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PREFACE 

Since the submittal of the 1981-1985 Mining and .Reclamation Plan (MRP), Peabody has 

submitted annual Hydrologic Data reports to ~xpand and further detail the data base which 

was presented in the MRP. To date, four annual reports have been submitted to OSM. They 

are entitled the "1980-1981 Hydrological Data" report, the "1981-1982 Hydrological Data" 

report, the 111983 Hydrological Data" report, and the "1984 Hydrological Data" report. 

Throughout this Chapter, these four reports will be referred to as the HDR's. All data 

plots referred to in this Chapter can be found in the HDR's or the original MRP. In those 

secti.flns of the Chapter where it is felt necessary for the sake of clarity, data plots or 

tables will be included with the text. 
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CHAPTER 15 

HYDROLOGIC DESCRIPTION 

Introduction 

Chapter 15 has been structured to present both the regional and site specific hydrologic 

systems and settings. A more thorough . understanding of the 1 ocal surface- and 

ground-water conditions can be achieved by considering the local hydrologic situation as 

an integral part of the regional hydrologic system~ 

The quantity, distribution and quality of the surface- and ground-water systems are 

influenced by the structure, stratigraphy, erosional stage and climate, of the region. 

·Ground-water. storage, recharge, movement and quality are partially to totally controlled 

by: facies changes and stratigraphic position (stratigraphy).; anticlines, synclines, 

·monoclines, basins and upwarps (structure}; downcutting of drainage systems (erosional 

stage}; and the average amount of prectpitation available for recharge {climate)~ 

Surface-water drainage development, quantity and quality are partly to totally.controlled 

by: physical and chemical characteristics of rock units (stratigraphy); folding, faulting 

and uplift (structure); degree of drainage network entrenchment (erosional stage); 

frequency, intensity and long-term average amount of precipitation for the region 

{climate); soil characteristics; and vegetation types and density. 

Ground- and surface-water data for the leasehold have been obtained, in part, from studies 

by the USGS. The USGS studies have generated precipitation, streamflow and stream-water 

qua 1 i ty data for three sma 11 watersheds tributary to the rna in channe 1 stem of Co a 1 Mine 

Wash and for Yellow Water Canyon, Coal Mine and Moenkopi Washes. Ground-water studies by 

the USGS have been directed at defifling the quantity, movement and quality of water in the 

Navajo Sandstone aquifer. An envi ronmenta 1 moni torng program was i ni ti a ted by Peabody 

Coal Company in 1979. The Peabody environmental monitoring program has generated 

meteorologic, surface-water quantity and quality and ground-water quantity and quality 

data for the leasehold and will be operated throughout the life of the mining bperation. 

,1 Revised 12/01}86 
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Regional Surface-Water Hydrology 

Drainage Development. The present Colorado River system was developed in late Cenozoic 

time and has maintained its course despite different pre-existing lithologies and 

structures encountered as it eroded downward into·the underlying rocks. This superimposed 

drainage is exemplified by the east-west course of the San Juan River, across upturned and 

upwarped strata, and by the southwest courses of tributaries of the Little Colorado River, 

over gentle folds on Black Mesa basin. As downcutting and entrenchment has continued, the 

drainage system is adjusting to the geologic structure. The extent of adjustment is 

depB:n.~ent on the depth of downcutti ng, average annua 1 river discharge and types of 

geolbgic structures. The Colorado River is the least affected by geologtc structure while 

the San Juan and Little Colorado River systems are partly adjusted to the larger folds. 

Streamflow and Runoff. All runoff from the Navajo and Hopi Indian Reservations (from now 

on referred to as the region) is to the Colorado River. Most of the region is drained by 

two principal tributaries to the Co lorado River, the San Juan and the Li tt 1 e Co 1 or ado 

Rivers. Washes draining Black Mesa basin ar_e part of the Little Colorado River drainage. 

Most runoff is ephemeral and intermittent in nature and is in response to sporadic 
,.. 

precipitation events. Other than in the Colorado and San Juan Rivers; perennial flows 

occur only below sections where stream channels intersect large springs and the water 

table. Figure 1 shows those sections of the drainage network for the reservations that 

were identified as perennial during surveys and monitoring conducted by the uses between 

1909-1913 and 1950-1960. 

Busby (1966) prepared a map showing the relationship of runoff to precipitation in the 

region. Busby indicated that the average annual runoff originating in the reservations is 

approximately 450,000 acre-feet. Streamflow measurements at the mouths of Moenkopi Wash 

and other tributaries to the Little Colorado River indicate that about SO percent of the 

runoff calculated from the runoff map is lost in transmission to the major streams. If 

these streamflows are indicative of the annual transmission losses for all streams leaving 

the reservations, the remaining runoff reaching the Colorado and San Juan Rivers is less 

than 250,000 acre-feet (Cooley et al. 1969}. 

The primary factors affecting runoff include: (1) interception; (2) infiltration; (3) 

transmission; (4} noncontribution by internal drainages; and (5) the effect of 

convectional and frontal storm systems. According to Cooley et al. 1969: "The 
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Figure 1 

Perennial Streams During 1909 - 1913 and 1950 - 1960 
(Cooley et al, 1969) 
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unconsolidated surficial deposits intercept and absorb much of the precipitation and the 

accompanying overland and channel flow. Much of the water thus intercepted is retained 

near the surface and is evaporated and transpired. Most streams are influent, and their 

channels are underlain by relatively permeable rocks; therefore, their transmission losses 

are high. The areas of internal drainage reduce the total runoff substantially, although 

these areas are favorab 1 e for ground-water recharge. As a result, almost no water runs 

off from 1 arge areas in the Navajo Uplands, and the runoff in other areas may decrease 

locally. Most of the runoff below 7,000 feet results from convectional storms; that from 

low-intensity frontal storms is small and usually is absorbed by the surficial deposits 

and'';permeable bedrock units or is evaporated." 

Average annual streamflow in the Colorado River, at the Grand Canyon, is 12,310,000 

acre-feet. Of this total, 2,014,000 acre-feet per year is discharged by the San Juan 

River at Bluff, Utah and 147,000 acre-feet per year by the Little Colorado River at Grand 

Falls. Streamflow i~~ the San Juan and Colorado Rivers is usually greatest during the 

months of May and June as a result of snowme 1 t in the mountainous portions of their 

drainages. Peak flows recorded during these two months for the San Juan and Col or ado 

River have been as high as 21,250 cfs .. ~md 133,000 cfs respectively. Streamflow in the 

Little Colorado River is highest during the months of March, April, August and September~ 

Approximately 85 percent of the average annual flow occurs during these months. 

Recent Fluctuations of the Stream Regimen. There have been several episodes of 

downcutting and alluviation in all the washes or arroyos draining the region since the 

present drainage system was estab 1 i shed. The 1 a test episodes of arroyo cutting began 

around 1850 (Cooley et al. 1969). The result of these episodes of alluviatio.n and 

downcutti ng has resulted in the formation of one or more terraces above the present 

streambeds. Most arroyos have been continually widening. and downcutting, however, in some 

areas they are aggrading. Figure 2.shows the present areas ~f aggradation and the amount 

of terrace development for perennial streams and arroyos in the region. 

Other recent fluctuations in the stream regimen of the region include changes in the 

length of perennial reaches of streams and a general decline of streamflow. The perennial 

reaches of Moenkopi Wash, Canyon de Chelly and other streams identified during a 1909-1913 

survey were considerably longer than those identified during the 1950-1960 USGS stream 

survey (Figure 1). In other sections of the region, arroyo trenching bel ow the water 

table has extended perennial reaches of several streams, especially along Laguna Creek 
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(Cooley et al. 1969). USGS streamflow records of the Colorado River at Lees Ferry 

indicate that there has been a continuous decline in streamflow during the 20th century. 

Records indicate that flows during the period of 1930-1955 were above the 1897-1955 median 

flow only eight of those years and below the median flow the other eighteen years. 

Regional Ground-Water Hydrology 

Setting. The hydrogeo.logic setting of the Navajo-Hopi Indian Reservations is in the 

~outh~central par~ of the Colorado Plateau's Physiographic Province. The landforms of the 

res.er:~~tions are characterized by alternating resistant and weak rock strata. The 

resistant beds form 1 edges, eli ffs; mesas and .benches that are separated by slopes, 
'';•,1', 

vaUeys and badlands eroded in the weak shaly beds (Cooley et al. 1969). The topographic 

elevation ranges from less than 3,000 feet, in some of the deep canyons, to more than 

8,000 feet on some of the plateaus and mesas. 

Geologic Controls on Ground Water. The region is characterized by an absence of severe 

deformation and has been r~latively stable since late Precambrian tim~. The area 

experienced some moderate folding (basins; uplifts, monoclines, anticlines and synclines) 
,... 

during the Laramide Orogeny of late Cretaceous and early Tertiary time. During late 

Tertiary and Quaternary time, the region was upwarped and locally faulted ·(cooley et al. 

1969). 

The larger folds (basins and uplifts) control the movement of ground water t"hrough the 

region and divide the area into five hydrologic systems. The five systems are referred to 

as hydrologic basins and are shown in Figure 3. The hydrologic basins are named-after the 

structural basin in the lowest part of each. According to Todd (1959), a hydrologic or 

grpund-water basin is a physiographic unit containing one large aquifer or several 

connected and interrelated aquifers. Each ground-water basin functions primarily as an 

individual system and has little or no hydraulic connection with surrounding basins. 

The smaller folds (monoclines, anticlines and synclines) only control the occurrence and 

movement of ground water locally. The occurrence of ground water in relation to 

monoclines is shown in Figure 4. Four basic situations may exist: (1) water table 

conditions may exist on the upthrown and downthrown sides of the monoclines; (2) the 

upthrown side may be dry; (3) a transition from water table to artesian conditions can 

occur along the monoclines; and {4) artesian conditions may occur on both sides of the 
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monoclines (Cooley et al. 1969). The condition which exists depends on the dip and degree 

of folding. of the beds, position of the recharge areas and location of impermeable 

units {refer to Figure 4). 

Anticlines and synclines tend to exert a lesser influence on the occurrence and movement 

of ground water in the hydrologic basins. Sufficient quantities of ground water can 

normally be obtained on the crests and flanks of anticlines, as long as the saturated 

thickness of the aquifers is not exceeded by the structural r'e 1i ef. If the structura 1 

relief of the anticlines is significant, the crests will normally yield little if any 

water~ unless artesia~ conditions occur under the crest. 

Faults probably exert the least overall effect on ground-water occurrence and movement in 

the region. This is 1 argely due to the fact that faults are uncommon except in the 

western part of the region. Depending on the orientation of the faults, their effect on 

ground-water movement can be either minimal or significant. If the faults are oriented 

parallel to the direction of ground-water flow, they will have minimal effect on the flow 

system. If the fault planes cut diagonally across the prevailing ground-water flow 

direction, they may either partially or totally disrupt the flow depending on the amount 
~ 

of displacement and the saturated thicknesses of the aquifers. With the exception of a 

few cases, most of the faults in the region have displacements of only 50- 150 feet 

(Coo 1 ey et a 1 • 1969) • Since most of the significant aquifers in the region are 

approximately 20Q feet or greater in thickness, only partial disruption, if any, occurs in 

the ground-water flow system due to faults oriented diagonally to the direction of flow. 

In some instances, the faulting has ~reated areas of ground~water discharge in the form of 

springs and seeps. This occurs mainly on the Defiance Plateau and near the Colorado and 

San Juan Rivers~ Unlike the faults, joints are quite prevalent in the region. This type 

of fracturing in the rock occurs with no appreciable·movement and quite often increases 

the permeability of rock units. 

Hydrogeologic Subdivisions. The region is further divided into eleven hydrogeologic 

subdivisions based on simllarities in sedimentary rock outcrop distribution, geologic 

structure and drainage patterns. Figure 5 shows the outlines of the various hydrogeologic 

subdivisions and a generalized distribution for artesian and water table areas. Ground 

water in the region occurs under water tab 1 e conditions near outcrops in the up 1 ands 

provided depth of burial is not too great. The principal artesian zones correspond with 

the flanks of basins and in the valleys of the larger rivers and washes. The general 
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distribution of artesian and water table conditions suggests a close relationship between 

geology and the occurrence of ground water. ln the~same way, areas with similar depths to 

ground water and depths of wells (Figures 6 and 7 respectively) roughly outline the 

general physiographic and structural features of the region. 

Geologic Formations and Aquifers. The sedimentary rocks overlying the impermeable 

granitic and metamorphic Precambrian basement rocks are the principal sources of ground 

water in the region. Most of the sedimentary units contain some water, but only a few 

yield sizeable quantities to wells. For the purpose of this discussion, the ground-water 

potentia 1 of the various units of the Coconino, Navajo and Dakota a qui fer systems; the 

Toreva and Wepo Formations of the Cretaceous Mesaverde Group; and the Quaternary alluvium 

will be covered, as they comprise the important water yielding units underlying or exposed 

at Black Mesa. 

The major water yielding units are the Coconino and Navajo Sandstone aquifer systems. 

Minor water yielding""units in the Black Mesa Basin in ascending stratigraphic order are: 

the Entrada Sandstone; the Cow Springs Sand,stone; the sandstone members of the Morrison 

Formation; the Dakota Sandstone (these comprise the D-aquifer system); the Toreva 

Formation; the Wepo Formation; and the a11uvium. 

The region was once part of two major geosynclines. During the Paleozoic and early part 

of the Mesozoic Era, the region was par.t of the eastern shelf area of the Cordilleran 

Geosyncline. During the latter part of the Mesozoic Era, the region marked the 

southwestern shelf area of the Rocky Mountain Geosyncline. These shelf areas were 

frequently inundated by seas extending from the central• parts of the geosyncl i.nes. As a 

result, the rock units deposited during this time exhibit complex intertonguing and rapid 

facies changes. These features form some of the principal contra 1 s on ground-water 

occurrence and movement in the various rock units, in addition to the regional and local 

structural control previously mentioned. These stratigraphic controls on the ground-water 

hydrology will be noted in the following discussion of specific aquifers. 

Aquifer Descriptions and Hydrology. The aquifer descriptions will progress in 

stratigraphic order from the oldest units to the youngest starting with the Coconino 

Sandstone of Permian age. The reader should refer to Table 1 for the stratigraphic 

sequence and corresponding ages expressed as geologic systems. 
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Tabl~ 1. Aquifers listed in Time-Stratigraphic Sequence and Corresponding 
Geologic Systems • 

. System· 
Quaternary 

Cretaceous 

Jurassic 

Jurassic-Trias~ic 

Triassic 

Permian 

14 

Wepo Formation 
·Toreva Formation 

akota Sandstone 
Morrison Formation 
Cow SRrings Sandstone 
EntraHa Sandstone · 

Kayenta Formation 
Moenave Formation 
Wingate Sandstone 

Lukachukai Member 
Chinle Formation 

Shinarump Member 
Moenk6 ; Formation 
Cutler Formation 

De Chelly-Coconino 
Sandstone Members 



The C-Aquifer System.: The C-aquifer system is comprised of the Coconino Sandstone and its 

lateral equivalent the Qe Chelly Sandstone, the Moenkopi Formation and the Shinarump 

Member of the Chinle Formation. The Coconino Sandstone consists of very fine to 

medium-grained we 11 sorted quartz grains (Irwin et al. 1971). The grains are coarse near 

the southern extent of the unit along the Mogollon Rim and grade into a finer grain size 

to the north. 

The lateral equivalent of the Coconino, the De Chelly Sandstone, is a thick-bedded fine to 

medium grained sandstone {Levings and Farrar, 1977} and is hydraulically connected with 

the Coconino and the Shinarump Member of the Chinle Formation. The Chinle and Moenkopi 

Formations consist primarily of mudstone and siltstone beds. These rock units are 1,100-

1 ,600 feet thick and form the upper confining 1 ayer of the C-aqui fer system. The 

lithologies of both formations change to the southeastern part of the region. Here the 

sediments are coarser grained, and several thin beds of sandstone and conglomerate yield 

small amounts of ground water. 

Figure 8 shows the thickness of the C-aquif~r system and transmissivities throughout the 

region. Two cross sections are included to show the facies changes and hydraulic 

connection of the various units. The Shinarump Member of the Chinle Formation and the De 

Chelly and Coconino Sandstones are the primary sources of ground water. The other members 

of the Chinle Formation and the Moenkopi Formation are too fine grained and act as 

aqui.cludes. Figure 8 shows that transmissivities are greatest in the southern part of the 

region where formation thicknesses are greatest and the g.rai n sizes are coarser. The 

C-aquifer system thins rapidly to the north and pinches out along the Utah-Arizona border. 

The C-aquifer system yields water of good chemical quality, except southwest of Leupp and 

in the northern part of the Black Mesa basin where excessive amounts of dissolved solids 

could render it unfit for any use (Irwin et al. 1971). 

The N-Aquifer System. The Lukachukai Member of the Wingate Sandstone, the Moenave 

Formation, the Kayenta Formation and the Navajo Sandstone comprise what is referred to as 

the N-aquifet system. The Lukachukai Member of the Wingate Sandstone consists of a fine 

to very fine-grained quartz sandstone, and this lithology is homogeneous throughout the 

region (Harshbarger et al. 1957). Figure 9 shows the extent of the region over which the 

Lukachukai Member was deposited and its thickness variations. The Lukachukai tends to 

intertongue with the finer grained Rock Point Member of the Wingate Sa~ndstone along the 

New Mexico-Arizona border which changes its hydraulic character in that area. The 
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Lukachukai is thicke~t to the north and northeast and tend~ to thin or pinch out to the 

east and southeast in the region. 

The Moenave Formation is comprised of two sandstone members: the Dinosaur Canyon Member 

and the Springdale Member. The Dinosaur Canyon Member consists of coarse to very 

fine~grained quartz sandstone~ with a large percent~ge of silt concentrated in the finer 

grained portions of the sandstone. The silt content tends to increase from east to west. 

In addit~on, the sandstone is poorly~sorted and has a firm calcareous cement (Harshbarger 

et al. 1957}. The Springdale Member tonsists of a fine to medium~grained quartz sandstone 

also. with a firm calcareous cement. Near the town of Moenave, the Springdale Member 

gra4es into the upper part of the Dinosaur Canyon Member, and near Marsh Pass it grades 

into the Kayenta Formation. 

Figure 10 shows approximate depositional limits of the two members and their thickness 

variations. The Springdale Member is present only in the northwest corner of the region, 

whereas the Dinosaur Canyon Member is pre.sent over most of the western ha 1 f of the region. 

The Moenave Formation generally increases in_thickness to the west. 

.. 
The Kayenta Formation consists of two facies: a sandstone facies and a silty facies. The 

sandstone facies is a fine-grained quartz sandstone bonded with calcareous cement and 

interbedded with mudstone (Harshbarger et al. 1957). The silty facies consists of 

interstratified siltstone, mudstone and silty sandstone. Figure 11 shows the approximate 

limits of the two facies and the thic~ness variations in the Kayenta Formation throughout 

the region. The transition from a sandstone to a siltstone facies occurs in a northeast 

to .southwest direction. The approximate northeast boundary of the siltstone facies is 

near Tuba City. The thickness of the formation tends to increase in a south-west 

direction. Thicknesses range from 74 feet near Rock Point to 678 feet at Dinosaur Canyon. 

The Navajo Sandstone is composed of medium to fine-grained quartz sandstone and is bonded 

with a weak calcareous cement. The sandstone contains many lenticular beds of cherty 

limestone, but the lithology is homogeneous throughout the region (Harshbarger et al. 

1957}. The thickness variations and approximate aerial extent of the sandstone is shown 

in Figure 12. The Navajo Sandstone is deposited over all of the region except the 

southeast portion. The sandstone reaches its greatest thickness in the northwest part of 

the region (approximately 1,400 feet thick} and pinches out rapidly to the east .and 

southeast. 
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Because of their homogeneous lithologies and loose cementation, the Navajo Sandstone and 

the Lukachukai Member of the Wingate Sandstone are the primary water producing units in 

the N~aquifer system. tn the north-central part of the reservations, the Navajo Sandstone 

combines hydraulically with the sandy facies of the Kayenta Formation and the Lukachukai 

Member of the Wingate Sandstone; however, in the western part of the region, the si1ty 

facies of the Kayenta Formation acts as an aquiclude and precludes any hydraulic 

connection between the Navajo Sandstone and the Lukachukai Member. 

The quality of the N~aquifer water in the Monument Valley ~ Northern Black Mesa area is 

qui ;t~ good. The tot a 1 di sso 1 ved so 1 ids is 1 ess than 500 mg/1, and the water is of a 

sodi'um bicarbonate type. 
0 

Based on an annual average maximum daily air temperature of 67 , 

water with fluoride concentrations greater than 1.8 ppm is grounds for rejection. 

Fluoride concentrations have been found in the Monument Valley - Northern.Black Mesa area 

to range from 0 - 2.4 ppm (Levings and Farrar, 1977). 

The D-Aqui fer System. The D-aqui fer system is comprised of the Entrada Sandstone, the 

Summerville-Formation, the Cow Springs Sand_stone, the sandstone members of the Morrison 

Formation and the Dakota Sandstone. The Entrada Sandstone consists of three members which 
, 

are represented by two facies: the clean sandstone facies and the silty sandstone facies. 

The clean sandstone facies form the upper and lower members and are composed of medium to 

fine-grained quartz sandstone. The silty facies forms the middle member and is composed 

of a well cemented silty very fine-grained sandstone (Harshbarger et al. 1957). 

The. limits of deposition and thickness variations of the three members of the Entrada 

Sandsto.ne are shown in Figure 13. The 1 ower sandstone member extends over the northwest 

por .. ~ions of the region and pinches out to the east. The middle silty member is present 

over most of the eastern and central portion of the region. The thickest portion of the 

silty facies occurs to the southwest in the vicinity of Coal Canyon and Steamboat Canyon. 

The upper sandstone member extends on 1 y over the eastern part of the region and pinches 

out along a north-south line running through Mexican Water and Steamboat Canyon. The 

greatest thickness of the upper sandstone member is in the vicinity of Lupton and Fort 

Wingate. 

The Summerville Formation is comprised of an upper sandy facies and a lower silty facies. 

