Iil PtZ rote rnilrble
tt003300? rone rraihble
[orseshoe ls0? 1?9-0?,91109'89

fiorueshoe lg0? 119'02,91109,89

lore rore rtri hbl e

s[0n0 il? 0l 0{0-08,?3I10,3?

PIm[ H 6 0{ 0?3-12,16110,09

B0c[Y Pt? 0f 0?5-05,09I1?,30

laibeto PI? oore rrailable

[[86-9?? rore uril$le
[A86-9?? rooe rrrihble
n0!e rore rraillble



tell Sub'

lurber Longitude Brsia

Aquifer Code

Bletrtion Priluy Secondrry Systel
189

lpprorirrte Location

lbout ?0 ri [[t of luba City 5690,0 220[tJ0 !?0fltJ0 [
lppror,? ri,flt of llgcription [ouse f6?0,0 2?0[tl0 n

tegt edge of BhcL leta,$B ?ubl Cty 5505'0 ??0XtJ0 fl

tbout 6 ri t o[ Bed lrhe,B of nils 5??1.0 ?20[tl0 l!0ttJ0 n

lbout 5 ri S of Copper line 5850.0 220[W0 220tTl0 t
tbout 5 ri t of Inscription fiouse 59?0,0 I?0[tJ0 I20ttJ0 [
About ll ri n of hibeto 56{0.0 ?20ltl0 l?0[tJ0 [
lorth of hibeto;t of fluajo Creel 5?10,0 I20XIJ0 [
tpptr,S ri,$B lrnjo ltn on rril rd 60{0,0 131il01 ?20mJ0 n

tbout l? li SSI of Insmip,fiouse lP 0tJ*,0 I?0ttJ0 I?0[9J0 [,

lbout 'l li I of Insmiption fiouselP ?180,0 ??0[tJ0 [
About I li S of Blne Crnyon,ffi flotr 5598,0 ??0N10 2?0m10 [
About I ri $ of Blue Crnyon,ffi [otr 5598.0 ??0m10 ?30[TJ0 [
[E end Long tllley,l? li,Sl lryentl 6260,0 ??0ff10 fl

About 10 ri,B of Chilchinbito 5630.0 ?20[9J0 ??0nlJ0 [
lpn 1l ri fst lrlentr rt lrguu Cr 60f0,0 220flTI0 I31t[01 n

tbout l5 ri,t[ of [ough Boch 5{85,0 z3lt[ffi ?31t[C[ n

tbout l0 ri,[ of BocL Point off hrt 5300,0 ??0RtJ0 231t[ffi n

tbout l{ ti,[B of Chilchinbito 56?0,0 ?20[tl0 ?20[VJ0 [
tbout 5 ri,$E of Bough Boch 5?5?,0 ??0[tJ0 ?20ntJ0 [ItUVUt d llt9! Vl Lvu6U Dvr/l I

tbout 5 ri,$B of Bough BocL 5?5?,0 ?20[lJ0 ??0[tJ0 [
lbout ? ri,St of Polrem I of [y26{ 561?'0 ?20[IJ0lbout ? ri,St of Polrem I of [y26{ 561?'0 ?20[IJ0 [
Just S of [otevilla $cbool rain bld 6350,0 I20f9J0 fl

1[-103

l[-509

1I-?39

1[-? I I
l[-? 1 5

1l-???