The lower silty member consists of poorly sorted, firmly cemented, fine-grained silty 
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sandstone beds interbedded with mudstone strata. The upper sandstone member consists of a 

fine-grained quartz sandstone (Harshbarger et al. 1957). The southern limit of the lower 

silty member extends only into the very northeastern part of Navajo country. The upper 

sandstone member is more extensive, covering most of the eastern and northeastern section 

of the region (Figure 14). The thickness of the Summerville Formation tends to decrease 

in a south to southwest direction. The strati graphically younger Cow Springs Sandstone 

intertongues and is hydraulically connected with the upper sandstone member of the 

Summerville Formation. The thickness of the Summerville formation is variable where 

tongues of the Cow Springs Sandstone constitute part of the formation. 

The'ir:\bow Springs Sandstone is a we 11-sorted, firmly cemented, fine-grained quartz sandstone 
.. <;):;·.= 

(H~fshbarger et a 1. 1957}. The Cow Springs Sandstone deposits are quite extensive, 

encompassing the southern ha 1 f and western portion of the region. The- tongues of the 

sandstone are quite extensive and interlap with members of the Morrison Formation. Figure 

15 shows the approximate boundaries of the Cow Springs Sandstone and its tongues in 

relation to members of the Morrison Formation. Towards the close of the Jurassic Period, 

there was an extensive period of erosion during which parts of the overlying Morrison 

Formation and the Cow Springs Sandstone were removed, making it di ffi cu 1 t to interpret 

thickness variations. The extreme .intertonguing also makes it impossible in some areas to 

determine the thickness of the Cow Springs Sandstone. Within the main portion of the Cow 

Springs, in the southwest part of the region, thicknesses range from 230 to 449 feet. In 

the northeast part of Navajo country, the Cow Springs is hydraulically connected with the 

Recapture and Salt Wash Members of the Morrison Formation, due to the intertonguing of the 

three units. In the southwestern part of the region, the Cow Springs is hydraulically 

connected with the Dakota Formation and the Entrada Sandstone, as the Morrison -is absent 

in this area. 

The Morrison Formation marks the 1 ?St Jurassic deposition in the region. The Morrison 

Formation is comprised of four members. These are from oldest to youngest: (1) the Salt 

Wash Member, which consists of fine to coarse-grained 1 enticul ar sandstone beds and 

mudstone beds; (2) the Recapture Member, which consists of friable fine to medium-grained 

sandstone i nterstratifi ed with sha ly mudstone; (3) the Westwater Canyon Member, which 

consists of fine to coarse-grained sandstone and minor shaly mudstone; and (4) the Brushy 

Basin Member, which consists of a shale interbedded with some mudstone and fine to 

medium-grained sandstone (Harshbarger et al. 1957). 

24 



N 
V1 

u 

Flagstaff 
0 

Figure 14 

EXPLANATION 

Approximate limit of unit; da;i;';d -;,;re uncer!i1n 

- - ------Appro•imate souttlem hmlt of the lowtf silty 
member of the Summerville formation 

~:::'"1 
~ 

Approximate ariel where the Bluff sandstone 
is inseparable from the Co-N Sprinas sand· 
stone 

Approximate area ct. the Summerville formati0<1 

A.ppro•imate area ol the Todillo limestone 

"_2!3_ Thickness ol Bluff sandstone. in feet 
I ~9 Thickness of Summerville IQimation. in fe~t 

E 
Estimated thickness 

I 
Bluff sandstone inseparable from the Cow 

Springs sandsloni! 

Approximate Depositional Areas of Todilto Limestone and Summerville Formation 
(Harshbarger et al, 1957) 



616 ./L.;.-r- . "'-0"-~ \ . I ~ 
_,_,..,s' f ....,...._......,.._, EXPLANATION 

Nav·Jl·:·jo ... Po;nt .. f,. ~(,_/_,--.--·"-.. .Cj·.· .. '/~ .· 
~ . I ~ 

-- - - -. -· ;-j }' . - - -- - -t--·----·-A~~~~ c - -.-·- - w .. oM- ..... - .. - - -. -- Ll rYE~LO:i~o-1 --:-- -..... -:r--~ 
~........ \ 0 ex1can Water 

;-s' ~--~ ~ 102 

-..1.---"- ..;..t._ --L
Approxtmate hmtt of the Recapture mem

ber of the Mo111son formation; dashed 
where uncertain . . --.,-

Approximate limit of the while und1tone 

~':st~~ ~h~~: ~~~~nat sandstone; 

f 
) 

\, 

I 
~ 
~ 
L 

oF1ngstnff 

\ 
I 
l 

.... 
"::) 

Cow Springso 
~ 
~ 

tS' 
tS' 

L o 
-._ · --''jFarmington 

I 
I 

--------- -- _..._ Approxtmale limtt of the Slit W~sh nwm· 
ber of the Morrtson fotrNtl()ll; duht<l 
"'htlt uncert.t•n 

f::·;::;;;l 
L~~ 

Approximate area where the Recapture 
member and the wh•te sandstone tonaue 
are tnseparable from the eo.. Sp<tn&' 
sandstone 

l:o~ o ~oJ 
o o o] 

Approximate -.,-,-.-where the Recapture 
member contains con11lomerattc sand· 
stone 

l':····j· (::;:;:L. 
Approximate area. where the Recapture 

. member is principally 1 sandstone 

• ~Thickness of Recapture member, in f"t 
_()_Thickness of white sandstone tonaue, in feet 

180 Thickness of Salt Wash member, in feet 

EstiiTiated thickness 

Whtle sandstone ton11ae inseparable 
from the Bluff sandstone 

L._. __ _,·-·-·-·-·-·-·-·-·J 

0 Holbrook 20 ... 0 . . 40 Miles 
l • L---'---1~,..·L~--"'---~,-'- -~ -~-----· _ _! 

Fi qure 15 

Approximate Depositional Areas of Cow Springs Sandstone and Salt Wash and 
Recapture Members of the Morrison Formation (Harshbarger it al, 1957) 



Th~ Salt Wash Member is present in the northern half of the region (Figure 15). To the 

south it i ntertongues and is hydraulically connected with the Recapture Member. Near 

Marsh Pass~ the Salt Wash intertongues and is hydraulically connected with the Cow Spring 

Sandstone. The maximum thickness of the Salt Wash in the region is 616 feet at Navajo 

Point. The member thins to the southeast. 

The Recapture Member extends over most of the eastern and north central part of the region 

(Figure 15). In the southeast part of the region, and along the Arizona.,.New Mexico 

border, the Recapture Member consi~ts of a conglomeratic sandstone with higher yield and 

trans~ssive properties. The Recapture Member intertongues with the Salt Wash Member all 

along their contact. In addition, the upper_ par_t of the Recapture Member intertongues 

with the Westwater Canyon Member. This relationship provides for good hydraulic 

connection in areas between the three members. The Recapture Member is- 483 feet thick 

near the northern end of the Chuska Mountains and thins to the south (Harshbarger et al. 

1957). 

The Westwater Canyon Member extends roughly ~cross the eastern half of the region (Figure 

16). The member does not occur in the southwest part of the region and was probably 

removed by pre-Dakota erosion. In the northern part of the region it intertongues with 

the Brushy Basin Member, and, as was previously mentioned, the Westwater Canyon and the 

Recapture Member i ntertongue throughout the area. In the area between Todi 1 to Park and 

Lupton, the Westwater Canyon appears to intertongue with the Cow Springs Sandstone. 

Hydraulic connection with the Brushy Basin Member is not of any significance since it is 

relatively impermeable; whereas hydraulic connection with the Recapture and C6w Springs 

Sandstones would indicate better water yield potential. The Westwater Canyon Member 

reaches a maximum thickness of 277 feet at Todilto Park and thins in a southeast direction 

(Harshbarger et al. 1957). 

The Brushy Basin Member extends throughout the northeast part of the region (Figure 16). 

As was previously mentioned, the Brushy Basin intertongues with the upper part of the 

Westwater Canyon. Near the southwest boundary of the Brushy Member deposition, the lower 

Cretaceous units were removed by pre-Dakota erosion, and the Dakota Sandstone immediately 

overlies the Brushy Member. The Brushy Basin Member has a thickness of 194 feet at McElmo 

Creek and 157 feet southeast of Rough Rock on the northeast corner of Black Mesa, where it 

is presumed to underlie the Dakota Sandstone (Harshbarger et al. 1957). 
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0 
The Dakota Formation is comprised of three lithologic types of strata deposited under 

fluvial, lagoonal and shallow marine conditions. The lower fluvial member consists of a 

well-cemented, medium to fine-:grained quartz sandstone (O'Sullivan et al. 1972). The 

member has a basal conglomerate in some p 1 aces, and conglomeratic 1 enses are common in 

other areas. The average thickness of the lower member is 20 feet. 

The middle member consists of carbonaceous flatbedded mudstone and siltstone, coal and 

interbedded sandstone lenses (O'Sullivan et al. 1972). The middle member grades downward 

into the lower sandstone member, and the two members intertongue in several areas. The 

middle member is approximately 20-40 feet thick. 

The upper sha 11 ow marine sandstone member differs somewhat in litho 1 ogy from the 1 ower 

fl uvi a 1 sandstone member. The upper member contains a greater amount of, very fine sand 

and silt, and in several areas, it consists of alternating thin sandstone ledges and 

intercalated shaly beds (Repenning and Page, 1956). The upper member unconformably 
~ 

overlies an irregular erosion surface cut into the top of the middle membe~. The upper 

member splits to the southeast and intertong~es with the overlying Mancos Shale. 

The thickness of the Dakota Sandstone is quite variable (Figure 17). In some areas, the 

upper and 1 ower members thin and the middle member thickens, whi 1 e in other areas the 

middle member is absent and the upper and lower sandstone units coa 1 esce into a single 

unit. One final relationship exists where the upper member is missing, and 'the middle 

carbonaceous shale and the marine s~ale of the overlying Mancos form a continuous 

impermeable sequence. In the Black Mesa area, the thickness of the Dakota Sandstone 

ranges from 43-150 feet and averages about 80 feet (O'Sullivan et al. 1972). Regionally, 

the Dakota Sandstone thins to the south and southwest. 

The Dakota Sandstone is a significant aquifer in the region. The lower·fluvial sandstone 

member and the lenticular sandstone beds of the middle member have fairly high 

permeabilities and ground-water yields. In most localities, the upper sandstone has low 

permeabilities due to its high silt content. Most wells completed in the Dakota Sandstone 

are obtaining yields of less than 20 gallons per minute (gpm). 

Because of their large degree of intertonguing, coarser grain sizes, better sorting and 

smaller amounts of silt, the Cow Springs Sandstone, the Westwater Canyon Sandstone Member 

of the Morrison Formation and the Dakota Sandstone form the principal aquifers in the 

29 



37" 

36" 

.~ 

0 Kaibito 

LORADO 

Mancos a 
X Po in~ 

Lookout 

MESA 
VERDE 

EW MExlcor------

205(1) . 
Shiprock I !=:S 

o 1-.::::AN 
. ·~ 

WHITE if c::J 
r 

Tuba City0 

0 cameron 

MESA t1 

0 10 

Younger rocks 
Shown only where they 
form extens-ive cover 

Dakota Sandstol'.e 

20 MILES 

EXPLANATION 

I--I so 

Location of measured section 
Showing thickness of Dakota Sandstone, 

in feet. Letter in parentheses refers to 
source of information: 

{0). Dane and Bachman ( 1.957a) 
{P), Pike (194 7) 
(S). Sears (1.934) 
(T), J. D. Strobell (oral commun., 1.963} 

riGU_RE 17 

Generalized Distribution and Thickness 
of the Dakota Sandstone 

30 

JUAN I 

I 



0 

o~aqui fer system. The Salt Wash and Recapture Members of the Morrison Formation yi e 1 d 

some water, but their firmly cemented, fine-grained composition and high degree of 

interbedding with mudstone and shale layers make them of minor importance, except where 

they intertongue and are hydraulically connected with the Westwater Caryyon Member and the 

Cow Springs Sandstone. 

The upper sandstone member of the Summerville Formation yields some water, but is only of 

minor importance due to its fine-grained nature and lower silty member. Greater 

ground-water yields are expected where the upper sandstone member intertongues with the 

Cow Sgrings Sandstone. The Entrada Sandstone is also only of minor importance as an 

aquifer. The upper and lower sandstone members are poorly sorted, fine-grained and of 

limited extent. ln some areas, the upper sandstonemember is hydraulically connected with 

the Summervi 11 e Formation and Cow Springs Sandstone, and better ground-water yields are 

expected at these locations. Figure 1R shows a generalized stratigraphic cross section of 

the D-aquifer system emphasizing the intertonguing nature of the various aquifers and 

their position in relation to the overlying Mesa Verde Group. 

Well yields in the 0-aquifer system range from 10-25 .gpm. The water quality is marginal 
~ 

to unsuitable for drinking. Sulfate and dissolved solids concentrations usually exceed 

the U.S. Public Health Service's recommended drinking water limits. As much as 1,600 ppm 

sulfate is found in water obtained from the D-aquifer system in the southeastern part of 

Black Mesa, near the town of Tochee (Akers and Harshbarger, 1958). Fluoride 

concentrations have been found to range from 0.2 to 3.4 ppm in Monument Valley and 

northern Black Mesa Basin. Concentrations above 1.8 ppm are grounds for rejection as 

drinking water (Levingi and Farrar, 1977). 

Overlying the. o ... aquifer system is a thick impermeable shale sequence called the Mancos 

Shale. On Black Mesa, the Mancos Shale reaches a thickness of 670 feet and hydraulically 

isolates the 0-aquifer system from the overlying Mesaverde Group. The Mesaverde Group 

consists of the Toreva Formation, the Wepo Formation and the Yale Point Sandstone. A11 

three formations are present only on Black Mesa. Lateral stratigraphic correlatives to 

these formations have been determined in other basins in the region. 

~er Cretaceous Aquifers. The To rev a Formation is comprised of three members in the 

south half of Black Mesa which differ from the three subdivisions that are recognized in 

the north half of the mesa. The three members of the Toreva Formation in the south half 
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of Black Mesa are: (1} a lower sandstone member consisting of fine to medium-grained 

quartz sandstone with thin beds of mudstone in the lower part of the member; (2) a middle 

member consisting of carbonaceous mudstone, siltstone, coal and lenses of fine to 

coarse-grained, poorly sorted quartz s~ndstone; and (3) an upper member consisting of fine 

to coarse-grained, poorly sorted quartz sandstone (O~Sullivan et al. 1972)~ 

The subdivisions of the Toreva Formation in the north half of Black Mesa are: (1) a basal 

unit which consists primarily of fine to medium-grained quartz sandstone, some coal, 

carbonaceous shale and thin-bedded siltstone; (2} a middle shale unit consisting of 

firmly~cemented siltstone and a few sandstone ledges; and (3) an upper unit which consists 

of very coarse to medium-grained poorly sorted sandstone (O'Sullivan et .. ~1. 1.972). 

Ground-water yields from the Toreva Formation in both sections of Black Mesa are dependent 

on the degree of lensing of the sandstone units with the shale, silstone, and mudstone, 

the grain sizes and degree of sorting of the sand grains. In the southern half of Black 

Mesa, the better water yielding units are: (1} the upper part of the lower sandstone 

member which contains no mudstone; (2} sect-ions of the middle carbonaceous member which, 

unlike most of ~he member contains almost all sandstone; and (3) the upper part of the 
,. . 

upper sandstone member, which is very coarse-grained and conglomeratic. In the northern 

ha 1 f of Black Mesa, the best water yi el ding units are the upper parts of the 1 ower and 

upper sandstone subdivision, due to their coarser grain size and smaller percentage of 

silt (O'Sullivan et al. 1972}. The locations of outcrops of the Toreva Formation on Black 

·Mesa and approximate thicknesses of the formation are shown in Figure 19. Formation 

thicknesses range from 141 to 325 feet. 

The Wepo Formation consists of a thick sequence of interbedded mudstone, si 1 tstone, 

sandstone and coal.: The sandstone is composed of poorly sorted, fine to very coarse 

quartz grains. The degree of cem~ntati on of the quartz grains varies from weakly to 

firmly-cemented~ The weakly-cemented beds have a high percentage of silt in them. The 

thicker sandstone beds tend to have conglomeratic bases of chert and silicified limestone 

pebbles. The coal beds are usually interbedded with siltstone and form a hard, red, baked 

shale where these beds have burnt. Ground-water potential in the Wepo Formation is low. 

The conglomeratic zones, where saturated, should yield some water to wells. Thicknesses 

and outcrops of the Wepo Formation and its stratigraphic equi va 1 ents are shown in Figure 

20. Thicknesses range from 304 feet near Vale Point to 743 feet east of Cow Springs 

(O'Sullivan et al. 1972). The formation thins to the northeast. 
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Over 1 yi ng the Wepo Formation, and representing the 1 ast unit of the Mesaverde Group 

deposited on Black Mesa, is the Yale Point Sandstone. This unit consists of coarse to 

medium~grained, fairly sorted ~uartz sandstone with widely spaced, thin siltstone units. 

The Yale Point Sandstone is permeable enough to transmit water, but no wells are completed 

in the unit because its topographic position prevents it from accumulating much water, and 

its areal distribution is quite limited. In most places, the unit is present only as a 

very narrow ridge along its area of outcrop and is eroded away to the south or 

intertongues with the underlying Wepo Formation (Repenning and Page, 1956). 

Ground water in the Wepo ·and Toreva Formations is present under both water tab 1 e and 

artesian conditions. Artesian conditions occur in the Wepo and Toreva Formations away 

from their outcrops. Along the peri meter of the Mesa, unconfined conditions prevai 1. 

Ground water is primarily obtained from sandstone units within the formations, especially 

where these sandstone beds are hydraulically connected. Due to the interbedding nature of 

the sandstone units with si 1 tstone and mudstone beds' depths to ground water can be 

variable from place to place. In places where sandstone units are underlain by coal, 

siltstone, or mudstone beds, perched water tables of limited storage and hydraulic 

connection exist. In several areas where the contact between the Toreva Formation and the 

impermeable Mancos Shale is exposed, ground-water discharges in the form of springs and 

provides an important source of domestic water (Akers and Harshbarger, 1958). 

Ground-water movement and we 11 yi e 1 ds in the Wepo and To rev a Formations are in part 

controlled or limited by depths of erosion along Polacca and other principal washes on 

Black Mesa, which could act as ground-water sinks. 

GrOUnd water is primarily obtained from the Toreva Formation and only secondarily from the 

WepO' Formation. Well yields range from 10-15 gpm. The ground water is of marginal to 

unsuitable drinking water quality. Sulfate and total· dissolved solids concentrations 

usually exceed the recommended ~rinking water limits, and the range of fluoride 

concentrations (0.1-2.1 ppm) exceeds the recommended limit of 1.8 ppm for fluoride in 

drinking water supplies in the Black Mesa area (Levings and Farrar, 1977). 

The final water yielding units to be discussed are the Quaternary alluvial deposits. 

Regionally, the alluvium is an important source of domestic ground water~ Along some of 

the larger washes, deposits more than 200 feet thick exist from which water yields of from 

10 to 1,000 gpm are obtained. Along the smaller washes, alluvial thicknesses range from 

25-80 feet, and water yields are on the order of 10 to 50 gpm. In the northern part of 
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Black Mesa, the alluvial veneer is very thin, and the well yields are small. During times 

of drought, many of these wells may be dry. 

The alluvial wells are located in the southeast part of Black Mesa, along Polacca Wash 

(Levings and Farrar, 1977}. Water quality for the wells is expressed in terms of specific 

conductance. The specific conductance multiplied by the factor .6 is approximate'Jy 

equivalent to total dissolved solids (E.E. Johnson, Inc., 1972). Using this factor .for 

. those a 11 uvi a 1 wells 1 ocated on Black Mesa gave a range of 107-2,400 ppm for tota J 

dissolved solids. Values for fluoride in alluvial wells ranged from 0-0.9 ppm and were 

well below the recommended drinking water limit of 1.8 ppm. 

Regi anal Ground-Water Recharge, Movement and Discharge. The principal areas of recharge 

to the five ground.,.water basins of the region (Figure 3) are the highlands along the 

divides between the basins. These highlands include the Navajo Uplands, Defiance Plateau, 

the Chuska Mountains and the Carrizo Mountains. Most of the recharge to the Black Mesa 
.. 

and Sa~ Juan basins is from highlands to the south. This recharge area includes the Zuni 

Mountains, the Mogollon Slope and the San Francisco Plateau (Cooley et al. 1969). 

"Recharge to aquifers .in the Navajo country is directly from preci pi tati on and from 

ephemera 1 streams or i ndi rectl y from i nterformati ona.l 1 eakage. Direct recharge to the 

aquifers in the consolidated sedimentary rocks is controlled principally by the 

permeability of the rocks, the structural and physiographic expres,sion, the amount of 

fracturing and the a 1 ti tude of the water bearing strata, by the presence or absence of 

surficial deposits and the duration, type and amount of precipitation. The mantles of 

surficial deposits are recharged by direct precipitation, by influent streams, and by 

discharge from the consolidated aquifers. Recharge .from interformational leakage is 

common, especially between· the water bearing units adjoining the N, C, and D multiple 

aqui.fer systems (which are mainly .;n the Navajo, Coconino, and Dakota Sandstone) ..... u 

(Coo 1 ey et a 1 • 1969} • 

Due to the fine-grained nature of the sandstone aquifers, most recharge to the aqui fe:rs 

occurs through fractures and along bedding planes. Large fractures are located primarily 

along monoclines, tightly folded anticlines and shattered zones in and adjacent to 

laccolithic domes. Recharge is principally a seasonal phenomena and occurs primarily in 

the winter and spring. Maximum discharge of springs and higher well water levels usually 

occur in the spring and then decline throughout the summer. Summer precipitation usually 
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consists of intense downpours, of short duration, resulting in high volumes of runoff and 

little contribution to ground-water recharge. 

Regional ground-water movement occurs in the C, D and N-aqui fer systems underlying 81 ack 

Mesa Basin. Recharge to the c~aquifer system is from the Defia~ce Plateau to the west and 

the Mogollon Slope, San Francisco Plateau and Zuni Mountains to the south. Ground water 

from these recharge areas converges inthe southern part of Black Mesa Basin and flows in 

a west-northwest direction along the southwest flank of the basin. Ground-water discharge 

from the C-aquifer system is to the Little Colorado River system and Chinle Wash (Cooley 

et .al. 1969). 
·~·'1-:-: <...: 

Rec~arge to the N-aqui fer system underlying Black Mesa is from an area of outcrop of the 

Navajo Sandstone to the north between Monument upwarp and Echo Cliffs. Recharge from the 

south is minimal because of the aquifer's deeper burial ~nd thinning and wedging out to 

the south and southeast. Ground-water movement in the N-aquifer system is in two 

directions because the formation pinches out to the southeast. Initial movement from the 

area of recharge is to the south. Ground-water flow in the east half of the basin then 

swings to the northeast where part of it moves into Blanding Basin and discharges into 

Chinle Wash. The main part of the flow in the N-aquifer system is to the southwest where 

it discharges along Moenkopi Wash near Tuba City and into the alluvium along lower 

Dinnebito and Oraibi Washes (Cooley et al. 1969). 