11-?29

1l-501

?l-93

?[-3 I I
21,-322

3r-156

3[-156

81- $ 10

81-5 18

8T-$?2

9[-? 1 5

9[-? I 8

9I-92

l0[-1II
108-111

Polaeca 6

flopi [S3

{1-5?1

{T-5 ? 3

2T-5 I 6

BIA Dilton

BIt Dilkon

Blt Cttnd

llllfSS [il8
il1?l?3 [ilB
1105527 BLtSt

110563? [il8
lll?536 lil8
1105539 [AI8

il10310 [AlB

1105328 lil8
110{?u{ [rrB

1r050{6 [rrB
110{0{0 [ArB

1105200 B[rSr

1105?00 BLrSr

110??{5 B[rsA

1095{12 Blrsl
ll0?{00 Brrsr

109{1{6 C[[rE

1093?{9 CIRtE

109{656 B[rSA

109{633 BHSr

109{633 B[rSA

110?{30 BLrst

1101530 BiltSr

1100{00 Bilsr
1r01830 B[rSr

il0f130 Bltsr

1101805 [0PI

1101805 [0PI

1095f30 cEn[B

t10t?30 [0PI

[oterilla ? 110{00? BLIST

SecondlsSch? I 103050 BLISA

PolaccaPDl0z 1103000 BLIST

lppu,0.5 li,flfl[ of school on hill $?[$,0 2?0RlJ0 t
tt BIt Polrcm School,S edge ground 5?65.0 ??0[vJ0 fl

[.ol flopi [S, 1,3 ri.$ of firy 26{ $8?0.0 ?20[tJ0

?,1 ri,E [ears Cnyn at lor ttn junc 5809,0 ??0[ll0 n

Just I of fiitsillie School rt [0D 6?8{,0 ??0[[J0 R

lust St of Forest laLes IUD housing 6655.0 ??0nll0 [
tbout I ri,S ol [rI 160/ht 98 jnct 616{.0 lt0ttl0 !?ln[? [
tbout ll2 ri,Sfl of Park [q ??{0,0 220[tJ0 ??l[I[T I
lest edge of Tubr Ctt rt grueyrrd $030,0 ??0[tJ0 ?20lltJC n

Bldg 8?5,center BIA Bed Lrke carpus 5595.0 2?0[lJ0 fl

Bldg 8?5,center BIt Bed L*e crrpus 5595'0 ??0XtJ0 fl

Bldg 8?5,center BIA Bed hke cErpus 5595.0 2?0[tl0 [
BIt scbool nrpus, north edge 5180,0 [
BIA [ryentt gchool,fl edge of cuprs 5?10.0 I20ttJ0 t3l[n? X

loEltn scbool,lcross rord'81d8825 6135,0 ?20[tJ0 [
$E lac.Ignt rt [B edge cupus,Dit 5950,0 I20[TJ0 ?31[I[T t
tbout 2 ri,B of BII school 61{5'0 ?3lt[ffi [
tbout ? ri,B of BII gchool 6115,0 ?31t[ffi n

test edge of cilprs 6085,0 120[TJ0 l3ltlffi t
Just $ of rriu gcl eatry'Bldg 619 6l?0,0 I?0[tI0 [
torth of calpus in Pinor 639?,0 !?0[fl0 ?I0Xtl0 t
lorth edge of csrprs rt rrter trnl 5985,0 I20[Tl0 ?20[tl0 [
florth edge o[ cuprs,Bldg {l? 6290,0 ??0[tJ0 n

[ [rrd Bocts f,5 ti,lrnyBobcrtgfiill 6165.0 120[VJ0 t
lppror,l,S ri,[ of [ud Bocls 6165,0 ?ZICSP0 D

lppror,3 ri,[ of flny ?6f 0r Lor ttn 5??0.0 2?lD[0T D

[ears Cyn? 11018?? BIilSA

hrajo fl lon 11032{l BttSl

BIA lubr C 5 1111{5? 108[

BII Bedlakel 1105650 T0Bl

BII Bedl*e1 110$650 10Bl

BIt Bedlahel 1105650 10Bt

BIA Deueho? 1095?00 C[[tB

BIt hrutt ? ll0l500 BIISI

BIt loiltn ?, 1100610 [0PI

BIt Chilchnl ll00{{? B[tSr

BI,i Shorto l 11039?5 B[I$A

BIt Piror 6 1101308 B[tS[

BIt Bocb I 11035?? BLtSt

BIt laibeto? 1110$00 [tlB
I[8 [ardBt [ 1103000 BIISI

I[$ [udBL D 1103000 BLIST

6[-61



tell lrter $lt St[ teasured 0rner/ Salpling

flulber Leyel Elelation lerr lolth Dly 0perator Corrents

0r ig iarl
Drta $ource

1e0

ll-21,l 55{,00 5366,0 1955

1?-?29 lll3.00 {5??,0 1955

1t-50{ [f$.00 5195,0 l95t

2A-93 6?3,50 5{16,5 1953

?[-3 lg 385 ,00 5096,0 195{

2t-322 6{0.00 65{0,0 1956

- -- - ---__" ' -:-.-__"' __" ' _"
l[-?03 ??f.00 ltto,o igtt 0 0 ?ribal Otl 0ood sarDle;Dugiag 0$0s

l[-509 1009.00 36ll'0 1961 | ?6 ltibrl Oil lril su]le [S08

ll-239 ?8?.00 1223,0 195? 5 l0 [opi 84el lril Sullc;ro tird 0l0S

l[-?lt 188,00 5583.0 1953 6 | lrnjo 0lI Corfined;light rirdr0808 l00gil rBD t/?6/85

l[-?15 160,60 5389,{ 1953 I 1l hrdo 0lI Bd sarple;no riadg 0$CI$

l0 tarajo Ott 0ood Buple frol pip0$0S 1UCS0[ tBD 2116185

13 trrajo 0U [o nird;trnl tuple 0S0$ ?0CS0[ tBD 2126185

13 lurjo Olt lrnk Sarple;no tiads0$0S

1? trrajo Olt Probrbly r spri4 0SCS

lavaj0 0[I 0ood suple;strorg ilSCS I0CS0[ fBD 2126185

flrvajo 0[t ?anh suple;no ninds0$0S

3t-156 316,00 5282.0 1953 ll 3 [opi Buge 0ood suple/rirdr 0$0S IWSOI fBD 2/?6/85

3r-156 316.00 5282.0 1953 ll 3 floti Buge 0ood ruple/rirds 0SCS t0CSOl n0 ?/26/85

81-[10 99,00 . 6i61.0 0 0 0 flarajo Ott Good rinds t sarple USCS

8T-518 ?10.[? 5f19,3 1988 9 ?l lrcrjo 0ll Strong rird,good guUl0S IUCS0I lB0 2i26,'8!

? flarajo 0[I Sterdy rinds,gd sup080$

ll trrrjo Ott Light,unsteady tinds0S0S, trrajo Otl

0 flavajo Ott tight rinds;tank sEr0S08, lecflos Pos 0t[
22 lrrajo 0[t Purp-jack salple 0SCS' Chlnle Olt

fT-5?l l?51,00 1530.0 0 0 0 ffi0t Clirl little corst,drta ll0t Chirle,lt.Defiuce

{t-5?3 1096.00 5559.0 198? I ? [?0t lyent Xerer rell,good sup[!0t lryeltr' lt.Defimce

??-516 2?1,00 5891,0 1985 l0 ?1 t?Ut ltntr 0rcertrin tribrl ID IIS lrlentr' lubr City

lrrajo I 1on !13,?5 6696,8 1988 ? ?5 trt'l Parl 0reat arcbirrl drtr 0805' IPS lt. Collirs

Bil luba C 5 0,00 5030.0 0 0 0 BII Tubr C little corst, drtr 0SCS' BII ?ubr City

BIt Bedlatel 136,50 5158,5 198{ 6 2l BIt tubr C ?riplicrte field srtBll ?ubr City

BIt ledl,alel 136,50 5{58,1 198{ 6 ?f 8ll ?uba C ?tiplicrte field suBll ?ubr City

BII Redl,al:el 1l?,00 5{?8,0 0 0 0 BIt luba C Supled in triplicrt0S0$

Elt0enelol 16,00 516l.0 198? 0 0llllubrC littlecout.drtr BltlubrCitl
BII lrlrta 2 18.00 566?'0 0 0 0 BII ?ubr C Little corrt.datr lll ?ubr Citv

BIt lorltr ? 551,00 5581,0 t986 l? ?9 BII Chirle l,ittle contr.drtr Bll Clille l8ercl