The recharge areas for the D-aqui fer system are 1 i mi ted to narrow bands . where the 

for;r,n.c:~ti ons crop out around the perimeter of Black Mesa and from pre-Cretaceous rocks in 

the;:>~outhwestern part of San Juan Basin. Si nee most o.f the outcrops consist of thin 

san~:~tone units separated by thick mudstone and siltstone sequences, recharge to the 

D-aquifer system is limited. Movement of ground water in the D-aquifer system is 

restricted in areas by anticlines and the tonguing-out of the sandstone units. Generally, 

flow is basinward and toward discharge points along tributaries to the Little Colorado 

River and Chinle Wash. 

The Wepo and To rev a Formations are recharged directly from preci pi tati on and i nfil trati on 

from influent streams. Ground-water movement in the Wepo and Toreva Formations is 

controlled to a large extent by small folds and the degree of channel downcutting. Where 

the stream channels truncate, the aquifers• artesian conditions are disrupted and water 

table conditions prevail. Water levels are variable owing to the lensing nature of the 
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rock units and the high degree of intertonguing with impermeable mudstone and siltstone 

units and the alluvium. The preferred ground-water flow direction within the Wepo 

Formation on the mine site has been determined {Figure 59}. A discussion of flow and 

directions of flow is covered under the section on Ground-Water Hydrology of the Mine Site 

and Adjacent Areas~ 

i Almost all of the discharge from Black Mesa Basin occurs at Blue Spring and several other 

springs near the confluence of the Little Colorado with the Colorado River. According to 

;,cooley et al. (1969), "The yield of the springs measured intermittently near the mouth of 

the -l,j ttle Colorado River averages 223 cubic feet per second (cfs) or about 161 ,000 

acre-feet per year, which represents the tota 1 discharge into the Co lorado River from 

Black Mesa Basin, an area of about 28,000 square miles. Perhaps 95 percent i-or more of 

this water is from the C-aquifer system because a substantial part of the water 

discharging from the other aquifers in the basin is evaporated or is used for irrigation, 

principally near Tuba City". 

·Other than those mentioned above, few springs in the region yield more than 10 gpm and 

most of this is lost to evaporation. Most of these springs are gravity springs occurring 

where the water table intersects the land surface. Cooley et al. (1969) has identified 

four types of gravity springs: contact, fracture, depression and tubular. Contact 

springs occur along the lower contacts of the Navajo Sandstone, Shinarump Member of the 

Chinle Formation, Lukachukai Member of the WingateSandstone, the Dakota Sandstone and the 

sandstone units of the Mesaverde Group. Fracture springs flow from faults, joints and 

bedding planes of the Navajo, Wingate and other thick sandstone uriits. Depression springs 

occur where concave sections in bedding planes in the Navajo Sandstone and the Shi ~arump 

Member of the Chinle Formation concentrate downward percolating ground water and discharge 

it as perched springs or seeps well above the regiorial water table. Only a few tubular 

springs exist. These include Blue ~pring and associated springs that flow from limestone 

hydraulically connec·ted to the C-aqui fer system in the canyon of the U ttle Col or ado 

River. A few artesian springs flow through openings in confining beds overlying aquifers 

along the west side of San Juan Basin. No thermal springs have been found in the region. 

Hydraulic Properties of Aquifers. The hydraulic properties of the pri nci pa 1 aquifers in 

the region have been determined for wells completed as of 1956. Table 2 presents. a 

summary of the test data for approximately two-fifths of the wells. Table 2 is subdivided 

into three types of analyses and tests: field pumping, bailing and pressure tests; 
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Table 2.. 
Range of the Hydraulic Properties of Aquifers in the Navajo and Hopi Indian Reservations (Cooley et al, 1969) 
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hydrologic 1 aboratory tests of dril.l cores; and sedimentary laboratory ana 1 yses. The 

hydraulic data measured in the pumping, bailing and pressure tests include the yield, 

drawdown, specific capacity, and the coefficients of permeability, transmissibility and 

storage. Permeability and transmissibility were determined from 30 pumping tests made at 

scattered 1 ocati ons in the region. Owing to the absence of nearby observation wells, 

value~ for storage coefficient could only be determined in a few places. Specific 

capacity values were determined from 450 bailing tests and 30 pressure tests. 

The coefficients of transmissibility for the various sandstone aquifers, with the 

excep~ion of the Coconino Sandstone, are low, ranging from only 500 to 1,006 gallons per 

day per foot (gpd/ft). In contrast, values for the Coconino Sandstone in the southwestern 

part of the region range from 15,000 to 35,000 gpd per foot. Transmissibility values in 

the alluvial deposits along the main washes are the· highest in the region, ranging from 

300 to 60,000 gpd per foot. Coefficients of storage for the a 11 uvi urn and Navajo. and 
-3 -4 

Coconino Sandstones range from 10 to 10 • Specific capacity values were determined to 

"' provide a comparison of the productivi. ty of the various we 11 s. Va 1 ues ranged from 0.3 to 

5 gpm·per foot of drawdown, with most being less than 1 gpm. Once again, exceptions to 

this were for we 11 s comp 1 eted in the Coconino Sandstone and a 11 uvi urn. Some we 11 s 

penetrating these aquifers have ~pecific capacities greater than 15 gpm per foot of 

drawdown (Cooley et a 1. 1969). 

Hydraulic 1 aboratory tests were performed on core samp 1 es taken at various locations in 

eleven of the aquifers of the region. Tests and measurements for- porosity, specific 

yield~ specific retention and coefficient of permeability help define the storage, yield 

and transmissive cha~acteristics of the aquifers. Porosity values ~anged from~25 to 35 

percent for cores from the Navajo Sandstone, while values for the other aquifers showed a 

wide range from 1 to 34 percent. Values for specific retention, specific yield and 

coefficient of permeability ranged from 1.2 to 20 percent, 0 to 30 percent and 0.0009 to 

534 gpd per square foot respective 1 y. Laboratory determinations of coefficients of 

permeability from all aquifers except the Coconino showed wide variations. This 

variability is summarized in Table 3 below: 
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TABLE 3 

Coefficients ofPermeability from Core Samples 

(Cooley et al. 1969) 

Number of Cores Having Indicated Coefficients 
of Permeability {gpd per Square Foot): 

<10 10-20 21-50 51-100 > 100 
All Aquifers 20 9 13 7 3 

Aqw:l,:f~r in Navajo Sandstone 2 3 10 6 3 

Aqui.fer Other Than in 

N·<wajo Sandstone 18 6 3 0 

Permeabil i ties were determined from cores taken both para 11 e 1 and perpendicular to the 

bedding and this seems to accoun_t for some of the variation. Permeability values 

determined from cores taken parallel to the bedding were higher in 18 cases and lower in 

8. The deviation between parallel and perpendicular permeabilities is 11 gpd per square 

foot. These permeability values are considerably higher than those determined from 

pumping tests (permeability X aquifer thickness = transmissibility). This is probably 

accounted for by the fact that most of the cores were obtai ned from outcrops of the 

various rock units where permeabilities are higher due to weathering and leaching (Cooley 

et a 1. 1969} • 

Sedimentary laboratory analyses for grain size, coefficient of sorting and percentage of 

sol:uble material help to further define the hydraulic characteristics of the aquifers. 

Gr<H.:n size gives an indication of available pore space and the rate of water movement 

through an aquifer. The diameter of most sand grains measured ranged from 0.06 to 0.35 mm 

(very fine to medium-grained). On)y the Chinle, Kayenta and Morrison Formations, the 

Dakota Sandstone and the alluvium ~ontain grains coarser than medium size. The 

arrangement of the sand grains affects the percentage of available pore space. Generally, 

the better the degree of sorting the higher the percentage of pore space. In consolidated 

aquifers there is usually some cementing material filling the pore spaces; therefore, 

sorting provides only an indication of the potential open pore space for ground-water 

storage and transmission. The sorting for most of the aquifers is classified as good to 

fair. The soluble material in the sandstone aquifers is primarily the calcium carbonate 

part of the cementing material and can constitute a large percentage of calcareous 
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sandstone beds. The effects of grain size and sorting ar~ often masked by the percentage 

of soluble material present. In fact, soluble material quite often ~ffects permeability 

more than fracturing. The Wingate, Moenave, Kayenta, Entrada, Summerville, Cow Springs, 

Morri~on and Dakota Sandstone uAits and formations commonly contain more than 10 p~rcent 

of soluble material (Cooley et al. 1969). 

Data from Table 2 indicate that well yields are low throughout the region. A few wells 

yield more than 250 gpm, but most are less than 20 gpm and in some areas less than 5 gpm. 

Because of the low aquifer yields, few wells are used for irrigation. Most municipal, 

indus~trial, and institutional wells have yields in the range of from 5 to 200 gpm. Water 

level measurements in rural areas indicate that water levels generally have not declined. 

Heavy pumping in urban areas, such as Window Rock, has caused' a permanent 1 oweri ng of 

ground-water levels. Continued expansion and growth in Tuba City, Kayenta, Rough Rock, 

Chinle, Pinon and the Hopi villages may also cause overdrafts of the aquifers locally 

(Cooley et al. 1969). 

Regional Ground-Water. Quality. 

region is a hard to very 

The genera 1 chemica 1 character of ground water in the 

hard bicarbonate type. Total dissolved solids (TDS) 

concentrations for the region range from 100 to 47,000 ppm. TDS concentrations in the 

shallow Cretaceous aquifers in the San Juan Basin and the Permian, Triassic and Jurassic 

aquifers (Table 1) in the Black Mesa Basin north of the Little Colorado River range from 

2,000 to more than 10,000 ppm (Figure 21). The primary dissolved constituents of ground 

water in the region are bicarbonate, sodium, calcium, chloride and sulfate ionsj 

Depending on the TDS concentrations, ground water in the region can be classified as one 

of four types or a combination of two types. Ground water containing less than 700 ppm 

TDS is classified as either calcium bicarbonate or sodium bicarbonate and ground water 

containing more than 700 ppm TDS as sodium sulfate, calcium sulfate or sodium chloride. 

Minor chemical constituents in tt:~ ground water of the region are magnesi urn, iron, 

fluoride, nitrate and silica (Cooley et al. 1969). Table 4 is a compilation of the 

concentrations of various ions in aquifers of the region. 

Bicarbonate is abundant in ground water throughout the region. It ranges in concentration 

from SO to 300 ppm, but does not limit the use of ground water to the extent other ions 

do. Calcium, magnesium and sodium concentrations in ground water are usually less thari 

300 ppm each. Calcium concentrations appear to be controlled by distance from recharge 

areas. Ca 1 cium concentrations are highest near areas of ground-water recharge and 
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Figure 21 

EXPLANATION 
Dissolved solids, in parts 

per million, in water from 
all aquifers tapped by 
wells, 1956 
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Aquifers in Jurassic and Creta
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Boundary of hydrogeologic 
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Distribution of Dissolved Solids in Ground Water (Cooley et al, 1969) 
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Number Sodium and Blear bon- Carbon-
Oeologlo souroe or smc.a Calcium Mngni)S!Utn Potn.sslum a to ate Sulfate Chloride Fluoride Nitrate 

analysll.'l (SlOt) (Ca) (.Mg) (Na+K) (IICOa) (COa) (80•) (Cl) (F) (N01) 

Alluvlwn •••• ········~·················~- 301 4.1-@ 4 -2,870 1. 1-2, {).10 6. 5-12,000 34-1,000 <~(}- 70 2. 5-8,890 2-27, r;oo 0 -11 0 -431} 
Dldahoehl Formation ••••••••••••••••••••• 18 3. 2-28 2 - 80 ,{)- 16 8. 7- 313(1 127- 292 (}- 30 6.4- 492 6- 157 0 - 2. 8 .1- 15 
Chu.sk:a Sandstone •••• ·····---~~---·-·--· 13 20 ~1 23 - 71 4. 8- 11 3. 4- 23 48- 278 (}- 6 2. 7- 24 3- 12 .1- •• .1- 11 
Cl!U House Sandstone ••••••••••••••••••• 6 10 -1\) 6.&- 276 1. 7- 91 lU -6,140 276-1, HO 1>-H 363 .-8, 230 7- 4, 210 0 - 8 . 1- 2. 6 
MeneCee Formation •••••••••••••••••••••••• 60 5. 1-21 1 - 168 • 7- 34 37- 2,G20 93-1,800 D-106 6. 2-3,930 3- \)56 0 -12 o- 19 
Polnt Lookout Sandstone ••• ~ ••••••••••••• 16 3. G-33 1.2- 684 .6- 2()7 28- 833 107- 6i2 (}- 411 H -3,410 3- 113 • 2- 3.4 .1- 8.6 
Crevasse Canyon Formation •••••••••••••• 9 7. 6-19 3- 64 .o- Z31 ,{)- 661 122-1,0.10 .(}- g 38-2,980 4- Q4 o- 1. g o- 9. 2 
Gallup Sandstone •••••••••••••••••• ~---··· 33 10 -38 l.o- 456 .5- 208 16- 710 85- 763 1>-28 17-2,850 4- 482 o- 4. 8 o- 13 
Toreva Formation •••••••••••••••••••••••• 71 7. l-26 2.8- 298 1. 2- 116 6. 8- 228 711- no o- 16 12-l, 200 3- 100 .1- 1. 8 .l-154 
Dakota Sandstone •••••••••••••••••••••••• 33 6.5-42 1. 5- 330 .lr 103 6. 8- 1, 430 13G-1, 550 o- 39 7.8-3, MO &- 500 .1-10 • 2- 10 
Morrl.son Fonnatlon •••••••••••••••••• ;. •••• liO 6. 2""28 6. 2- 373 1. 7- 188 9. 2- 695 81-1,200 G-73 11-1, 980 3- 374 .1- 4. 0 ()-200 
Cow sgrln~ Sandstone ••••••••••••••••••• 11 7.4-18 7.6- 221 2. 2- 106 24- . 049 208- 8118 o- 18 17-2,380 12- 118 • 2- 5.1 .1- 18 
Entrl\ a Sand.~tone ••••••••••••••••••••••• 10 o. 1-27 2.6- 262 1. 2- 64 16- M3 83- 5.10 0:.. 16 6. B-1, 1130 5-2,230 .2- 1. 2 .3- 33 
Nava)o Band!t.one ••• ~ ••••••••••••••••••••• HO 6. 7-29 .8- 136 .4- 64 1. 2- 296 67-2,300 o- 46 a. 7- 626 1- 171 0 - 2. 4 o- 80 
Lukachulr.al Member of Wingate ·Band-

atone •••••••••••••••••••••••••••••••••••• 2.5 9.3:-29 2.,. 67 1. 3- 21 6.2- 3~ w- 470 Q-247 7.&- 250 3- 121 .1- 1. 2 .1- 18 
Soll!ela Sa.ndstone Dod of Potrl!led Forest 

Mombor ol Chlnlo For111atlon •••••••••• 8 8. 7.,-45 1. 2- 98 .6- 34 7&- 621 244- 740 o- 33 23- 8M 19- !\1 • 2- 1. 3 ,3,;,. 3 
Shinarump Mom bor of Ohlnlo Formation •• 23 3. \)-2.11 .8- 304 2.1)- 687 6.2- 871 o-o .2- 9. 8 135-, 64R 1(}-4, 110 6- 376 .2- 1. 6 
Other unlt11 ot Cblnle Formation •••••••••• 44 li.tl-:16 3.&- 141 • 7- ~0 1. 2- 1,420 114-1,160 ()...4()2 17-1,670 7- 4, 060 '1- &. 0 • 3-129 
Coconino Snnd.'lt.one ••••••••••••••••••••••• 
De Chell~ Sandstone ••••••••••••••••••••• 
Oloriet.a andstone ••••••••••••••••••••••• 

16 10 -14 67 - 924 40 - 113(1 23- 6, 000 1(8- 2W o- 0 211)-1, 360 22·10, 100 .2.,. • 6 
49 7. 6-20 18 - 467 7. 4- H7 6. 6- 100 117- 532 o- 6 9. 5-1,560 a- 122 0 - 2 0 
6 8. 2-13 116 - 2M 16 - 87 9. 2- 1,330 1M- 265 ()- 0 245 - 637 6- 1, 980 .1- .8 0 

Table 4. Range of Chemical Constituents of Ground Water in the 
Navajo and Hopi Indian Reservations (Cooley et al, 1969) 

.2- 6. 6 
- 17 - 1. 7 

'. 

Dls.c;olved Hardness as CaCOa 
solids (flart.S 

perm llion) Calcium, Non car-
magne81wn bonate 

H3.,-47, 100 IB-16, WO G-16, 60~ 
132- 1, 070 8- 2H g: 59 
138- m 43- 222 

1, 190-- 3, 120 22- 1, 600 o- J,tsO 
129:- 7, 780 5- 6.'H o- 350 
24{)- 6, 080 (}- 2, 800 (}- 2, 630 
2G8- 3,120 11- 3, 100 o- 3, ooo 
285- 4, 140 4- 2, 240 o- 2, f20 
13()- 1, 800 12- 1, 140 o- 1)40 
165- 6, 560 II- 1, 080 o- 1, 210 
168- 2.~ 20- 1, 700 o- l, 520 
26-(- 3, 760 20- 988 Q-· 672 
106- 2, 870 11- 916 o- s.t8 
go.. 1, 030 6- 698 o- 512 

122- 869 lQ- 2M o- t:J 

353- 1,810 6- :t84 o- 174 
171- 6, 410 14- 3, 170 o- 2, 820 
238- 3, 810 8- MO o- zoo 
665-30,000 334- 2, 900 1M- 31)2 
126--.2, 270 00.. 1, 7-lO o- 1, MO 
668- 4, 330 458- 779 242- 676 



decrease downdip from the recharge areas. In the San Juan and Black Mesa basins, sodium 

is the dominant cation or is proportionately equal to the calcium concentrations. Calcium 

and magnesi urn ions are chiefly responsi b 1 e for the hardness of water. The USGS has 

classified water hardness as follows: 

Soft 

Moderately Hard 

Hard 

Very Hard 

0-60 ppm 

61-120 ppm 

121-180 ppm 

180 ppm 

Based on this hardness classification scheme, most of the ground water in the region is 

ha~}:L.~to very hard. Figure 22 shows the distribution of hardness expressed as calcium 

ca~~oriate for ground water in the region. A general range of hardness in the area is from 
;c';i!-i.'. < 

2 to 15,500 ppm. Figure 22 does not suggest any regional hydrogeologic controls on 

hardness. A general trend is that ground-water discharge from springs and shallow wells 

is not as hard as that from deep wells (Cooley et al. 1969). 

Sulfate, chloride, nitrate and fluoride concentrations preclude the use of ground water 

for drinking purposes in several parts of the region. Sulfate ~oncentrations are usually 

over 200 ppm and range as high as 4,000 ppm. Aquifers in the Entrada and Coconino 
... -

Sandstones and Upper Cretaceous rocks of the San Juan Basin contain especially high 

concentrations of sulfate. Ground water containing more than 10,000 ppm chloride is 

encountered in the Coconino Sandstone, n~ar Hopi Buttes, and in the alluvium in various 

places. Nitrate concentrations of water from springs and drilled wells is low, usually 

less than 5 ppm and rarely over 20 ppm. Water from dug wells often contains more than 45 

ppm nitrate, probably due to runoff draining into the wells. Alluvial wells also tend to 

yiel~ water with high nitrate concentrations because of the presence of decaying vegetable 

matter. Fluoride concentrations in the ground water of the region are shown in Figure 23. 

For most of the region fluoride concentrations are 1 ess than 1. 5 ppm; however, sever a 1 

aquifers in the San Juan and Black Mesa Basins are high in fluoride. Specifically, ground 

water in the Dakota Sandstone and upper Jurassic aquifers used by some of -the Hopi 

villages have fluoride concentrations as high as 6 ppm. Other aquifers in the Black Mesa 

Basin with high fluoride concentrations are the Chinle and Wepo Formations and the 

alluvium (Cooley et al. 1969). 

The lithology and hydrogeology of rock units has a significant effect on the quality of 

ground water contained in these units. Clean, well~sorted sandstones of eolian origin, 

such as the Navajo, Wingate and De Chelly Sandstones, tend to have less soluble material 
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EXPLANATION 
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Distribution of Hardness in the Ground Water (Cooley et al; 1969) 
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in them and, therefore, 1 ower TDS values. Where an aquifer is overlain or underlain by 

shale units, the TDS values for the aquifer will be higher due to solution of soluble 

materials from the sh~1e. Most of Black Mesa Basin ground water in the Coconino Sandstone 

has a very high TDS concentration where the sandstone unit is underlain by the Supai 

Formation, which_cont~ins soluble salt beds. Other factors affecting the chemical quality 

qf ground water are the distance water has moved from the area of recharge and restriction 

of circulation. Most of the chemical analyses for ground water obtained near recharge 

areas indicate TDS values of less than 1,000 ppm and in many cases, less than 300 ppm. 

TDS concentrations increase downdi p from the recharge areas. This is in part due to the 

limit:d ground-watermovement in the central parts ofthe basi-ns. Regional ground-water 

movement and flushing primarily occurs around the periphery of basins, accounting for a 

more uniform water quality in these areas (Cooley et al. 1969). 

Surface-Water Hydrology of the Mine .Site and Adjacent Areas 

Drainage Description. Four principal washes drain the 64,858 acres comprising the Peabody 

Coal Company Black Mesa leasehold. They are: (1) Yellow Water Canyon; (2} Coal Mine; (3) 

Moenkopi; and (4) Dinnebito (Drawing No. 85635). Yellow Water Canyon and Coal Mine Wash 

are tributaries to Moenkopi Wash, merging into Moenkopi in the vicinity of the J-2 and 

J-15 mining areas and· 1 )f. miles southwest of the l easeho 1 d boundary_, respective 1 y. 

Moenkopi and Dinnebito Washes are the main stems of the mine drainage network. 

In addition to the four principal washes, there are three major tributaries to Moenkopi 

Wash upstream of its confluence with Coal Mine Wash: {1) Yucca Flat~ (2) Red Peak Valley; 

and (3) Reed Valley· Wash. Drainage across the, leasehold is in a south-southwesterly 

direction. Both Moenkopi Wash and Dinnebito Wash ultimately drain into the Little 

Colorado River 13~ miles south of the intersection of Highways· 160 and 89, and 

approximately 30 miles south (up~~ream) of the junction of the Little Colorado with 

Moenkopi Wash, respectively (Drawing No~ 85630}. 

Geomorphic Relationships. These washes exhibit a parallel drainage pattern suggesting 

slope and structural control on the drainage development. Within the leasehold~ channel 

gradients are greater and channel meandering is not as pronounced in the upper reaches of 

the'washes. 'This is reflected in the narrower valley profiles and more deeply entrenched 

drainage channels. In the lower reaches of the washes, channel gradients lessen, 

meandering is more pronounced and valley bottoms and flood plains are wider in relation to 

49 Revised 12/01/86 



valley depths. The valley width to channel meander width ratio in upper Dinnebito Wash 

suggests that it may be a remnant of an ancestral San ~uan Rtver drainage system. 

A useful parameter in comparing the geomorphic re l ati onshi ps of channe 1 s is stream order. 

Stream order values were determined for each of the principal washes and tributaries using 

the smallest drainage diviston on 1 inch = 2,000 foot USGS topographic maps as 1st order 

tributaries and fo 11 owing Strahler 1 s method. Stream orders determined for the various 

channels are: (1) Yellow Water, 6th order; {2) Coal Mine Wash, 7th order; (3) Reed 

Valley,· 6th order; {4} Red Peak Valley, 6th order; (5) Yucca Flat, 6th order; (6) 

Moenl<~pi, 8th order; and (7) Dinnebito, 6th order. 

Because the maximum stream length is a function of drainage basin area, it follows that 

there is a definite relation between drainage area and stream order. . Figure 24 is a 

semi-plot of this relationship for the washes ~n the leasehold. All stream order values 

and drainge areas have been determined to the downstream leasehold boundaries only. The 

drainage area measured for Moenkopi Wash included Reed Valley, Red Peak Valley and Yucca 

Flat Wash. Drainage areas determined to _the leasehold boundaries for Dinnebito and 

Moenkopi Washes represent on 1 y a sma 11 portion of their tota 1 watersheds. . Tab 1 e 4a 

presents the washes and their respective values that are plotted in Figure 24. 

The equation defining the regression line for the relationship between drainage area and 

stream order was calculated as: 

1 og y -.568 + .326(x) 

Most of the scatter can be attributed to the fact that only partial watersheds were 

ordered in some cases and that most of these were grouped at the 6th order category. 

Another useful relationship. is stream order versus the hydraulic variables of channel 

width and channel slope. The general relationships would be defined by the equations: 

order= k log width and order= k log slope. In dry arroyos where flood plains.are the 

exception and alluvial terraces are quite common, it is difficult to determine bank full 

elevations from which to compute widths (Leopold and Miller, 1956). Therefore, only the 

semi -1 og p 1 ot of s 1 ope versus stream order is presented {Figure 25). Va 1 ues p 1 otted in 

Figure 25 are presented in Table 4b. The equation defining the regression line for the 

relationship between slope and stream order was calculated as: 
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Wash 

Yellow Water Canyon 

Coal ~i ne 

Reed Valley 

Red Peak Valley 

Yucca Flat 

Moenkopi 

Dinnebito 

Wash 

Yellow Water Canyon 

Coal Mine 

Reed Valley 

Red Peak Valley 

Yucca Flat 

Moenkopi 

Dinnebito 

TABLE4a 

Stream Order and Drainage Areas for 

Washes on the Leasehold 

Stream Order 

6 

7 

6 

6 

6 

8 

6 

TABLE 4b 

Stream Order and Channel Slopes for 

Washes on the Leasehold 

· Stream Order 

51 

6 

7 

6 

6 

6 

8 

6 

Drainage Area 

42 

43 

13.9 

16 

29 

120_ 

35 

Ave~ Channe 1 

Slope in the 

Higher Order 

Reach 

.020 

.019 

• 021 

•. 016 

.017 

.015 

.011 
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It is interesting to note that the plot for Dinnebito Wash showed a very poor relation in 

com~arison to the other washes. This lends more credibility to tha assumption that its 

channel development has been primarily controlled by factors related to the ancestral 

drainage system; whereas the other washes show definite slope control on their development 

following the uplift of the Black Mesa area. 

Ephemeral and Intermittent C~aracteristics. Based on OSM's definitions for intermittent 

and ephemeral (CFR 701.5), portions of the drainages on the .l~asehold ~an be classified as 

intermittent. Ephemeral reaches are those which flow only in direct response to 

pre.C'ipitation or snowmelt and have a channel bottom always above the local water table. 

The ~efinition for intermittent has an "or" in it so intermittent reaches or streams can 

be those with a watershed area greater than one square mile or a stream or reach that is 

below the local water table for part of the year and derives its flow from both surface 

runoff and ground water discharge or a stream or reach that exhibits both of the above 

characteristics. 

The following discussion will focus on channel flow variability and seasonality. Since 

this is not something that can be readily quantified by drainage area, only flows (low 

flows) will be evaluated. For this discussion, those reaches of the channels whose 

channel beds are below the local water table irrespective of drainage area size shall be 

referred to as wet reaches. 

The residence time . of ground water in different portions of the alluvial aquifer, the 

amo.unt of recharge influx to portions of the alluvium and shallowing or fluctuations in 

the 'bedrock can affect the frequency and spatial distribution of wet reaches. It is 

probable that all reaches would exhibit ephemeral flow characteristics during an extended 

period of drought. 

Drawing No. 85640 documents the approximate maximum extent of wet reaches on the major 

washes and also shows reaches that were found to be flowing from an aerial survey and 

ground checking in October, 1985. 

The wet reaches are as follows: (1) Yellow Water Wash in portions of the upper canyons, 

opposite N-9 above the mouth of Yazzie Wash and a portion off-lease below the main access 

road; (2) Coal Mine Wash in portions of the upper canyons, for a short reach opposite N-11 

and from the channel realignment by the overland conveyor to its mouth; (3) Moenkopi Wash 
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from the former Joint Use Area boundary to one-half mile above the lower haul road 

crossing and from the lower haul road crossing to several miles southwest of the 

leasehold; (4) Red Peal( Valley Wash from 1000 feet upstream from its mouth for about 

three-fourths of a mile below J-7 Dam, for two short reaches near Navajo Well 3 and by 

Alluvial Well 32; (5) Reed Valley Wash at its mouth and in five short reaches upstream; 

(6) an unnamed tributary of Moenkopi Yash just north of J-16; and (7) most of Dinnebito 

Wash on the leasehold. The section of Wild Ram Valley Wash below the CWA Pond appears to 

,, be intermittent, but is an ·artificially created situation. Due to considerable pit 

pumpage.from the J-1/N-6 pit~ CW-A and 8 Ponds have discharged and seeped for extended 
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periods creating an artificial wet reach in the wash. Foundation investigations at the 

time J16-A Dam (Wild Ram Valley Dam) was to be constructed indicated the channel 

alluyium was prindpally dry with a minor amount of saturation at the alluvial-bedrock 

contact. This does confirm in Wild Ram Valley that alluvial flow is subsurface and the 

surface flow is not a naturally occurring process. 

Surveys to identify wet reaches were also conducted in 1980 and 1983. The results of 

these surveys are documented on Pages 68 and 69 in Volume 43 of the 1981-1985 Mine Ptan. 

\Jet reaches determined from these surveys are presented on Drawing No. 85640 as dashed 

lines, whereas the 1985 survey results are presented as dot-dash lines for comparison. 

It should be emphasized that discharges in all of these wet reaches are very small. In 

April and May of 1985, Peabody's environmental personnel measur~d baseflows with a 

portable cutthroat flume. Those measurements are listed in Table 5. Discharges ranged from 

less than 0.002 cfs on Dinnebito Wash to 0.29 cfs at Site 25 on Coal Mine Wash. 

Channel Cross Section Analyses. Channel bottoms and the banks of major drainages on Black 

Mesa consist of highly erodable, unconsolidated material. Studies,have documented major 

cycles of arroyo cutting and filling in these channels during past centuries (Euler et al. 

1979). To measure the extent of short-term changes in the channel beds and'banks, Peabody 

began in 1983 to periodically survey selected channel cross sections on the leasehold in 

the vicinity of stream monitoring sites. Plots of these cross sections are presented in 

Attachment No. 1 and maps showing the locations of these cross sections are given 1 n 

Chapter 16, Attachment No. 1. 

The first surveys done in August of 1983 were compiled from aerial photographs. Later 

surveys were conducted using field surveying techniques. Some ~hanges.shown by the plots 

may be greater in magnitude than actually occurred because resolution using field 

surveying methods was greater than resolution obtained from aerial photography. In any 

long-term geomorphic ·cycle, there is considerable 11 noise 11 so changes noticed over a 

two-year time period do not necessarily indicate long-term trends. 

The degree of vertical exaggeration in the plots is expressed by the proportion of 

vertical scale to horizontal scale. Grid lines show the amount of vertical exaggeration. 

Cross section line numbers at the various sites all increase upstream. 

The types of changes shown in the plots of channel cross sections near stream station 

sites are- summarized in Table 6. The 11 aggradation 11 and 11 degradation 11 column values in 
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TABLE 5 

Base Flows Measured With a Portable Cutthroat Flume 

*Wash/Nearest Monitoring Site Date Di schaq~e (cfs) 

Coal Mine Wash Near Site 42 4/25/85 .020 

Coal Mine Wash at Site 18 5/10/85 .080 

Coal Mine Wash Near Site 83 5/10/85 .054 

Coal Mine Wash Near Site 81 5/10/85 .051 

c6~ii Nine Wash at Site 25 5/10/85 .29 

Mo:enkopi Wash at Site 26 5/15/85 • 11 

Moenkopi Wash Near Site 24 5/15/85 .12 

Moenkopi Wash at Reed Va 11 ey Confluence 4/26/85 • 17 

Dinnebito Wash Near Site 33R 4/25/85 .002 

Moenkopi Wash Near Site 88 4/26/85 .09 

Reed Valley Wash\ Mile Below J-1~L Dam 4/26/85 .08 

Yellow Water Canyon Wash Near Site 71 4/25/85 .027 

Red Peak Valley Wash at Site 155 5/15/85 .071 'b "-· ~ 

* Reference should be made to Drawing No. 85600 for approximate baseflow measurement 

locations which are adjacent to the listed monitoring site numbers. 

~ 
~~ 
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Wash 

Yellow Water 

Yazzie 

Coal Mine 

Moenkopi 

Reed Valley 

Red Peak Valley 

Yucca Flat 

Dinnebito 

Total 

TABLE 6 

Summary of Measured Channel Changes 

1983 - 1985 

Number of Cross Sections Showing 

Widening or 

Degradation Aggradation Bank Erosion Constriction 

4 3 7 

0 0 

5 2 4 0 

5 3 0 

0 0 

2 0 3 0 

5 0 5 0 

2 _3_ 1 _o_ 

21 14 24 

57 

Total 

Cross Sections 

in Wash 

10 

8 

10 

2 

3 

5 

7 

46 



Tab 1 e 6 represent the number of cross sections showing a raising or 1 owe ring of the 

thalweg elevation. Cross sections not classified in one of those two columns had little 

change in the thalweg elevation with two exceptions. At ~ross Section 10 near Site 35 in 

Moenkopi Wash, the changes were caused by heavy equipment used periodically to level 

uneven channel deposits i~ the stream bed around the stream monitoring station. At Cross 

Section 16 near Site 15, changes result from several large flows that caused the thalweg 

to shift laterally. All eros~ sections not classified und~r ''widening or bank erosion'' or 

"constriction" had relatively stable banks and little change in ·geometry. 

The'··'·p.romi nent trend 1 easewi de is an increase in channe 1 cross section a 1 area. Most of 

these cross sections exhibited degradation, but some of those that aggraded also widened, 

resulting in increased channel capacities. A possible explanation for this is that 1983 

and 1984 were relatively "wet" summers, yielding more frequent and larger flows. These 

flows resulted in channel geometry changes due to scour and deposition. 

On Yellow Water Wash, all five cross sections near Site 1S show an increase in channel 

capacity. In contrast, of the five cross sections near Site SO {upstream from Site 1S}, 

only two cross sections widened, and three out of five aggraded. The channel bed at Cross 

Section 8 (at Stream Station SO) was kept at a fairly constant elevation by grading with 

heavy equipment. 

The cross section established at Site 157 in the N-7/8 channel realignment shows 

downcutting of almost .7 feet in the thalweg. Widening in the channel at this site has 

also occurred. 

Cross sections near Site 16 in Coal Mine Wash exhibited contrasting changes. Degradation 

has occurred in two cross sections, while one shows aggradation. Cross sections 

established downstream of Site 16 n~ar Site 25 have mostly degraded over the same period. 

Of nine cross sections on Moenkopi Wash (Cross Section 10 near Site 3S was discussed 

earlier), five aggraded and only one downcut. Three cross sections near Site 35 did 

widen, however. The major change in cross sections located near Site 26 was a shift of 

the thalweg from the left side to the right. 

Channel degradation near the downstream location of Site 37 above the mouth of Reed Valley 

Wash has occurred during the last two years. The newly established site near the mouth of 

Dugout Valley shows slight aggradation. Near Site 14 in Red Peak Valley, three channel 

cross sections widened and two degraded. This site has bedrock ledges in the channel 
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bottom a few hundred feet both upstream and downstream. This exposed lithology limits the 

extent of degradation in this reach. 

Cross sections estab 1 i shed in the vicinity of Site 85 in Yucca Flat Wash had the most 

consistent results of any site in this study. All five cross sections degraded and 

widened. It is believed that this. is principally due to two very large floods that 

occurred during the summer of 1984. The smaller of the two flows was measured at 3,900 

cfs. The 1 arger flow damaged the crest gauge and downcut the channel bed exposing the 

Black Mesa pipeline just below the confluence of Yucca Flat Wash and Red Peak Valley Wash. 

Cross section measurements made near Site 34 in Di nnebi to Wash show shifting of the 

channel bottom elevation. The most recent cross section .measurements indicate an 

aggrading channel bottom. The cross section changes at the 1984 established location of 

Site 78 can be l~rgely attributed to one flood on August 23, 1984. This flood washed away 

8 feet of the left bank, including the crest gauge, and 5 1/2 feet of the. right bank. 

Cross Sections through 4 near Site 78 show only minor changes in the channel. 

Runoff Monitoring and Analysis. Runoff on Black Mesa occurs primarily during two seasons 

of the year. The great majority of runoff occurs in July, August, September, and 

occasionally, early October. This runoff results from intense, localized thunderstorms in 

July and August, and from more widespread frontal-type storms in September and October. A 

much sma 11 er amount of runoff occurs some years in February and March and results from 

snowmelt or from rain falling on snow. Streamflow peaks resulting from this source are 

generally small since (1) the water is released slowly so much of it infiltrates into the 

soil and alluvium, and (2) the size of the snowpack on Black Mesa does not approach that 

of. higher mountain peaks or more northern latitudes. 

USGS Streamflow Monitoring. Monitoring of stream flows on the leasehold prior to 1980 was 

done by the USGS. Flow measurementsr were taken in conjunction with water quality sampling 

at several locations in and adjacent to the mine area (see Drawing Nos. 85635 and 85630). 

A summary of peak discharges for the various streamflow-gauging stations, comprising the 

USGS Black Mesa monitoring program, are listed in Table 7. Maximum discharges measured 

for Yellow Water Canyon, Coal Mine and Moenkopi Washes are 1,500, 1,480 and 5,400 cubic 

feet per second, respectively (USGS, 1977}. A summary of all USGS flow data collected at 

the Moenkopi Wash, Chinle Wash and Laguna Creek stations from 1964 to 1984 is presented in 

Attachment 2. 

Starting in 1980, both Peabody Coal Company and the USGS monitored stream flows and 
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Identifying 

Number on 

MaEs Number 

09401225 

2 09401226 

, 3 09401229 

4 09401250 

5 09401260 

TABLE 7 

Data From Streamflow-Gauging Stations 

In the Black Mesa Monitoring Program 

(USGS, 1977) 

Station Name Record Began 

Continuous-Record Stations 

Coal Mine Wash tributary No. 3 near Kayenta ~1ay 1975 

Coal Mine Wash tributary near Kayenta December 1973 

Coal Mine Wash tributary No. 2 near Kayenta December 1973 

Moenkopi Wash near Moenkopi October 1973 

(Discontinued 

June 30, 1976) 

Moenkopi Wa~h at Moenkopi July 1, 1976 
/ 

.I 

Drainage Annual Peak 

Area Water Discharge Date of 

(mi
2

) Year (ft
3
/s) Occurrence 

0 
0.41 1976 0 ...0 

0.62 1974 E 63 08-04-74 

1975 772 07-10-75 

1976 8.4 09-25-76 

0.62 1974 E 15 07-16-74 

1975 0 

1976 0 

1,650 1974 E 2,340 07-19-74 

1975 2,380 09-13-75 

1,660 1976 5,400 09-25-76 



Identifying 

Number on Station 

Maes Number 

~ 6 0941224 
~ 

7 09401232 

8 09401234 

9 09401236 

TABLE 7 (Cont.) 

Data From Streamflow-Gauging Stations 

In the Black Mesa Monitoring Program 

(USGS, 1977) 

Station Name Record Began 

Parti al-Re~ord Stations 

Coal Mine Wash near Kayenta November 1973 

Coal Mine Wash near Shonto November 1973 

Yellow Water Canyon near Kayenta November .1973 

Ye 11 ow Water Canyon near Shonto November 1973 

Drainage 

Area Water 

(mi
2

) Year 

34.1 1974 

1975 

1976 

44.6 1974 

1975 

1976 

18.6 1974 

1975 

1976 

49 1974 

Annual Peak 

Discharge 
3 

(ft /s) 

E 10 

2,650 

E 30 

E 12 

1,480 

E 2 

E 90 

1,500 

E 30 

0 

~ 
'"''·~.C~ 

Date of 

Occurrence 

03-02-74 

07-10.,.75 

07-24-76 

or 07-25-76 

03-02-74 

09-08-75 

09-25-76 

07-21-74 

07-11-75 

09-25-76 



Identifying 

Number on Station 

MaEs Number 

9 (Cont.) 

Not Shown 09401238 

,.10 09401240 

11 09401248 

E = Estimated 

Station Name 

Yellow Water Canyon 

Wash near ~honto 

Moenkopi Wash near 

TABLE 7 (Cont.) 

Data From Streamflow-Gauging Stations 

In the Black Mesa Monitoring Program 

(USGS, 1977) 

Date 

Record Began 

above Coal Mine November 1973 

(Discontinued 

1975) 

Shonto December 1973 

Begashibito Wash near Tonalea August 1973 

Drainage Annual Peak 

Area Water Discharge Date of 
2 .. 

(mi ) Year 
3 

(ft /s) Occurrence 

1975 1,420 07-11-75 

1976 25 09-25-76 N 
\,Q 

270 1974 E 1,850 08-04-74 

1975 E 900 07-12-75 

1976 E 2,500 07-26-76 

611 1974 E 280 08-04-74 

1975 E 260 09-13-76 

1976 E 100 09-25-76 



0 

~\ 
~ 

qua 1 i ty in the washes on and adjacent to the 1 easeho 1 d. The USGS monitoring on or 

immediately adjacent to the leasehold was limited to periodic monitoring at the mouth of 

Coal Mine Wash {Site No.; 09401239). A stage discharge relation for this station was 

partially developed and is presented in Figure 26. A tabulation of daily flows for the 

period 5/12/78 to 9/31/82 is presented in Table 8. The USGS discontinued monitoring at 

this station in September, 1982. 

Peabody Streamflow Monitoring and Analysis. The Peabody stream monitoring program 

consists of four types of measurement techniques: 1) mechanical suspended sediment and 

flow ~_tage; 2) automated suspended sediment, water quality and flow stage; 3) manual water 

quality, suspended sediment and flow measurements; and 4) indirect flow measurements. The 

above measurements are obtained employing five types of monitoring installations: 1) 

crest-gages only; 2) single~stage sediment samplers only; 3} single c stage sediment 

samplers in conjunction with stilling wells and/or crest-gages and with or without 

catwalks; 4) automated stations (d~amond-shaped stream stage stations) with peristaltic 

pump type water quality and suspended sediment samplers in combination with stilling wells 

and crest-gages and with or without catwaJks; and 5) automated stations (trapezoidal 

flumes) with peri stal tic pump type water qua 1 i ty and suspended sediment samp 1 ers in 

combination with stilling wells, crest-gages and catwalks. 

In total, stream monitoring is performed at 16 sites. Where crest-gages are located in a 

close proximity to other stream monitoring installations (Nos. 15, 16, 18, 25, 26., 35 and 

50), the same monitoring site number has been used for both monitors. Descriptions of 

stream monitoring stations and instrumentation used for flow monitoring are discussed in 

more detail in Chapter 16, Hydrological Monitoring Program. 

A stati_stical summary of all current meter and indirect flow measurements for the period 

1980 through 1985 is presented in. Table 9. Specific methods used to take these flow 

measurements are described in Chapter '16, Hydrological Monitoring Program. The maximum 

flow measured (4350 cfs) occurred on September 11, 1980 at Site 25 near the mouth of Coal 

Mine Wash. The maximum mean peak flow (696 cfs) was also at Site 25 while the minimum 

mean peak flow (10.7 cfs) for the above referenced period of record was recorded at Site 

157 near the mouth of Yazzie Wash. In total 272 flows (greater than 1 cfs) have been 

monitored at the 14 stream sites where flow monitoring is conducted. 