BII Cbilchr3 603,00 53{?,0 1988 0 0 8lt hbr C Oood drtr ht 8T-lf08lt lubr Citl
Bll Dilton ? 138.?0 6006.3 l9?? I ?l Bll Pt.hl 0ncertrir rqrifet IDBII lt.Defirncc

BIt Dilhor, 138.?0 6000,3 lgt? I ?l 8lA tt,hf 0ncettrir rquif* lDllrt ?t.Defirace

BII Cttrd 3 980.00 5105.0 0 0 0 BI,t Chirle lrd cout.drtr;q IDBII Clirle l[encl ll
BII thorto ? t13,00 6?t?.0 l9?5 9 9 llA hbr C 0rcertrir cout.drtrBll hbr Citl
BIt Piron 6 ?83,?5 5613.8 1988 9 9 BIt lubr C 0t0S rullirt pirt U30t'8ll lrbr Citl lScrct

Blr Boctl ? f58,00 512?.0 !980 I 30 Blt ftbr C 0ood recordr 0$08;lll hbr Citl lScrct

BIt lribeto? 813.00 5f3?.0 0 0 0 BIt lubr C ler coutt,detrilt lll hbr Citl ll
llS [udBt t 0.00 6165,0 1989 { I l[$ ?uba C ?er comtr.detrils l[8 hba Citl 0B[

llS hrdBt D t80.00 5385.0 1988 t0 18 IIS lubr C ler corgtr,dttrih lll lubr Citl
6t-6{ 0,00 5??0.0 1988 0 0 fiopi lribe tttesiu rell' [oli ltibe

81-5?? 122.00 59 l8,0 1963

9[-215 18,66 5{60,3 1988

9[-?18 0,0C 5300,0 0

9I-9 2 lt?.8! 5{52, I 1988

l0n-lll 199,f5 5!l?,6 1988 l0 I hrrjo 0l[ 0asteadt rindr USOS lmSil m0 ?/?6/8!

108-l1l 199,15 5t5?,6 1988 l0 I larrjo 0ll 0nsterdy rids 0S0S !0CSOX rBD ?/?[/8!

Polaeca 6 l6?.0C 5{5!,0 1986 6 16 IIS leus ler rel],good suglel[S legl Cuyol

[otevilla ? 951,00 5399,0 1988 ? 0 BIt lears Bot[ Ptl[2 rre alilelll rnd l[$'[eug Cuyor

Seeold[sSrL! 3?6,00 5389,0 1968 ll 0 IIS leus 0ood suplirg poilt BII lens Crnyou

PohcclPDtC? 3?6,00 5389,0 1968 l0 l0 lolacm lC Corfuged rell ID I[$ leus Crayou,rtllsite

[oli [S3 0,00 582C'0 0 0 0 BIt lears Xerer rell BII [eus Cutoa

[e6s Cyrl 168,00 561i,0 1975 ? 13 BII leus fiood eupli4 poirl IIS legs Cuyou



lell lell Colstructiol 0pcl lrternl [ole Cuirg 09per Cuirl
0ee Strrt tld 0e9tb lol Eoltor 0iuet* Dineter lror lo trterirl

lell
Iurber

r91

l[-?03 Stoct Junelg{l 356.0 298,00 3$6 .00 0.00 6.6?

l[-509 Stocl l-?2-61 l5{0, 0 l{80 ' 00 1510,00 0.00 9,62

It-!39 Stoch 5-10'5? 108,0 10.00 {08,00 10.00 10,00

l[-? I I Stocl 19500526 19[005?6 356.0 168,00 356 , 00 0.00 8,00

l[-ll! Stocl tugustSl 585.0 0.00 585,00 0,00 8,00
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BIA BedhhelPts 5{5.0 150,00 0.00 0,00 8.00

BIA Denneho?PlS 193{ 6?5,0 0,00 0,00 0,00 8,00

BII [rynta ?PtS 193{ 193{ 8{0,0 168,00 816,00 0.00 10,00

BIt loiltn IPIS 1986 13{0,0 1180,00 l?60,00 8.00 8,00

8lA ChilchSPt$ 1961? 1593,0 ll{1,00 15??,00 0.00 8,00
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