A typical graphic presentation of flow data consists of plots of stream stage versus 

discharge. Another approach is that of Leopold and Maddock (1953) who used plots of 
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TABLE 8 

Daily Average Flows for Coal Mine Wash Station 
at Mouth Nea~· S~onto, Arizona 

STATION NUMBER 09401239 COAL MINE WASH NR MOUTH NR SHONTO, AZ STREAM SOURCE AGENCY USGS i 
LATITUDE 362534 lONGITUDE 1102632 DRAINAGE AREA DATUM STAT£ 04 COUNTY 001 I 

DISCHA~~E, IN CUBIC FEET PER SECOND, YATER YEAR OCTOBER 1977 TO SEPTEMBER 1978 
MEAN VALUES 

. DAY OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP 

1 .oo .oo .oo .oo 
2 .oo .oo .oo ,00 
3 .oo .oo 1.0 .oo 
4 .oo .oo .oo .oo 
5 .• oo .oo .oo .oo 

6 .oo .oo .oo .oo 
7 .oo .oo .oo .oo 
8 .oo .oo .oo .oo 
9 .oo .oo 10 .oo 

10 .oo .oo .oo .oo 

11 .oo .oo .oo .oo 
12 .03 .oo .oo .oo .oo 
13 .03 .oo .oo .oo .oo 
14 .oo .oo .oo .oo .oo 
15 .oo .oo .oo .oo .oo 

16 ,()3 .oo .oo .oo .oo 
17 .03 .oo .oo .oo .oo 
18 .oo .oo .oo .oo .oo 
19 •• 03 .oo .oo .oo .oo 
20 .03 .oo .oo .oo .oo 

21 .oo .oo .oo .oo .oo 
22 .oo .oo .oo .oo .oo 
23 .oo .oo .oo .oo .oo 
24 .oo .oo 20 .oo .bO 
25 .oo .oo 1.2 .oo .oo 

26 .oo .oo .oo .oo .oo 
27 .oo .oo .oo .oo .oo 
28 .oo .oo .oo ·.oo .oo 
29 .oo .oo .oo .oo .oo 
30 .oo .oo .oo .oo .oo 
31 .oo .oo .oo 

TOTAL .oo 21.20 11.00 .60 
HEAH .ooo .68 .35 .020 
MAX .oo 20 10 .60 
MIN .oo .oo .oo .oo 

-AC-FT .oo 42 22 1.2 
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TABLE 8 (Cont.) 

STATION NUMBER 09401239 COAL HINE ~ASH NR MOUTH N~ SHONTOr AZ STREAM SOURCE AGENCY USGS.: 
LATITUDE 36253~ lONGITUDE 1102632 DRAINAGE AREA DATUM STATE 04 COUNTY 001 

0 
DAY 

1 
2 
3 
4 
s 

6 
7 
8 
9 

10 

11 
12 
13 
1-4 
15 

16 
17 
18 
19 
20 

21 
22 

. 23 
24 
25 

26 
27 
28 
29 
30 
31 

TOTAL 
MEAN 
MAX 
MIN 
AC-FT 

DISCHARGE, IN CUBIC FEET PER SECONDr WATER YEAR OCTOBER 1978 TO SEPTEMBER 1979 
MEAN VALUES 

OCT 

.oo 

.oo 

.oo 

.oo 

.oo 

NOV 

.oo 

.oo 
to 
5.0 
3.0 

~00 .so 
•·00 .20 
.·oo · .20 

.oo .20 

.oo .20 

.oo s.o 

.oo 2.0 

.oo 1.0 

.oo .so 

.oo .20 

.oo .10 
• oo .to 
.oo .10 
.oo .to 
.oo .10 

.oo .10 

.oo .10 

.oo .10 

.oo .10 

.oo .10 

.oo .10 

.oo .10 

.oo. .10 

.oo .10 

.oo .10 

.oo 

.oo 32.50 
.ooo 1.08 
.oo 10 
.oo .oo 

.• oo 64 

DEC 

.10 

.to 

.to 
2.5 
2.0 

JAN 

• to 
.to 
.10 
.to 
.to 

.to .to 
.• 10 .10 
.to .to 
.10 .10 
.to .to 

.10 .to 

.to .to 

.10 .to 

.10 .10 

.to .10 

.10 .to 

.to .10 

.10 .10 

.to .10 

.to ;to 

.to .to 

.10. .to 

.to .to 

.10 .10 

.10 .10 

.to .to 

.10 .to 

.10 .10 

.10 .10 

.to .to 

.to .to 

7.40 3.10 
.2~ .10 
2.5 .10 
.10 .10· 
15 6.1 

FEB 

.to 

.10 

.10 

.to 

.10 

HAR 

.10 . 

.10 

.10 

.to 

.to 

APR 

.38 
•44 
.14 
.os 
.06 

.to .10 .oo 

.10 ~10 .06 

.10 .10 .14 

.to .to .22 

.10 ·.to 1.3 

.10 .10 2.5 

.10 .10 2.5 

.10 .10 3.5 

.10 .10 1.3 

.10 .10 .26 

.10 .06 .26 
• 10 ~ .06 .32 
.10 .06 .os 
.10 .22 .11 
.10 .22 .44 

.10 2.0 .52 

.10 .96 .22 

.10 .44 ·74 

.10 .96 .26 

.10 .52 .17 

.10 .22 .22 

.10 .08 .22 

.10 .11 ~22 

.61 .22 

.38 .22 

.61 

2.80 9.01 17.10 
.10 .29 .57 
.to 2.0 3.5 
.to .o6 .oo 
5.6 18 34 

MAY 

.22 

.18 

.38 

.22 

.14 

JUN 

.oo 

.oo 

.oo 

.oo 

.oo 

.11 .oo 

.os .oo 

.38 .oo 

.38 .oo 

.38 .oo 

.22 .oo 

.14 .oo 

.14 . .oo 

.11 .oo 

.os .oo 

.32 .oo 

.32 .oo . 

.18 .oo 
... 14 .oo 

.32 .oo 

.32 .oo 

.os .oo 

.06 .oo 

.38 .oo 
2.0 .oo 

.44 .oo 

.38 .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.oo 

8.10 .oo 
.26 .ooo 
2.0 .oo 
.oo .oo 
16 .oo 

JUL 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 
~00 
.oo 
.oo 
.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 
.ooo 
.oo 
.oo 
.oo 

WTR YR 1979 TOTAL 82.25 hEAN .23 MAX 10 MIN .00 AC-FT 163 

NOTE.--No gage-height record Oct. 17 to Nov. 30 and Dec. 12 to Mar. 16. 
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AUG 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.44 

.38 

.06 

.oo 

.44 

.os 

.oo . 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.84 

.oo 

.oo 

.oo 

.oo 

2.24 
.072 
.84 
.oo 

. 4.4 

SEP 

.oo 

.oo . 
.oo ~ 

.oo; 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo ' 

.oo; 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo: 

.oo 

.oo 

.oo 

.oo: 

.oo 

.oo; 

.oo 

.oo 

.oo 

.oo 

.oo 
.ooo 
.oo 
.oo 
.oo 

i 

~ 
'~ 
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TABLE 8 (Cont.) 

.. 
STATION NUMBER 09401239 COAL MINE ~ASH NR MOUTH NR SHOHTOr AZ STREAM SOURCE AGENCY USGS 
LATITUDE 362534 lONGITUDE 1102632 DRAINAGE AREA DATUM STATE 04 COUNTY 001 

DISCH~RGE, IN CUBIC FEET PER SECOND, YATER YEAR OCTOBER 1979 TO SEPTEMBER 1980 
MEAN VALUES 

DAY 

1 
2 
3 
4 
5 

6 
7 
B 
9 

10 

11 
12 
13 
14 
15~ 

16 
17 
lB 
19 
20 

21 
22 
23 
24 
25 

OCT NOV 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.09 .14 

.oo· 41 

.oo 11 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 
23 .10 

64 
.oo 
.oo 
.oo 
.oo 

.10 
• 10 
.10 
.10 
.10 

DEC JAH 

.to s.s 

.10 3.0 

.10 4.8 

.10 4.8 

.to 4.1 

.10 4.1 

.to 5.5 

.to s.5 

.to .61 

.to 2.5 

• to 6.4 
.10 12 
.10 4.1 
-,10 2.5 
.10 .20 

.10 .66 

.10 1.6 

.10 4.7 . 

.10 7.~ 

.74 11 

.52 

.52 

.44 

.61 
2.0 

3.0 
.20 
.20 
.20 
.20 

26 .oo .10 2.5 .20 
.20 
.20 

27 .oo .10 3.0 
28 .oo .10 3.0 
29 .oo .10 2.0 
30 .oo .10 2.5 
31 .oo 2.0 

TOTAL 87.00 67.10 21.73 
MEAN 2.81 2.24 .70 
MAX 64 41 3.0 
MIN .00 .00 .10 
AC-FT _ 173 133 43 

.20 

.20 

.20 

96.17 
3.10 

12 
.20 
191 

FEB HAR 

.20 2.5 

.20 2.6 

.20 6.9 
.20 8.1 
.20 4.8 

.20 16 

.20 6.6 

.20 . 9.5 

.20 3.3 

.20 1.9 

.20 3.9 

.20 7.2 

.20 . 5.0 
- .20 3.0 

.40 2.0 

.40 2.0 
1.3 1.0 

.40'" ~60 

.40 6.5 

.60 1.7 

t.3 
.40 
.20 
.20 
.20 

.59 
3.1 
5.9 
3.9 
4.1 

APR HAY 

3.0 .41 
3.0 .57 
2.7 .57 
2.4 .95 
2.1 .61 

1.7 .53 
1.4 12 
1.1 a.a 
.so 3.8 
.33 3.0 

.92 4.8 
1.3 3.9 
.57 3.9 
.51 3.7 
.50 3.8 

.• 49 3.4 
.85 2.7 
.38 2.2 
.32 i.9 
.36 2.4 

.32 

.31 

.64 

.40 

.38 

.62 

.37 

.44 

.39 

.06 

.20 4.0 .38 .06 
.06 
.06 

.20 4.0 .48 

.47 3.7 .A6 
2.1 3.7 .77 

3.5 .31 
3.5 

11.57 135.09 29.18 
.40 4.36 .97 
2.1 . 16 3.0 
.20 .59 .31 
23 268 58 

.06 

.06 

.06 

66.18 
2.13 

12 
.06 
131 

CAL YR 1979 TOTAL 218.18 MEAN .60 MAX 64 MIN .00 AC-FT 433 
WTR YR 1980 TOTAL 826.20 MEAN 2.26 MAX 170 MIN .00 AC-FT 1640 

JUN 

.06 

.06 

.04 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo . 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.16 
.005 
.06 
.oo 
.3 

JUL 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 
• oo 

AUG SEP 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.oo 4.8 

.oo .oo 

.oo .02 

.oo 170 

.oo 46 

.oo 72 

.oo 5.2 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo . 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo . 

.oo .oo .oo . 
.oo 
.oo 
.oo : 
.oo 

.oo .oo 

.oo .oo 

.oo 11 

.oo 3.0 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 
.ooo 
.oo 
.oo 
.oo 

.oo .oo 

.oo .oo : 

.oo .oo 

.oo .oo 

.oo .oo 

.oo 

14.00 2S'B.02 
.45 9.93 
11 170 : 

.oo .oo 
28 591 

NOTE.--No gage-height record Nov. 20 to Dec •. 19, Jan. 22 to Feb~ 26 and Sept. 8. 
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TABLE 8 (Cont.) 

STATION NUMBER 09401239 COAL HINE WASH NR HOUTH NR SHONTO, AZ STREAM SOURCE AGENCY USGS 
LATITUDE 362534 lONGITUDE 1102632 DRAINAGE AREA DATUH STATE 04 COUNTY 001 

DISCHARGE, IN CUBIC FEET PER SECOND, WATER YEAR OCTOBER 1980 TO SEPTEi'ffiER 1981 
HEAN VALUES 

DAY 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 
31 

TOTAL 
MEAN 
MAX 
MIN 
AC-FT 

OCT NOV 

.oo .30 

.oo .30 

.oo .30 

.oo .so 

.oo .so 

.oo .so 

.oo ' >.so 

.oo .so 

.oo .so 

.oo 1.0 

.oo 1.0 

.oo 1.0 

.oo 1.3 

.36 3.5 

.62 s.o 

.04 2.0 

.oo 2.0 

.oo 1.0 

.oo 1.0 

.oo t.o 

.oo 1.0 

.oo 1.0 

.oo 1.0 

.oo 1.0 

.oo 1.0 

.oo .so 

.10 .so 

.20 .so 

.20 .so 

.20 .so 

.20 

1. 92 31.20 
.062 ' 1.04 
.62' 5.0 
.oo .30 
3.8 62 

DEC 

.so 

.30 

.20 

.10 

.so 

.20 

.20 

.40 

.20 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

4.80 
.15 
.so 
.10 
9.S 

JAN FEB HAR APR 

.20 .60 .20 .52 

.20 .60 .14 .44 

.30 .60 .29 .44 

.30 .60 .22 .32 

.40 .60 .1S .26 

.-40 .60 .29 .44 

.so .60 .19 .22 
s.o .so .45 .22 
2.0 1.0 .24 .26 
2.0 1.0 .19> .26 

2.0 1.0 .22 . .18 
2.0 1.0 .20 .18 
2.0 1.0 .17 .22 
1.0 . 1.0 .22 .20 
1.0 1.0 .20 .20 

1.0 2.0 .19 .20 > 

1.0 2.0 ... 20 .20 
1.0 2.0 .23 .20 
.so . 3.0 .17 .80 
.so 2.0 .15 .40 

.60 4.1 .23 .22 

.60 2.9 .22 .52 

.60 .12 .20 .61 

.60 .13 .18 .52 

.60 .13 .19 .32 

.60 .13 .32 .52 

.60 .17 .74 .74 

.60 .17 .74 1.5 

.60 .61 1.2 

.60 .38 1.2 

.60 .38 

30.80 - 30.85 8.50 13.51 
.99 1.10 .27 .45 
s.o 4.1 .74 1.S 
.20 .12 .14 .18 
61 61 17 27 

CAL YR 1980 TOTAL 688.29/ MEAN 1.88 MAX 170 MIN .00 AC-FT 1370 
WTR YR 1981 TOTAL 289.76 MEAN .79 HAX 30 MIN .00 AC-FT 575 

HAY 

1.0 
.so 
.40 
.20 
.20 

30 

.20 

.20 

.20 

.20 

.20 

.20 

.20 

.20 

.20 

.20 

10 
2.0 
•• 40 

.20 

.20 

.20 

.20 

.20 

.20 

.20 
420 
.11 
.oo 
.oo 
.oo 

48.71 
1.57 

30 
.oo 
97 

JUN 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.61 

.61 
.020 
.61 
.oo 
1.2 

JUL 

.06 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.22 

.22 

.oo 

2.5 
18 
16 
1.1 
4.5 

27 
2.3 
2.3 
.28 
.os 

.02 

.oo 

.23 
6.9 

.06 

.26 

.02 

.oo 

.oo 

.oo 

.oo 

82.02 
2.65 

27 
.oo 
163 

AUG SEP 

2.0 .oo 
.03 .oo 
.oo .oo 
.oo > .60 
.oo .03 

.oo .44 

.oo .oo 

.oo .96 

.03 .52 

.14 3.6 

.14 .21 
2.8 .18 

.oo .14 

.10 .14 

.59 13 

.oo .23 

.oo .02 

.oo .oo 

.oo .oo 

.oo .oo 

.oo .oo 

.60 .oo 
1.0 4.7 

.20 .47 
1.5 .11 

.20 .os 

.oo .01 

.60 .oo 

.oo .oo 

.oo .oo 
1.5 

11.43 25.41 
.37 .as 
2.8 13 
.oo .oo 
23 50 

NOTE.--No gage-height record Oct. 19 to Nov, 13, Nov. 15 to Feb. 18 and Apr. 28 to May 28. 
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TABLE 8 (Cont.) 

STATION NUMBER 09401239 COAL MINE WASH NR MOUTH NR SHONTOr AZ STREAM SOURCE AGENCY USGS 
LATITUDE. 36253-4 LONGITUDE 1102632 DRAINAGE AREA .. DATUM STATE 04 COUHn' 001 

DISCHARGEr IN CUBIC FEET PER SECOND, \!lATER YEAR OCTOBER 1981 TO SEPTEKBER 1982 
MEAN VALUES 

DAY 

1 
2 
3 
-4 
s 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 
31 

TOTAL 
HEAN 
MAX 
MIN 
AC-FT 

OCT 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.• 22 
.22 
.22 
.22 
.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

115.78 
3.73 
104 
.22 
230 

NOV 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.23 

.22 

.22 

.22 

.22 

.25 

.23 

.24 

.40 

.75 
1.2 
.92 
.53 
.39 

16.22 
.54 
2.3 
.22 
32 

,/ 

DEC 

.45 

.41 

.17 

.03 

.oo 

.oo 

.oo 

.01 

.01 

.oo 

.oo 

.10 

.10 

.25 

.26 

.26 

.52 

.36 

.so 

.59 

.15 

.28 

.20 

.20 

.20 

.20 

.20 

.20 

.20 

.20 

.12 

6.17 
.20 
~59 

.oo 
12 

JAN 

.so 

.40 

.20 

.to 

.to 

.to 

.to 

.10 

.to 

.to 

.10 

.10 

.to 

.to 

.10 

.10 

.to 

.10 . 

.10 

.io 

.10 

.10 

.to 

.10 

.10 

.10 
i .10 

.10 
1.6 

.77 

.70 

6.67 
.22 
1.6 
.10 
13 

FEB 

.74 
1.4 

.68 

.45 

.40 

.10 

.10 

.10 

.to 

.to 

.10 

.10 

.10 

.to 

.10 

.10 

.10 

.to 

.10 

.40 

.30 

.30 

.30 

.20 

.09 

.oo 

.oo 
.• oo 

6.66 
.24 
1.4 
.oo 
13 

MAR APR 

.oo 1.7 

.oo 4.1 

.oo .41 

.03 .27 

.35 .26 

.05 .20 

.03 .13 

.oo. .u 

.oo .• 15 

.oo .40 

.07 _. .16 

1.0 .09 
.65 .11 

_.47 .15 
.64 .14 
.. 
.oo .18. 
.02 .28 
.11 .19 

1.4 .21 
25 .10 

5.0 .25 
1.0 .31 
.so .61 
.so .82 
.30. .16 

.30 .86 

.30 .53 

.30 .28 

.30 .07 

.30 .13 

.30 

38.92 13.36 
1.26 .45 

25 4.1 
.oo .07 
77 26 

CAL YR 1981 TnTAL 390.01 MEAN 1.07 MAX 104 MIN .00 AC-FT 774 
WTR YR 1982 TOTAL 848.86 MEAN 2.33 MAX 104 MIN .00 AC-FT 1680 
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MAY 

.15 

.16 

.19 

.26 

.72 

.02 

.03 

.04 

.02 

.05 

.04 
1.9 

.20 

.oo 

.oo 

.oo 

.oo 

.oo. 

.oo 

.oo 

.oo 

.oo 
..• oo 

.oo 

.oo 

.oo 

3.78 
.12 
1.9 
.oo 
7.5 

JUN 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 
.ooo 
.oo 
.oo 
.oo 

JUL 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.50 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.so 
.016 
.50 
.oo 
1.0 

AUG 

66 

13 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.18 

.oo 

.oo 

• oo 
.44 
.61 
.oo 

.14 

.oo 

.oo 
4.2 

1.3 
37 
10 
. 5.5 
38 

37 
31 
4.1 
.52 

9.3 
15 

273.29 
8.82 

u 
.oo 
542 

SEP 

.03 

.oo 

.oo 

.22 

.14 

23 
13 
3.0 

23 
6,4 

47 . 

31 
3.5 

12 
14 

8.2 
4.8 
4.2 
3.0 

45 

13 
10 
5.5 
.52 
.44 

.26 
86 
4.8 
3.0 
2.5 

367.51 
12.3 

86 
.oo 
729 



TABLE 9 

0 
Summary of Stream F1 ow Measurements 

Site Max. Flow Min. Flow Mean Peak Flow No. of Measurements 

( cfs) (cfs) (cfs) 

14 530 1.3 103 13 

..---15 530 1.2 64 35 
''·':' ~ ,l· 

--'16 ;. 3432 2.3 263 43 

--18,_, 290 1.6 27.6 22 

--25 4350 4.9 696 10 -
--l6 1220 6.9 199 11 

.--3-4 1160 6.6 440 6 

....--~ 1940 1. 6 176 40 
""- ~ 

37 500 10.0 124 8 

....-50 1576 1.3 273 58 

-78- 557 2.3 191 8 

85 3900 10.4 658 8 

155 343 12.1 140 3 

157 27.4 1.3 10.7 7 

Revised 12/01/86 
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average velocity and depth versus discharge to describe part of the "hydraulic geometry" 

of stream channe 1 s. Dawdy ( 1961 ) pointed out that in sandbed channe 1 s ,- with their eas i1 y 

erodible banks and channel bottoms (which describes the washes on Black Mesa), there may 

not be a good correlation between stage and discharge. He suggests using hydraulic radius 

to eliminate the effect of variations in bottom elevation and mean velocity to counteract 

effects of changing channel bank positions. Plots of hydraulic radius versus velocity, 

hydraulic radius versus discharge and velocity versus discharge for 11 stream sites are 

presented in Attachment. 3. Parameter values were converted to logarithms for plotting; 

for example, a discharge of 10 cfs plots as 1, 100 cfs plots as 2, 1000 cfs as 3, and so 

on. yelocity is plotted as the logarithm of feet per second and hydraulic radius as the 

log of feet. Straight lines were best fit to the data plots to indicate trends. There 

are no graphs for Sites 15 and 18 because supercritical flow flumes at these sites control 

the hydraulic properties. Site 155 also has no graphs since it is a. relatively new 

site and has too few measurements to show any significant relationships. 

Dawdy (1961} found that in alluvial channels, a discontinuity sometimes occurs in the 

hydraulic radius versus velocity relationship. This happens when the Froude number 

approaches 1 and resistance to flow decreases as a result of bed forms changing. from dunes 

to plane beds. Because of the decreased resistance, velocity will increase and hydraulic 

radius will decrease at a constant discharge. The hydraulic radius versus velocity and 

hydraulic radius versus discharge plots will shift to the right when this occurs, while 

the velocity versus discharge plot will shift upwards. 

One would expect to see that same phenomenon on Black Mesa. Channel gradients on the 

l'easehold are steep (typically around one percent), which causes high velocities and 

promotes supercritical flow. 

The p 1 ots in Attachment 3 genera 11 y. show cons i derab 1 e scatter as do the ones presented by 

Dawdy (1961} and Leopold and Maddock (1953). Some of the scatter is probably due to the 

fact that the measurements were not all taken at the exact same cross section. 

Measurement locations varied due to access difficulties (particularly at Sites 35 and 85), 

site locations being changed, such as 37 and 78, and unfavorable hydraulics in a 

particular spot at low flows. Simons and Richardson (1962} demonstrated in flume 

experiments another possible source of scatter. They found that if the discharge changes 

faster than the bed forms can adjust to the new flow regime~ the depth:discharge ratio at 

the same discharge can be different on the rising and falling limbs of the hydrograph. 

This is due to different residual roughness conditions when the flow is rising and 

falling. A small amount of the scatter may also be caused by measurement error. 
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Even with the scatter, a distinct discontinuity can be ~een in the hydraulic radius versus 

velocity plots for Sites 37 and 26. At Site 37, the discontinuity is also clearly evident 

in the velocity versus discharge plot. A discontinuity may be present in the hydraulic 

radius versus discharge relationship at Site 37, but, if so, it is much less distinct. At 

Site 26, the discontinuity is not evident in the hydraulic radius versus discharge plot. 

Too much scatter exists in the velocity versus discharge plot for Site 26 to show a clear 

trend. Possible discontinuities occur in the hydraulic radius versus velocity and 

hydraulic radius versus discharge plots for Sites 85 and 157. However, Site 85 only has 

two points defining the upper range, and Site 157 has a wide scatter. 

Several of the plots appear to form a concave-upwards curve. These include the hydraulic 

raa1ius versus velocity and hydraulic radius versus discharge plots at Site 25 and the 

velocity versus discharge plots at Sites 78 and 157. These might actually be 

discontinuities when more points are measured, or they might just signify a change in 

slope in the relationships as the flow regime changes. 

At Site 16, the hydraulic radius versus velocity plot clearly shows a reverse 

discontinuity. At an average velocity of about 4 fps, the hydraulic radius increases 

while the ve 1 oci ty remains the same or decreases slightly. An increase in roughness is 

necessary to explain such a jump in the graph. The channel thalweg being against the side 

of a bend at this monitoring point might be a possible explanation. Many of the plots 

form relatively straight lines on the logarithmic scale, which means that the parameters 

can be related by simple power functions. This type of relationship also occurred on the 

rivers investigated by Leopold and Maddock (1953). 

Channel Transmission Losses. The fact that channel transmission losses (losses to 

streamflow from water seeping into the alluvium) occur on Black Mesa is known from water 

level rises in Peabody's alluvial monitoring wells during and after streamflows, and also 

from observed downstream decreases in individual flow volumes. Channel transmission 

losses provide recharge to the alluvial aquifer, and reduction in flood peaks and volumes. 

The effect of transmission losses on streamflow volumes and peaks has been estimated for 

the major washes on the leasehold using a technique developed by Lane (1983). The method 

is based on regression analyses of streamflow data, including data from southern and 

centra 1 Arizona. In the absence of up and downstream flow data, the method takes as 

inputs the reach length, and an average inflow volume, inflow peak, duration, channel ... 

width and hydraulic conductivity. The result is equations relating inflow volumes and 

Revised 12/01/86 
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peaks to predicted outflow volumes and peaks. The difference between inflow and outflow 

volumes is transmission loss. 

As with any technique that attempts to predict natural phenomena, certain simplifying 

assumptions have been made. The principal assumptions are: that an average infiltration 

rate, width,, and duration are representative of the entire reach; and outflow volumes and 

peaks are linear with inflow volumes and peaks, once a threshold volume is satisfied and 

channel storage effects are insignificant. 

Table 12 lists the predictive regression equations for each major wash on the leasehold, 

and the input parameters from which they were derived. All equations are for the case 

where there i9 no lateral inflow along the reach. The average durations and inflow peaks 

at Sites 15, 16. 35 and 50 were taken from Tables 13 and 13a. The average inflow volumes 

at these sites were computed by digitizing continuous 1 y recorded hydrograph vo 1 umes. 

Average peak discharges were deterJ!Ii ned from s 1 ope area and current meter measurements. 

Mean flow ~urations were determined by extending flow recessions and measuring hydrograph 

bases. Average inflow volumes, flow durations and peak discharges for other channel 

reaches were determined from regression plots of watershed area versus mean flow volumes, 

mean peak discharges and mean. flow durations. Where watershed areas deviated 

significantly from those upon which the regression plots were developed, 11 hydroiogic 

judgment11 was used in determining the above-referenced parameters. 

Average widths were based on active channe 1 widths and on cross section surveys near 

stream monitoring sites. Hydraulic conductivities were estimated from particle-size 

analyses of channel bed material and an empirical table compiled by Lane (1983, p. 19-5). 

It is easier to make comparisons between the washes when the equations are graphed as in 

Figure 27. With no lateral inflows, a certain threshold input volume, P , is needed for a 
. 0 

flow to reach the downstream end of the reach. This threshold volume for each reach is 

the X intercept of the estimated regression line for the reach in Figure 27. The slope of 

the line reflects the loss rate once this threshold volume is satisfied. 

As we can see in Figure 27, Moenkopi Wash has the largest estimated threshold volume and 

the flattest estimated regression slope of the major washes excepting upper Coal Mine 

Wash. Upper Coal Mine Wash is significantly affected by artificial controls (haul road 

and access road crossings) which account for its flow behavior. The large thresho1 d 

volume in Moenkopi Wash is principally due to the length of the selected reach, which was 
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TABLE 12 

Transmission Loss Equations and Input Parameters for the Major Washes on the Leasehold 

Input Parameters 

Wash Reach p p D X w K Po Regression Equations Predicted Outflows 

(AF) (cfs) (hrs) (mi) (ft) (in/hr) (AF) for Average Input 

Volume and Peak 

Q q 

AF cfs 

Yellow Water Site 50 to Site 15 35 2B2 4.6 5.4 35 1.5 6.B Q = -5.4 + .BOP 23 13B 

q = -14.2 - 2.1P + .BOp 

Coal Mine Site 16 to Site 1B 9.8 195 4.7 5,. 7 50 2 29 Q = -5.B + .20P 0 0 ...::r-
['-

q = -14.9 - 2.1P + .20p 

Coal Mine Confluence with 

Yellow Water to 7 65 6.2 6.2 45 1.5 15 Q = -9.9 + .67P 0 0 

Site 25 q = -19.3 - .64P + .67p 

Moenkopi Site 35 to Site 26 22 218 3.4 14.4 40 2 32 Q = -11.2 + .35P 0 0 

q = -3.6 - 2.3P + .35p 
,. 

Reed Valley J-21 Haul Road 2.5 60 1.0 2.3 15 .16 Q = -.15 + .92P 2.2 55 

Crossing to Site 37 q = -1.B - .96P .+.92p 

Red Peak Valley Road Crossing Near 2.5 60 1.0 4.0 35 2 1.9 Q = -.96 + .51P .32 4.2 

Met. Site 12 to Site 14 q = -11.6- ~.9P + .51p 
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·TABLE 12 (Cont.) 
I 

Transmission Loss Equations and Input Parameters for the Major Washes ori the Leasehold 

Input Parameters 

Wash Reach p p D X w K Po Regression Equations 

(AF) (cfs) (hrs) (mi) (ft) (in/hr) (AF) 

Yucca Flat Yucca Flat-Sagebrush 36 325 3.1 4.4 50 4 16 Q = -10.1 + .64P 

and lower Wash Confluence to q = -39.4 - 1.4P + .64p 

Red Peak Valley Red Peak Valley -

Moenkopi Wash Confl uence 

Dinnebito Well 107 to Site 34 14 153 5.1 6.1 35 6.5 Q = -4.1 + .63P 

q = -9.7 .88P + .63p 

P = Average Inflow Volume 

p = Average Inflow Peak 

Po Threshold Volume Necessary for Flow.to Reach End of Reach 

Q = Outflow Volume when P >Po 

D = Average Flow Duration 

X = Length of Reach 

W = Average Width 

q 

K =Average Effective Hydraulic Conductivity 

Outflow Peak When Q > 0 

~----------·----~------------------------·------------ - --·---------------·-----------·---- -----~---------------------------------------·----·----- ---------------------·----

0 

Predicted Outflows 

for Average Input 

Volume ·and Peak 

Q q 

AF cfs 

13 118 

4.7 74 
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Peak Discharge (cfs) Drainage 

~ 

Site Season 
1 N2 Mean S.D. Min. Max. (mi

2
) 

15 Su11111er 14 67.3 90.6 4.2 325 

Fall 3 2.2 0.6 1.2 2.6 

Total 17 55.6 85.6 1.2 325 43.4 

16 Su11111er· 4 56.5 72.7 10 165 

Fall 2 17.5 10.7 9.9 25 

Total 6 43.5 60.0 9.9 165 31.7 

18 Summer 6 54.1 115.8 1.6 290 

Fall 3 2.6 0.9 1.7 3.5 

Total 9 36.9 95.1 1.6 290 42.5 

TABLE 13 

Summary of Single Peak Hydrograph Parameters 

for Su11111er and .Fa.ll Runoff Events 

Mean Peak Time to Peak z Te (mins.) Flow Duration (hrs.) 

Discharge 

.2 
Mean S.D. Min. Max. S.D. Mfn. per m1 Mean Max. 

1.55 26.9 17.2 5 60 3.99 1.96 1.5 9.06 

0.05 67.7 54.1 33 130 3.35 2.31 0.63 5.36 

1.29 35.7 26.9 5 130 3.66 1.96 0.63 9.06 

1.78 14.3 8.1 5 22 3.51 1.08 2.5 5 

o.ss 28.5 23.3 12 45 7.24 8.97 .9 13.58 

1.37 19.0 1t..2 5 45 4.75 4.53 .9 13.58 

1.27 33.5 28.1 5 70 4.35 2.43 7.58 

0.06 21.7 28.9 5 55 1.70 0.33 1.5 2.08 

0.87 29.6 27.1 5 70 3.47 2.34 7.58 

() 

Te/Durati on (%) Flow Volumes ~acre-feet) 

Mean S.D. Mfn. Max. .Mean S.D. Mfn. Max. 

16.2 14.5 2 50 6.22 14.63 .57 56.73 

44.7 33.2 14 60 .30 .14 .14 .40 

21.2 20.8 2 60 6.62 13.55 .14 56.73 . 

7.0 4.3 3 n· 2.67 3.61 .16 8.33 
....0 
['... 

14.0 11.3 6 22 3.44 4.37 .35 6.53 

9.3 7.1 3 22 2.92 3.56 .16 8.33 

17.2 19.5 2 54 4.13 8.42 .08 21.26 

··23.3 32.6 4 61 0.20 0.04 .16 .24 

19.2 22.7 2 61 2.82 6.94 .08 21.26 
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TABLE 13 (Cont.) 

Summary of Single Peak Hydrograph Parameters 

for SufiiTier and Fa 11 Runoff Events 

Peak Di schar2e (cfs) Drainage Mean Peak Time to Peak 2 re (mins.) Flow Duration (hrs.) Te/Duration !%) Flow Volumes (acre-feet) 

Area Discharge 

Site Season 
1 N2 Mean S.D. Min. Max. (mi

2
) .2 

Mean S.D. Min. Max. { Mean S.D. Max.( Mean S.D. Min. per mt Min. Max. Mean S.D. Min. Max. 

35 Summer 10 313.2 587.1 18.5 1940 16.4 13.5 10.8 5 40 3.48 2.17 0.7 a 7 8 2 24 26.8 37.6 1.0f 107.2 

Fall N/A N/A 15 15 N/A N/A N/A 25 25 N/A N/A 1.75 1.75 N/A N/A 24 24 N/A N/A 1.3 1.3 

Total 11 286.0 564.2 15, 1940 19.1 15.0 14.5 10.8 5 40 3.32 2.13 0.7 8 23.2 50.8 2 24 24.5 36.5 1'.07 107.2 

so Summer 16 276.8 416.0 5 1165 15.1 25.4 la.7 5 120 3.9 2.3 0.67 11.67 11.9 12.8 3 54 22.9 38.5 0.26 146.2 

Fall 4 23.8 28.0 3.7 64.7 1.3 13.5 8.1 5 24 4.7 5.5 1.08 12.8 7.5 3.3 3 i1 14.1 26.9 0.44 54.4 

Total 20 226.2 384.1 3.7 1165 18.3 12.4 23.1 26.1 5 120 4.1 3.0 0.67 11.67 11.0 11.6 3 54 21.2 36.0 0.26 146.2 

1' 
Summer Flow Events correspond to the Time Period (June 30-Aug. 31, Variable Sept.). 

Fall Flow Events correspond to the Time Period (Variable Sept.-Oct. 31). 

2
Number of Flow Hydrographs from 1981 through 1985, Excluding flows <1 cfs. 



Site 

15 

16 

18 

Summer 12 

Fall 

Total 14 

Peak Discharge ( cfs) 

Mean S.D. Min. 

86.4 155.0 3.5 

16.6 16.2 5.1 

76.5 144.9 3.5 

Summer 20 285.1 745.2 19 

Fall 5 15.3 21•4 2.3 

Max. 

530 

28 

530 

3432 

52.6 

Total 25 231.1 672.1 2.3 3432; 

Summer 10 

Fall 

Total 

3 

13 

25.6 35.8 1.7 

6.4 4. 7 3.3 

21.2 32.2 1.7 

120 

11.8 

120 

Drainage Mean Peak 

43.4 

31.7 

42.5 

Discharge 

.2 
per m1 

1.99 

0.38 

1.7G 

9.0 

0.48 

7.29 

0.60 

0.15 

o.so 

TABLE 13a 

Summary of Multiple Peak Hydrograph Parameters 

for Su11111er and Fa 11 Runoff Events 

Time to Peak, Tp (mins.) Flow Duration (hrs.) Tp/Duration (%) \ of Multiple Flow Volumes (acre-feet) 

Peak Flows w/ More. 

Mean S.D. Min. Max. Mean S.D. Min. Max. Mean S.D. Min. Max. Than Two Peaks Mean S.D. Min. Max. 

81.7 100.7 10 

410 268.7 220 

128.G 168.4 

32.7 

52.8 

36.7 

41.2 

47.0 

42.5 

26.0 

32.1 

27.8 

39.7 

24.0 

35.8 

10 

5 

10&. 

5 

10 

20 

10 

310 G.S6 2.73 3.5 12 21 22.G 3 

GOO 21.84 13.91 12 31.G7 31.5 0.7 31 

GOO 

85 

84 

85 

120 

66 

120 

8.74 7.21 3.5 31.67 22.G 21.1 

4.0 1.G2 1.7 8.0 13.G 9.1 

7.61 3.71 3.58 11.5 11.0 4.1 

4.72 2.55 1.7 11.5 13.1 8.3 

3 

4 

8.58 3.30 4.17 14.0 8.7 9.5 ·2 

5.22 5.13 1.72 11.1 25.0 24.3 10 

7.80 3.84 1.72 14.0 12.5 14.7 

70 

32 

70 

35 

14 

33. 

53 

53 

25 

so 
28.G 

75 

40 

68 

70 

33 

61.5 

6.81 12.22 .73 41.18 

5.56 .64 5.11 G.02 

6.63 11.25 .73 41.18 

13.3 15.95 1.22 75.53 

3.89 7.21 0.13 16.76 

11.42 14.99 0.13 75.53 

3.06 2.90 .26 9.46 

0.56 0.35 .27 .95 

2.48 2.74 .26 9.46 
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TABLE 13a (Cont.) 

Sunmary of Multiple Peak Hydrograph Parameters 

for Sunmer and Fa 11. Runoff Events 

l 

Peak Discharge (cfs) Drainage Mean Peak Time to Peak 1 Te (mins.) Flow Duration (hrs.) Te/Durati on (\) 

~ Discharge 

Site Season 
1 N2 Mean S.D. Min. Max. (mi

2
) per mi

2 
Mean S.D. Min. ~ax. Mean S.D. Min. Max~ Mean s.D~ Min. 

35 Sunmer 15 172.8 185.5 40 773.7 9.05 27.9 20.3 5 70 3.17 1 •. 12 1.8 6 15.1 9.3 3 

Fall 3 127.5 125.3 33 269.6 6.68 116.5 135.9 10 96 4.31 0.60 3.92 5 21.7 15.4 4 

Total 18 165.2 174.6 33 773.7 19.1 8.65 33.1 26.6 15 96 3.36 1.12 1.8 6 16.2 10.3 3 

I 

50 Surrmer 22 352.4 401.1 15.5 1576.5 19.3 39.5 36.8 5 140 4.49 1.65 o.s 7.08 15.1 11.3 2 

Fall 5 198.9 156.0 80 464.4 10.9 106.0 116.3 10 300 7.58 4.92 3.08 14.9 19.2 12.3 5 

Total 27 32lt-.O 370.6 15.5 1576~5 18.3 17.7 51.9 62.2 5 300 5.06 2.72 o.s 1lt-.9 15.9 11.4 2 

1
summer Flow·Events correspond to.the Time Period (June 30·Aug. 31, Variable Sept.). 

Fall Flow Events correspond to the Time Period (Variable Sept.~Oct. 31 ). 
2

Number of Flow Hydrographs from 1981 through 1985, excluding flows 1 cfs. 

%of Multiele Flow Volumes (acre~feet) 

Peak Fi ows w/ More 

Max. Than Two Peaks Mean S.D. Min; Max. 

30 26.7 20.4 27.7 2.1 112.9 

32 66.7 22.7 29.5 3.2 56.6 

32 33.3 20 •. 8 27.1 . 2.1 112.9 

33 45.5 43•2 44.3 1.84 158.4 

34 100 55.6 90.6. 8.31 216~7 

34 55.6 45.5 53.6 1.8lt- 216.7 
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FIGURE 27. GRAPH OF TRANSMISSION LOSS EQUATIONS FROM TABLE 12 
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chosen to make use of stream monitoring data at sites 35 and 26. Another cause is the 

relatively low silt-clay content of the bed material in Moenkopi Wash which suggests a 

fairly high infiltration rate. Reed Valley, Yellow Water Canyon and Oinnebito Washes have 

large percentages of silt-clay in the bed material and thus the smallest predicted 

transmission losses. A 1 though the absence of 1 atera 1 inflows was not documented, flow 

volumes for same day storms were plotted for Sites 15 and 50 {Figure 27a). The regression 

plot indicates that even higher amounts of channel transmission loss are occurring than 

was calculated for the same two sites using Lane's techniques (Table 12 and figure 27). 

The transmission loss plots in Figure 27 are conservative estimates. 

Flow Hydrograph Analyses. Peabody has measured streamflow hydrographs since 1981 at five 

automated stream stations on the leasehold. The individual hydrographs are published in 

the quarterly and annual Hydrologic Data Reports. A statistical summary of hydrograph 

parameters are presented in Tables 13, 13a and 14. To assess any seasonal variability, 

Tables 13 and 13a include both summer and fall statistical summaries of runoff hydrograph 

parameters. Winter and early spring runoff events are usually minimal, because of the 

limited snowpack and low intensity precipitation events. For the period of record, only 

eleven winter and early spring runoff events of any significance have been recorded at the --- -----------
five automated station stilling wells (see Table 14). 

Peak Discharges. The average peak discharges shown in Tables 13, 13a and 14 were obtained 

by calculating the mean of all peak discharges recorded at a stream monitoring site for a 

particular season. Any flows too small to register in the stilling wells were not 

considered for computing the average peak discharge. 

Considering all recorded hydrographs, Sites 50 and 35 have the largest mean flow peaks of 

the five sites. The average flow peak at Site 16 is somewhat less, while peaks at Sites 

15 and 18 tend to be considerably "smaller than at the other sites. The large standard 

deviations for the peak flows indicate the great variability in flows that occur on the 

leasehold. 

Precipitation in September and October is generated from frontal-type storms rather than 

the convective storms that occur in July and August. Rainfall intensities from the 

frontal storms tend to be less and durations tend to be larger. This is reflected to some 

degree in the flows. According to the statistics in Tables 13, 13a, the average flow 

peaks in September and October are slightly less than the overall average at Site 35 and 

considerably less at Sites 15, 16, 18 and 50. 

81 Revised 12/01/86 
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TABLE 14 

Sunmary of Single and Multiple Peak Hydrograph 

Parameters for Wf nter Runoff Events 

Peak Discharge ~cfs) Drainage Mean Peak Time to Peak 2 Te (mins.) Flow Duration ~hrs.) Te/Durati on ~%) % of Multiele 

~ Dischaq1e Peak Flows w/ More 

Site Season N Mean S.D. Min. Max. (mi
2 ) .2 

per m1 Mean S.D. Min. Max. Mean S.D. Mfn. Max. Mean S.D. Min. Max. Than Two Peaks 

15 Winter 43.4 390 390 33.25 33.25 20 20 100 

16 Winter 31.7 70 70 4.33 4.33 27 27 100 

18 Winter 2 42.5 297.5 406.6 tO 585 9.38 11.84 1.0 17.75 36 26.9 17 55 0 

35 Winter 0 + + + + 19.1 + + + + + + + + + + + + + + 

50 Winter 7 77.05 10.69 63.3 93.4 18.3 4.21 87.1 70.2 6 186 7.77 3.67 3.33 13.0 25.6 24.8 65 57.1 

- Stage values were too low to convert to cfs. 

+ No flows have been recorded for this season at this site. 

. ----- ----- ----·----~------------------- ----- ~ 
~--~--·-~----~·--------~--·~~--·· -~~----------------------- ----- ···-~-------.--~---------··· 

Flow Vo 1 i.Jmes (acre-feet) 

Mean S.D. Min. Max. 

+ + + + 

35.33 26~08 15.37 72.94 



Both Tables 13 and 13a show large decreases in average peak discharges in a downstream 

direction on Coal Mine Wash between Sites 16 and 18 and on Yellow Water Wash between Sites 

50 and 15. The decrease on Coal Mine Wash can be largely attributed to the N-5 culvert 

crossing which causes considerable backwater. Summer flow durations downstream at Site 18 

are longer on the average than at the other sites as water stored behind the N-5 crossing 

is slowly released through the small culvert~ That crossing is also the reason why 

suspended sediment concentrations are considerably lower at Site 18 than elsewhere on the 

lease. Much of the sediment settles out when the water is temporarily impounded behind 

the crossing. 

Another factor contributing to the decreased peak flows at Sites 15 and 18 is channel 

transmission losses, magnified by reduced lateral inflows due to sediment ponds. Using 

estimation techniques developed by Lane (1983) (see Channel Transmission Losses}, the 

average peak flow at Site 16 of 195 cfs would be reduced to a negligible volume because of 

channel transmission losses and backwater effects at the N-5 and main access road 

crossings. 

The reasons for the 1 arge decrease in average peak discharge on Yellow Water Canyon Wash 

from Site 50 to Site 15 are more-complex. Several factors tontribute. Since 1981, 15 

streamflows have been recorded at Site 15 but not Site SO, having originated in 

tributaries that enter downstream of Site 50. These flows were generally smaller than the 

average for Site 15, and thus reduced the size of the average peak somewhat. 

However, there is also considerable attenuation of flow peaks that pass by both sites, as 

one can see in Table 15. The three possible causes of this are channel storage effect~, 

channel transmission losses and flow computation errors. The BIA road crossing of Yellow 

Water Canyon Wash above Site 15 causes significant backwater until the flows overtop the 

road. This creates some excessive c,hannel storage and probably reduces the peak somewhat, 

but the effect does not manifest itself in longer average flow duration at Site 15 as is 

the case at Site 18. Channel transmission losses can account for a significant portion of 

the decrease in flow peaks at Site 15·. Using equations deve 1 oped by Lane ( 1983), it is 

' estimated that the average peak of 282 cfs at Site 50 would be reduced to 138 cfs at Site 

15 by transmission losses. Intake pipes to the stilling wells at the flumes are sloped 

slightly and can result in 0.3 foot stage height errors and channel roughness coefficients 

can vary with flows. These factors can also contribute partly to the up- and downstream 

peak flow differences. 

Times to Peak. The average times to peak discharge listed in Tables 13 and 13a are 
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TABLE 15 

Comparison of Peak Flows Between Sites 15 and 50 

For the Same Flow Dates in 1984 

(1) (2) {3) (4) 

Date Peak at Site 50 Peak at Site 1~ Co1.3/Col.2 

(cfs) {cfs} D 

7/28/64 146 4.2 .029 

7/29/84 1050 530.0 .so 
8/05/84 150 5.2 .035 

8/19/84 210 7.2 .034 

8/20/84 550 220.0 .40 

8/21/84 154 62.0 .40 

8/27/84 360 30.0 .083 

9/16/84 425 5.0 .012 

Average of Column (4) .19 
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probably biased on the high side due to the time resolution of our stage recorders. 

Comparisons between recorded hydrographs and the clocks connected to our automated 

sampling equipment have shown that it is not uncommon for the time to peak to be as little 

as two or three minutes. The smallest time resolution obtainable from the Stevens F Model 

water leve 1 recorders used prior to 1984 was ten or twe 1 ve minutes, whi 1 e the di gi ta 1 

water level recorders used in 1984 and 1985 have five minute resolution. Values used to 

compute the averages were taken strictly from the Type F and digital recorder charts. 

Additionally, there often were one or more smaller spikes in the hydrograph, each with a 

-steep rise, before the highest peak. If all of those cases were treated as separate flow 

evekt~, the average times to peak would have been lower. 

Fo'r ·single peak hydrographs, Sites 16 and 35 have the shortest times to peak for summer 

runoff events while Site 18 has the longest. Summer storm times to peak for Sites 15 and 

50 are very similar. For fall storms, Site 50 has the shortest times to peak while Site 

15 has the longest (approximately twice as long as at Sites 18 and 16}. Si.tes 16 and 35 

also have the shortest times to peak for summer runoff events with multi p 1 e flow peaks. 

Times to peak at Site 15 for these same flows were at least twice as long as those for the 

other automated stream sites. Sites 16 and 18 have the shortest times to peak for fall 

runoff events with multiple flow peaks. Sites 35 and 50 have very similar fall times to 

peak while Site 15 has a fall time to peak at least four times as long as at the other 

stream monitoring sites. 

Flow Durations. The flow durations used for Tables 13, 13a and 14 are based on stilling 

well stage recordings. The actual flow durations were somewhat longer because the stage 

r~Cbrders are insensitive to the lowest flows and debris and sediment from the higher 

flows often fill a portion of the stilling basin preventing the stage recording from 

returning to zero. 

The average flqw duration considering all flows is the shortest at Site 35 and the longest 

at Sites 15 and 18. The other two sites are grouped together in the middle of the 

ranking. 

For fall streamflows only, average flow durations are the longest at Site 15, increase at 

Sites 16 and SO, decrease at Site 18 and increase slightly at Site 35 in comparison to 

average flow durations considering all flows. The longer durations in September and 

October are probably a reflection of frontal storms; however, the variability is great. 

Nearly the full range of durations has occurred in September and October. 
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Times to Peak:Duration Ratio. The ratio of time to peak to flow duration is a measure of 

the hydrograph shape and is used in synthetic hydrograph techniques. The SCS considers a 

ratio of 20 percent as typical and uses that value for their dimensionless curvilinear 

unit hydrograph ( SCS, 1972). The average ratios on Black Mesa for a 11 flows, 1i sted in 

Tables 13 and 13a, range from 9 to 23 percent. Average ratios for summer flow single peak 

hydrographs (Table 13) range from 7 to 17 percent. Summer, multiple peak hydrograph 

r~tios were very similar to this percentage range. 

For all fall streamflows, the ratios (time to peak:duration) range from 7.5 to 45 percent. 

Singl~ peak fall hydrograph ratios had the same range; whereas, multiple peak fall 

hydrograph ratios fell within a tighter range of from 11'to 31.5 percent. The greatest 

mean fa 11 ratios were at Site 15 and the sma 11 est mean fa 11 ratios were at Sites 16 and 

so. 

Multi p 1 e Peaks. Mu 1 tip 1 e hydrograph peaks occur in 29 to 68 percent of the recorded 

hydrographs at the five sites. This is another characteristic, in addition to short times 

to peak and small time to peak duration ratios, that is relatively unique about Black Mesa 

hydrology. 

The multiple peaks are thought to be caused primarily by the localized nature, movement 

and varying intensity of the thunderstorms that cause runoff. Typically, a thunderstorm 

cell might move across the parallel upper tributaries of one of the watersheds, producing 

intense rain on only a small portion of the watershed at any one time and changing in 

intensity as it moves. This type of precipitation scenario can produce a surge of runoff 

from one area, lessen in intensity, move and then pour ·on another tributary producing a 

later surge. 

The percentag~ of multiple peak flo~s occurring in the fall ranged from 33 to 100 percent. 

Increased percentages of multiple peak'f1ows occurred at Sites 15, 35 and 50 and smaller 

percentages occurred at Sites 16 and 18 in comparison to summer flows. These percentages 

are based on flows with more than two peaks. The number of multiple peaks ranged from 2 

to 6. 

Flow Volumes. Flow volumes have been determined by digitizing continuously recorded 

hydtograph volumes at the 5 automated stream monitoring sites. Considering a11 flows, 

Sites 35 and 50 have the largest mean flow volumes. Mean flow volumes at Site 50 are at 

least 3.5 times larger than those at the other automated sites. Site 18 had the smallest 

mean flow volumes because of the road crossings discussed previously. For flows with 
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single peaks, Sites 3S and SO had the largest volumes. Summer single peak mean flow 

volumes were greater than mean fall volumes at all sites except Site 16. At this site the 

single peak mean flow volumes were similar for the two seasons. For flows with multiple 

peaks once again Sites 3S and SO had the largest mean voltimes and Site 18 the smallest~ 

The multiple peak mean fall flow volumes were larger than the mean summer volumes at Sites 

3S and SO, whereas they were smaller than thernean summer volumes at Sites 1S, 16 and 18. 

Peak Flow Estimates. Because of the cellular, localized nature of thunderstorms on the 

Black Mesa 1 easehol d arid adjacent rim area, it is virtually impossi b 1 e to assign return 

perio9s to individual storms which generated peak flows. Rainfall intensities are so 

variable and storm durations and spatial distribution are so erratic that quantification 

of ,the preci pi tati on input to respective flows is prec 1 uded. In 1 i eu of this, peak flows 

generated from rainfall events of specified return periods and durations have been 

simulated using SEDIMOT II. The necessary assumptions and procedures are explained ih the 

following discussion. 

Estimates of peak flows resulting from 2, S,-10, 2S, SO and 100~year return periods and 1, 

2. 3, 6 and 24-hour duration precipitation events have been determined for the principal 

washes and tributaries on the Black Mesa leasehold. Estimates were calculated using the 

hydrology portion of the computer model Sedimot II, developed by the Department of 

Agricultural Engineering of the University of Kentucky in Lexington. Modeling techniques 

and input parameter determinations used for these peak flow estimates are documented in 

the Sedirnot If Design Manual (Warner, et al. 1981, Wilson et al. 1981). 

Return period precipitation depths for durations of 24 and 6 hours on Black Mesa were 

taken from precipitation maps found in "Hydrologic Design for Highway Drainage in 

Arizona'' (Jencsok, 1968). These values were plotted on nomographs of precipitation versus 

return period, and corrected values were used to calculate return period precipitation 

depths for one-hour durations using the following relationships: 
2 

y
2 

-0.011 + 0.942(x
1 

/x
2

) 

ylOO = 0.494 + 0.7SS 

where, 

y
2 

2-year, 1-hour depth 

y
100 

= 100-year, 1-hour depth 

= 2-year, 6-hour depth 

x
2 

2-year, 24-hour depth 
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x
3 

= 100-year, 6-hour depth 

x
4 

100-year, 24-hour depth 

2-hour 

3-hour 

where, 

2-hour 

3-hour 

The 2 and 100-year one-hour depths were then plotted on a precipitation 

versus return period nomograph to obtain 5, 10, 25 and SO-year return period 

depths fb~ one-hour storm durations. Precipitation depths of 2, S, 10, 2S, 

SO and 100-year return periods for two and three-hour durations were 

calculated using the following relationships: 

0.341{x
1

) + 0.6S9(x
2

) 

0.569(x
1

) + 0.431(x
2

) 

2-hour duration for a particular return period 

3-hour duration for a particular return period 

6-hour duration precipitation for a particular 

1-hour duration precipitation for a particular 

,. 

return period 

return period 

Two and three-hour duration precipitation depths were obtained by selecting previously 

determined one and six-hour. values for a particular return period, and inserting them in 

the above equations to obtain depths for all recurrence intervals for two and three-hour 
,.. 

durations. Point precipitation depths for all return periods fo~ durations of 1, 2, 3 and 

6-hours were corrected according to drainage areas. Depths for the 2, S, 10, 2S, SO and 

100-year return periods for durations of 1, 2, 3, 6. and 24-hours on Black Mesa can be 

found in Table 17. A Type I I rainfall distribution was assumed in all peak flow 

calculations. 

All six watersheds of the principal washes on Black Mesa (Red Peak, Yucca Flat,,. Yellow 

Water, Coal Mine, Dinnebito and Moenkopi) were subdivided into smaller watersheds and 

subwatersheds by locating junctions, branches and structures (Warner, et al. 1981) on 

1:2000' scale maps~ Yazzie Wash was included .in the subdivision of Yellow Water 

Watershed, and Reed Valley Wash was included in the subdivision of Moenkopi Watershed. 

For purposes of illustration, the subdivision of Moenkopi Watershed is shown on Drawing 

No. 8S700. 

No smaller watershed or subwatershed created during the subdivision process exceeded 5,000 

acres. Whenever possible, attempts were made to delineate subwatersheds of similar size. 

Multiple subwatersheds were created in significant tributaries to the main drainages such 

as in Yazzie and Reed Valley Washes. 

A maximum of 15 junctions,were created in the Moenkopi and Dinnebito watersheds, whereas 

only seven junctions were used for peak flow calculations in Red Peak. 

89 
A maximum of two 
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TABLE 17 

Summary of Precipitation Depths For 

2, 5, 1 o, 25' 50 and 100-Year Return Periods For 

1 ' 2, 3, 6 and 24-Hour Durations on the Black Mesa Leasehold 

Return Duration 

Period 1-Hr 2.,.Hr 3-Hr 6-Hr 24;..Hr 

2-y! .74 .85 .92 1.06 1.41 

5-yr 1.03 1.16 1.24 1.40 1. 81 

10-yr 1.22 1.35 1.44 1.61 2.09 

25-yr 1.50 1.64 1.73 1.90 2.40 

50-yr 1. 71 1.86 1.97 2.16 2.71 

100-yr 1.95 2.11 2.21 2.41 3.01 

90 



~ 
,.~. 

branches per junction were used, and null structures were assigned to each branch to 

provide a mechanism for combining hydrographs~ 

Time of Concentration is defined as the time required for water to flow from the 

hydraulically most remote point to the watershed outlet (Wilson, et al. 1981). Several 

empirical formulas were investigated for their respective conservatism with regard to 

predicting times of concentration. Prakash (1983) shows that "Kirpich's" formula: 

where, 

t = time of concentration (hr) 
c 
L.= length of longest flowpath (mi) 

and, 

H = drainage relief (ft) 

t 
c 

H 

yields the smallest result of "tc" compared with the S.C.S. "upland" and Snyder's method 

for predicting "tc". After evaluating several methods for calculating "tc", and comparing 

results with P.C.C."s monitoring station hydrograph characteristics (relatively short 

times to peak indicating small times of concentration), Peabody selected Kirpich's formula 

for calculating "tc" as input to each subdivided watershed using Sedimot l I. This formula 

yields relatively short times of concentrations for ~Obdivided watersheds ( 5,000 acres}, 

which is a conservative approach to empirical estimates of peak flows on Black Mesa. 

Curve Numbers were selected by delineating vegetation boundaries on a 1:2000' scale map. 

Vegetation types (cover description) delineated on the map and in each watershed include 

pinyon-juniper, • sagebrush grassland, oak-aspen and chained pinyon-juniper areas. Curve 

number .values for these vegetation types were obtai ned frorn the Soil Conservation Service 

and will be'published in the revise? version of TR-55 during the first part·oJ 1986. The 

land use typifying these vegetation classifications is range. Poor to fair hydrologic 

conditions and hydrologic soil group classifications no better than "C" were assumptions 

used to select conservative curve numbers. Table 18 lists curve number selections 

according to vegetation types (cover descriptions} that were used to calculate weighted 

curve numbers for each small watershed and subwatershed. From Table 18 it can be seen 

that curve number values ranged between 76 and 85. Final selection of vegetation 

boundaries on the 1:2000' scale map were determined from 1:1000' scale aerial photographs 

and by consulting with Peabody biologists. 
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TABLE 18 

0 
Curve Numbers for Delineated Vegetation Areas 

Used in Sedimot II Peak Flow Analyses on Black Mesa 

Cover Description Hydrologic Condition Soil Group CN 

Pinyon-Juniper (uplands} Fair C-D 80 

Pinyon-Juniper (lowlands) Poor c 85 

Sageb_:ush (uplands) Fair C-D 76 

Sag~brush (lowlands) Poor C-D 82 

Oak:..'Aspen Fair D 79 

Pinyon-Juniper (chained) Fair C-D- 85 
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Hydrograph routing between junctions was performed using Muskingum routing techniques. 

Muskingum "K" values were assumed to be equal to the travel time between junctions, which 

is the horizontal distance divided by the average velocity. Attempts were made to 

calculate average velocities for channels in all six main drainages using S.C.S. upland 

curves (SCS, 1972). However, comparing velocities determined from these curves with 

velocities actually measured at monitoring sites in the channels'on the leasehold showed 

that measured velocities are consistently higher. Manning's equation can be used to 

estimate average velocities in the channels using surveyed cross section data. However, 

estimates of some of the input parameters to the Manning equation offered no advantages or 

addit!onal resolution in computing typical flow velocities. Hence, average velocities 

used to estimate Muskingum "K" values were determined from current meter and indirect flow 

measurements made at monitoring sites on the Black Mesa leasehold since 1980. 

An average ve 1 oc i ty of ten feet per second was used to ca 1 cu 1 ate Muski ngul'(l' s "K" in the 

1 ower, main channe 1 s of all six watersheds. Four feet per second was selected as a 

representative average ve 1 oci ty for the upper, sma 11 channe 1 s at the headwaters of each 

watershed. A velocity of six feet per second was assigned to the intermediate channel 

reaches of each watershed. 

Values for Muskingum "x" were determined using the following relationship: 

x = .5Vw 
1.7 + Vw 

where, 

x Muskingum's x 

Vw average velocity (10f/s, 6 f/s, 4 f/s} 

In all cases, an agricultural unit hydrograph option was selected. The forest unit 

hydrograph option is not app 1 i cab 1 e on Black Mesa using Sedimot II, and peak flows were 

.calculated assuming no mining disturbance, which eliminates using the disturbed unit 

hydrograph option. Tables 19a through 19f are input files for calculating peak flows in 

Moenkopi, Coal Mine, Yellow Water, Dinnebito, Red Peak and Yucca Flat Washes. All model 

inputs remained constant for each watershed for the range of storms modeled, with the 

exception of storm depths and durations. Card Code numbers and titles have been included 

in the Tables to provide identification of each row of numbers. Card Code input values 

for each watershed have been labeled with roman numerals that correspond to each watershed 

number. The reader should refer to the Sedimot II Users Guide (Wilson et al, 1981) for a 

more detailed explanation of each card code. 
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~ ·-·~ e 1 ;Jb( cant.). Input Data for SEDINOT II Coal ,e Wash Peak Flow Analysis a 
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1698o8 79o6 1.00 Oo Oo Oo 1 0 2o CC13)IIIC 

0 1 3 3 2 (CC12)IV , 1 3 3 2 (CC12) 
(CC13)IV 

2220o9 79o6 .91 o~ Oo 0. , . 2o 
0 1 3 3 2 ~CC12)V 
1 1 3 3 2 CC12 

1559o3 79 .. 5 . 82 0. o . o. , . 2. (CC13)V 
o· , 3 3 2 ~CC12~VI 
1 1 3 3 2 CC12 

1814o4 79.3 . 75 0. 0 . 0. , . 2o (CC13)VI 
0 , 3 3 2 ~CC12~VII , , 3 3 2 CC12 

1989.3 84.6 .62 o. o. o. , . 2. (CC13)VII 
0 , 3 3 2 ~CC12)VIII , 1 3 3 2 CC12 

2152o0 84ol4 o89 Oo Oo Oo , . 2. (CC13)VIII 
0 , 3 3 2 ~CC12~IX , , 3 3 2 CC12 

1792o9 84.7 1. 04 Oo o. o. , . 2. (CC13)IX 
0 1 3 3 2 ~CC12~X , , 3 3 2 CC12 , 

2289o5 84.4 .97 0. 0. o. , . 2. . (CC13) X 
0 , 3 3 2 ~CC12~XI 

....0 2 , 3 3 2 CC12 
-...1 

1480.7 83.8 .76 .57 .57 .39 , . 2. f CC13~ XIA 
3154o2 83.7 1o27 0. 0. o. . , . 2. CC13 XIB 

0 , 3 3 2 (CC12)XII ,. , 3 3 2 ( CC12) 
2184.7 84o3 1.09 o. o. 0. , . 2. (CC13)XII 

0 , . 3 3·' 2 (CC12)XIII 
3 , 3 3 2 (CC12) (CC13)XIIIA 

1770.1 85.0 ~ .. 0 6, , . 09 . 1. 09 o35 1 • 2. 
2365.7 8-4.2 .78 .38 .38 .39 , . 2. (CC13)XIIIB 
2585.2 82.1 1. 1, o. o. o. 1 • . 2. (CC13)XIIIC 

0 1 3 s 2- ~CC12~XIV 
1 , 3 3 2 CC12 

~ 3732.1 83o3 1 0 4, Oo o. 0$ 1 • 2o (CC13)XIV 
*****************q*********]**********~*********i*********f ENO(bf1 tft~ ************************************ 

..:::::..---

CARD CODE 1 - WATERSHED IDENTifiCATION CODE (CC1) '-

CARD CODE 2 - STORM TYPE (CC2) 
CARD CODE 3 - STORM DATA (CC3) 
CARD CODE 4 - NUMBER OF JUNCTIONS (CC4) 
CARD CODE 5 - NUMBER OF BRANCHES/JUNCTIONS (CC5) 
CARD CODE 10 - NUMBER OF STRUCTURES PER BRANCH (CC10) 
CARD CODE 11 - BETWEEN STRUCTURE ROUTING PARAMETERS (CC11) 
CARD CODE 12 - SUBWATERSHED/STRUCTURE INFORMATION (CC12) 
CARD CODE 13 - SUBWATERSHED DATA (CC13) 



'"9c Input Data for SEDIMOT II Yellow Water Car· -D Wash Peak Flow Analysis (_ __ , . 
WATER CANYON PEAK FLOW ANALYSIS (CC1) J 
2 2 (CC2) 

3.01 24. • 1 1 . (CC3) 
8 1 (CC4) 
1 2 2 2 2 (CC5) 

2 2 1 (CC5) 
1 (CC10) 

o. 0. 0. (CC11)1 
1 1 (CC10) 

.04 .04 .39 ~CC11~Il 
0. 0. 0. CC11 '-0 

1 1 (CC10) 
00 --"" 

.17 . .17 .43 (CC11~III 0 

o. 0. o. ( CC11 --N 

"" 1 1 (CC10) 
.28 .28 .43 (CC11)IV 

-o 
Q) 

o. o. 0. (CC11) 
!J) 

(CC10) 
o.-1 

1 1 
> 

. 32· .32 .43 (CC11)V 
Q) 

0::: 

0. o. 0. (CC11) 
1 1 (CC10) 

.19 ~19 .43 ~CC11~VI 
0. 0. o. CC11 

1 1 ( CC1 0) 
.46 .46 .43 ( CC11 )VII 
0. o. 0. (CC11) 

1 ( CC10) 
o. 0. 0. (CC11)VIII 

00 

2 1 3 .. 2 (CC12)I ' 
0" 

-. 
1378.0 80.3 .78 .63 .63 .35 ", . 2. tcc13pA 
2487'~ 3 80.·8 1.08 ,. 0. o. 0 1 • 2. CC13 I B 

0 1 3 3 2 ~CC12~II 
1 1 3 3 2 CC12 

1803. 1 80.5 .86 o. 0. 0. 1. 2. ( CC13)I I 

0 1 . 3 3 2 ~cc12Fn 
3 1 3 3 2 CC12 

1934.8 79.6 .72 1. 17 1. 17 .39 1 . 2. (CC13)IIIA 

2135.2 79.6 1.17 .31 . 31 .39 1 . 2. (CC13)IIIB 

1939.9 79.6 .79 0. 0 .. o.l 1 • 2. (CC13)IIIC 

0 1 3 3 2 fCC12 IV 
1 1 3 3 2 CC12 

2052.8 79.4 .94 o. o. o. , . 2. (CC13)IV 

0 1 3 3 2 ~CC12~V 
5 1 3 3 2 CC12 

2682.2 80.3 .;94 1. 95 1. 95 .35 1 • 2. (CC13)VA 

1901. 3 79.6 .69 1 . 11 1 . , 1 .39 1 . 2. ?CC13jVB 
2751.0 79.8 .98 .87 .87 .39 1 • 2. CC13 VC 

2544.7 84.8 .60 .~6 .56 .39 1 . 2. ~CC13~VD 
3101 . 1 79-~ 3 . 85 . '0 • o. 0. 1 . 2. CC13 VE 

0 1 3 3 2 (CC12)VI 
1 1 3 . 3 2 (CC12) 

1427.2 84.6 .54 o. o. o· 1 • 2. (CC13)VI 

0 1 3 3 2 (CC12)VII 
3 1 3 3 2 ( CC12) 

3410.0 79.3 .95 1. 21 1. 21 .35 1 . 2. (CC13)VIIA 

~----- --~---.:..;,;_.._--....----C----~-------------------------------~ --------------~- ----------------------·--·-----------------~----------, 



Table 19c(cont.). Input Data for SEDIMOT II Yellow Water Canyon Wash Peak Flow Analysis 

4102.1 84.9 1.68 .88 .88 .39 
3563.9 83.7 1.38 0. 0. o. 

0 1 2 3 2 (CC12)VIII 

1. 
1 • 

2. 
2. 

(CC13)VIIB 
(CC13) VII C 

*********************************************** END OF FILE ***************************************** 
CARD CODE 1 - WATERSHED IDENTIFICATION CODE (CC1) 
CARD CODE 2 - STORM TYPE (CC2) 
CARD CODE ~ - STORM DATA (CC3) 
CARD CODE 4 - NUMBER OF JUNCTIONS (CC4) 
CARD CODE 5 - NUMBER OF BRANCHES/JUNCTIONS (CC5) 
CARD CODE 10 - NUMBER OF STRUCTURES PER BRANCH (CC10) 
CARD CODE 11 - BETWEEN STRUCTURE ROUTING PARAMETERS (CC11) 
CARD CODE 12 - SUBWATERSHED/STRUCTURE INFORMATION (CC12) 
CARD CODE 13 - SUBWATERSHED DATA (CC13) 

f 

/ 



d. Input Data for SEDIMOT II Dinnebito Wash FlovJ Analysis 

D~NNEBITO WASH PEAK FLOW ANALYSIS 
2 2 (CC2) 

(CC1) 

3.01 24. • 1 l. (CC3) 
15 1 (CC4) 

1 2 2 2 2. (CC5) 
2 2 2 2 2 (CC5) •;.Q 

co 
2 2 2 2 1 (CC5) -.... 

~ 

1 (CC10) a -.._ 

0. 0. 0. (CC11)I N 
~ 

1 , (CC10) "0 
Q)· 

.03 .03 .39 tCC11~II (/) 

0. 0. o. CC11 •r-1 

> 
1 , (CC10) Ill 

a:: 

.23 .23 .39 (CC11)III 
0. o. 0. (CC11) 

1 1 ( CC1 0) 
.22 .22 .39 (CC11)IV 
0. 0. 0. (CC11) 

1 1 (CC10) 
. 18 • 18 .43 ~CC11~V 
0. o. 0. CC11 

1 1 (CC10) 
. 12 .12 .43 fCC11~VI o. 0. o. CC11 

1 , (CC10) 
. 01 .01 .43 fCC11~VII 0 o. o. 0. CC11 0 

1 1 (CC10) ~ 

.07 .07 .43 ~ CC11 ~Vi II o. 0. o. CC11 
1 1 (CC10) 

.15 .15 .43 (CC11) IX 
0. 0. 0. (CC11) 

1 1 (CC10) 
(CC11)X . 13 . 1 3 .43 

0. 0. 0. (CC11) 
l 1 (CC10) 

.06 .06 .43 (CC11)XI 
0. 0. 0. (CC11) 

1 1 (CC10) 
.32 .32 .43 ~CC11~XII 
0. 0. o. CC11 

1 1 (CC10) 
. 12 . 12 .43 ~CC11~XIII 
0. 0. 0. CC11 

1 1 ( CC1{)) 
.02 .02 .43 (CC11)XIV 
0. 0. 0. (CC11) 

1 ( CC10) 
0. 0. 0. (CC11)XV 

(CC12)I 1 1 3 3 2 
3366.5 79.9 1. 18 0. 0. 0. 1 . 2. (CC13)I 

0 1 3 3 2 ~CC12~II 
1 1 3 3 2 CC12 

1650.8 79.5 .76 o. 0. o. 1 . 2. (CC13)II 

-~ -----·----···---... --------·----··---·-··--......... ---... --.-~~c.:__ _ _, ________ ~------.------------, 



e 19d (cant .. ) . Input Data for SEDIMOT II Dinne Wash Peak Flow Analysis c " 

0 , 3 3 2 (CC12)III , , 3 3 2 (CC12) 
2693.1 79.6 1.32 o. 0. 0. 1 . 2. (CC13)III 

0 1 3 3 2 ?CC12~IV. 
1 1 3 3 2 CC12 

2850.6 79.7 1. 21 o. 0. o. 1 . 2. (CC13)IV 
0 1 3 3 2 fCC12~V 
1 1 3 3 2 CC12 

3121.5 79.7 1.68 o. o. o. , . 2. (CC13)V 
0 , 3 3 2 fCC12~VI , , 3 3 2 CC12 

1490.9 79.4 . 91 o. 0. 0 . , . 2. (CC13)VI 
0 1 3 3 2 (CC12)VII , 1 3 3 2 ( CC12) 

1589.3 84.1 1. 02 o. 0. 0 .. 1 • 2. (CC13)VII 
0 , 3 3 2 tCC12~VIII 
1 1 3 3 2 CC12 

1139.8 83.7 .93" o. o. o. , . 2. (CC13)VIII 
0 1 3 3 2 ~CC12)IX 
1 1 3 3 2 CC12) 

887. 1 83.5 ·• 72 o. o. o. , . 2. (CC13)IX 
0 1 3 3 2 fCC12~X , 1 3 3 .2 CC12 

1854.4 83.8 .63 o. 0 .. 0. , . 2. (CC13)X 
0 , 3 3 2 fCC12~XI , , 3 3 2 CC12 

~ 
409.4 83.6 .53 o. o. o. , . 2. (CC13)XI 

0 0 1 3 3 2 (CC12)XII 
~ 

2 1 3 3 2 (CC12) 
2519.0 85.0 .85 .56 .56 .39 l. 2. ~CC13~XIIA 
3249.9 84.2 .97 o. 0. o. 1 • 2. CC13 XIIB 

0 1 3 3 "2 f CC12~ XIII 
1 , 3 3 2 CC12 

4585.0 84.6 1. 47 0. o. o. 1. 2. ( CC13) XI II 
0 1 " 3 3 2 (CC12)XIV 
2 1 3 3 2 (CC12) 

824.9 84.5 . .61 .17 .17 .43 1. 2 . (CC13)XIVA 
1342.2 84.4 . 58 o. o. o. , . 2; (CC13)XIVB 

0 , 2 .3 2 (CC12)XV 
*****************•******************************** END OF FILE ********************************* 

::::0 CARD CODE 1 ~ WATERSHED IDENTIFICATION CODE (CC1) 
C1) 

< CARD CODE 2 - STORM TYPE (CC2) 1-'• 
(J) 
C1) CARD CODE 3 - STORM DATA (CC3) 
0. 

~ CARD CODE 4 - NUMBER OF JUNCTIONS (CC4) 
N 5 - NUMBER OF BRANCHES/JUNCTIONS (CC5) ..._ CARD CODE 0 
~ CARD CODE 10 - NUMBER OF STRUCTURES PER BRANCH (CC10) -:::x> (CC11) ;:)"\ CARD CODE 11 - BETWEEN STRUCTURE ROUTING PARAMETERS 

CARD CODE 12 - SUBWATERSHED/STRUCTURE INFORMATION (CC12) 
CARD CODE 13 - SUBWATERSHED DATA ( CC13) 

f 

---- ----- -~---- ~-~- -- - - .. ~- ------ -~-------- --~ ----~ 



r\t.!J lt..A.t\ WA~n lt..P.t\ { LU~ ANAL Y~ I~ \LLI) Table 19e. Input. ua Ld lUI ..JL..LJ .1. I IV o 

n~· 
2 CC2 .. 

24. . 1 , . (CC3) Analysis 
. u.,_ 8 1 (CC4) 

1 2 2 2 2 (CC5) ~· 
2 2 1 (CC5) 
1 (CC10) '-0 

co 
0. 0. 0. (CC11)I ....._ 

~ 

1 , (CC10) 0 --.20 .20 .39 ~CC11~II 
N 
~ 

0. 0. 0. CC11 "0 , 1 (CC10) QJ 
Cf) 

.30 . 30 .39 fCC11~III 
....... 
> o. 0. o. CC11 QJ 

0:: 
1 1 (CC10) 

. 18 .18 .39 (CC11)IV 
0. 0. 0. (CC11) 

1 1 (CC10) 
.23 .23 .q3 ~CC11~V 0. 0. 0. CC11 

1 1 (CC10) 
.25 .25 .43 (CC11)VI o. o. 0. (CC11) 

1 1 (CC10) 
.39 .39 .43 (CC11)Vll 
o. 0. 0. ( C C11) 

1 (C C 10) 
o. o.· 0. (CC11)VIJ·r 

1 1 3 3 2 (CC12)I 
2033.2 78.5 .92 0. 0. 0. 1. 2. (CC13)I 

0 1 3 3 2 fCC12~II N 

1 1 3 3 2 c c 12 I 
0 
~ 

1509.2 79.7 .69 0. 0. 0. 1 • 2 . (CC13)II 
. ·0 1 3 3 2 ~CC12~III .. 

1 1 3 3 2 CC12 
998.9 84.6 .75 0. o. o. , . 2. (CC13)III 

0 1 . 3 3 2 fCC12~IV 1 1 3 3 2 CC12 
931.7 84.6 .43 0. 0. 0. 1 • 2. (CC13)IV 

0 1 . 3 3 2 ~c c 12 ~ v 1 1 3 3 2 CC12 
1691.9 84~5 .30 o. o. 0. 1 0 2. (CC13)V 

0 1 3 3 2 ~CC12~VI 1 1 3 3 2" C C;12 
1950.0 83.0 .66 0. 0. 0. 1. 2. (CC13)VI 

0 1 '3 3 2 (CC12)VII 
1 1 3 3 2 (CC12) 

1627.3 82.0 1.06 0. 0. 0. 1 • 2. (CC13)VII 
0 1 2 3 2 (CC12)VIII 

************************************* END or FILE ********************************* 

CARD CODE 1 - WATERSHED IDENTIFICATI0N CODE (C C 1) 
CARD ~ODE 2 - STORM TYPE (CC2) 
CARD CODE 3 - STORM DATA ( C C3) 
CARD CODE ~ - NUMBER or JUNCTIONS (CC4) 
CARD CODE 5 NUMBER or BRANCHES/JUNCTIONS (CC5) 
CARD CODE 10 - NUMBER or STRUCTURES PER BRANCH (C C 10) 
CARD CODE 11 - BETWEEN STRUCTURE ROUTING PARAMETERS (CC11) 
CARD CODE 1 2 - SUBWATERSHED/STRUCTURE INFORMATION (CC12) 

CARD CODE 1 3 - SUBWATERSHED DATA (CC13) 



raQ19f. Input Data for SEDIMOT II Yucca Flat Wash k Flow Analysis 
YU..;-.,J FLAT PEAK FLOW ANALYSIS (CC1) 

2 2 (CC2) 
3.01 24. . 1 , . (CC3) 

7 , (CC4) 
1 2 2 2 2 (CC5) 
2 , (CC5) 
1 ( CC1 0) 

0. 0. o. (CC11)I 
1 1 (CC10) 

.26 .26 .39 (CC11)II 
0. o. 0. ( CC11) 

1 1 (CC10) 
.34 .34 .39 ( CC11 )I II 
0. 0. o. (CC11) 

1 1 ( CC1 O) 
.16 .16 .43 (CC11)IV 
0. o. o. ( CC11) 

1 1 (CC10) 
.10 .10 .43 (CC11)V 
0. o. o. (CC11) 

1 1 (CC10) 
.26 .26 .43 (CC11)VI 
o. o. 0. ( CC11) 

1 (CC10) 
0. o. 0. · (CC11)VII 

1 1 3 3 2 (CC12)I 
2741.3 79.7 .57 o. 0. 0. ' 1 • 2. (CC13)I 

0 , 3 3 2 ~CC12~II 
~ 1 1 3 3 2 CC12 
0 2521.6 79. 1 .86 0. o~ 0. 1 . 2. (CC13)II \.N 

0 1 3 3 2 {CC12)III 
1 1 3 3 2 (CC12) 

2904.1 83.7 .60 0. o. 0. 1 . 2. (CC13)III 
0 1 3 3 2 fcc12Fv 
3 1 3 3 2 CC12 

2528.6 79.6 .55 .39 .39 . 39 1 . 2 . (CC13)IVA 
1738.3 78.1 1 . 31 . 11 . 11 .39 1 . 2. ' ( CC13) IVB 
1962.7 83.7 1.23. 0. o. o. 1 . 2. (CC13)IVC 

0 1 3 3 2 ~CC12~V 
2 1 3 3 2 CC12 

1256.5 79.3 .67 .35 .35 . 39 1 . 2 . (CC13)VA 
1458.2 82.5 .76 o. 0. o. 1 . 2. (CC13)VB 

0 1 3 3 2 ( CC12) VI 
1 1 3 3 2 (CC12) 

;:oo. 1480.4 82.0 .86 0. 0. o. 1 . 2. (CC13)VI (t)· 
< 0 1 2 3 2 (CC12)VII ..... 
(J) 
(t) **************************************************** END Of fiLE ****************************** c.. 
~ CARD CODE 1 - WATERSHED IDENTifiCATION CODE ( CC1) 
N (CC2) -- CARD CODE 2 - STORM TYPE 0 
~ CARD CODE 3- STORM DATA ( CC3) --00 
0' CARD CODE 4 - NUMBER Of JUNCTIONS (CC4) 

CARD CODE 5 - NUMBER Of BRANCHES/JUNCTIONS (CC5) 
CARD CODE 10 - NUMBER Of STRUCTURES PER BRANCH (CC10) 
CARD CODE 11 - BETWEEN STRUCTURE ROUTING PARAMETERS (CC11) 
CARD CODE 12 - SUBWATERSHED/STRUCTURE INfORMATION (CC12) 
CARD CODE 13 - SUBWATERSHED DATA ( CC13) 

.--·-----,---··~·-·--····---·4··""'---~---~---------· ------~-~-~--------~---· ···-----~·--····--·-· --~~------· "··-----------~---. -. ----- --~-~-------~-------~--·-----··------



Peak discharges were taken as the highest discharge value for the runoff hydrograph 

ca 1 cul a ted at the 1 ast junction in each major drainage. The peak discharges for each 

major drainage were summarized for a 11 return periods and durations and can be found in 

Table 20. 

The peak discharges predicted in each wash for each of the storm recurrence intervals are 

displayed graphically on Log-Log pape~ in Figures 28 through 33a. The two sets of data 

points represent predicted peak discharges and corresponding recurrence intervals for the 

6- and 24-hour duration storms. Regression lines defining the relationship among each 

data R.?int set have been calculated and are labeled on Figures 28 through 33a. Figure 33b 

is a graph of recurrence interval versus storm depths used in peak flow predictions for 

the 6- and 24~hour duration storms (see Table 17, Chapter 15). Regression lines for these 

two data point sets !:lave been determined and are labeled on Figure 33b. 

In Figures 28 through 33a, the peak discharge versus recurrence interval plots for the 

6-hour duratioh storm show good similarity with the 24-hour duration storm plots. In each 

Figure, the 5-, 10- and 25-year recurrence -interval points for both the 6- and 24-hour 

duration storms plot to the right of the regression lines. Also, the 2- and 100-year 

recurrence interval points plot to the left. In Figure 33b, the 5-, 10- and 25-year 

recurrence interval storm depths for both storm durations also plot to the right of the 

regression line, while the 2- and 100-year points plot to the left. The plot patterns in 

relation. to the regression 1 i nes determined in Figure 28 through 33a are similar to the 

same relationship in Figure 33b. This similarity indicates that the relationship between 

pred~cted peak flows and recurrence intervals determined for each drainage is driven by 

the :storm depth versus recurrence interval relationship. 

A graph of drainage area versus predicted peak discharge is shown in Figure 34. Two 

groups of data plots were included~in this figure, the 10-year, 24-hour peak discharges 

and the 100-year, 24-hour peak discharges for the six principal drainages. Regression 

lines defining each relationship have been determined and are labeled on Figure 34. The 

relationships indicate that increasing size of drainage basins are accompanied by a 

downstream inprease in discharge. 

USGS Sediment Monitoring. As part of their Black Mesa monitoring program, the USGS has 

established several suspended sediment and surface water quality sampling stations in and 

downstream of the mine site (Drawing Nos. 85630 and 85635). Suspended sediment sampling 

has mainly been done along Moenkopi Wash at Moenkopi. Single-stage sediment samplers, as 

104 Revised 12/01/86 



TABLE 20 

Summary of Estimated Peak Flows (in C.F.S.) 

For A 11 Major Washes Within the Black Mesa Leasehold 

Coal 'Mine Dinnebito Red Peak Yellow Water Yucca Flat Moenko~i 

2-Yr 1-Hr 183 245 200 124 162 160 

2-Hr 480 509 304· 372 336 430 

3-Hr 782 753 377 586 485 776 

6-Hr 1134 1062 487 1023 680 1248 

24-Hr 2198 2033 ,905. 2152 1316 2641 

....l. 5-Yr 1-Hr 819 973 .651 750 770 815 0 
V1 

2-Hr 1448 1553 . 799 1389 1099 1474 

3-Hr 1960 1925 939 1802 1362 2174 

6-Hr 2483 2342 1135 2515 1715 2988 

24-Hr 4000 3767 1630 4291 2736 5170 

10-Yr 1-Hr 1390 1610 1027 1468 1400 1486 

2-Hr 2153 2321 1224 2268 1775 2461 

3-Hr 2892 2827 1419 2799 2146 3430 

6-Hr 3546 3338 1603 '3650 2510 4382 

24-Hr 5414 5180 2232 6058 3931 7366 

25-Yr 1-Hr 2420 2807 1765 2697 2525 2877 

i 

l 



TABLE 20 (Cont.) 

Summary of Estimated Peak Flows (in C.F.S.} 

For All Major Washes Within the Black Mesa Leasehold 

Coal Mine Dinnebito Red Peak Yellow Water Yucca Flat Moenko~i 

25-Yr 2~Hr 3517 3669 2012 3808 3033 4261 

· 3-Hr 4384 4351 2163 4523 3470 5558 

6-Hr 5064 4802 2408 5580 3821 6550 

24~Hr 7115 6918 2909 8156 5369 9989 

50-Yr 1-Hr 3361 3864 2448 4047 3502 4111 . 
....0 

2-Hr 4644 4884 2637 5315 4161 5880 0 ... 
3-Hr 5825 5737 2912 6230 4643 7423 ... 
6-Hr 6627 6372 3080 7496 5167 8806 

24-Hr 8964 8692 3665 10,458 6831 12,747 

100-Yr 1 ,..Hr 4614 5195 3235 5465 4861 5760 
' 

2-Hr 6086 6265 3409 7082 5451 7835 

· 3-Hr 7334 7267 3677 8105 6115 9601 

6-Hr 8151 8005 3743 .9452 6598 11 ,044 

24-Hr 10,802 10;478 4438 12,860 8358 15,617 
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well as automatic sediment samplers, have been installed on Yellow Water Canyon and Coal 

Mine Wash within the mine lease boundary. No results of analyses have been published 

excepting one flow on Coal Mine Wash tributary near Kayenta (Station· 09401226), on 

September 25, 1976. Figure 35 presents a plot of suspended sediment concentration and 

stream stage versus time for the flow event. Suspended sediment data for Moenkopi Wash at 

Moenkopi during water years 1974-1980 are presented in Attachment 4~ The maximum .recorded 

sedi'ment concentration and sediment load were 262,000 mg/1 (milligrams per liter) and 

1,600,000 tons/day, respectively. All of the major sediment yields appear to be the 

result of intense convective storms during the months of July, Augustand September. 

Peabody Sediment Monitoring. Since 1980, suspended sediment monitoring has been conducted 

as part of the Peabody environmental monitoring program. Sediment samples have been 

obtained using four techniques and/or types of instrumentation. These are: (l) manual 

depth-integrated sampling; (2) single-stage sediment sampling; (3) automated sediment 

sampling with peristaltic pump samplers; and (4) grab sampling. Sixteen stream monitoring 

stations have been established at which one or a combination of the sediment sampling 

techniques or jnstrumentation are employed~ At the remote stream monitoring stations, 

sediment samples are obtained using depth integration in those flows that are wadable, 

grab samples and single-stage sediment samplers. At the automated stations, all four 

types of sediment sampling are utilized. The following two sections discuss the results 

of the remote and automated station sediment sampling to date. 

Remote Site Sediment Analyses. Of the sixteen stream monitoring sites, eleven were 

installed at remote locations and are monitored either manually or using single-stage 

samplers for sediment. Table 21 is a summary of the range of suspended sediment 

concentrations measured at each of the remote sites. Sites 150 and 151 are unique in that 

they are located off the leasehold near the coal silos. At present, they are the only two 

sites at which single-stage sedim~nt samplers are used. A Revocab"le Use Permit was 

applied for with the Navajo Tribe in 1982 which would permit the installation of 

single-stage sediment samplers (stipulated by OSM Western Technical Center) at Stream 

Monitoring Sites 25, 26 and 155. Peabody has just recently been informed by the Navajo 

Tribe that the permit will be issued~ These additional samplers will be installed at the 

above-mentioned sites during 1986. 

Automated Site Sediment Analyses. Five stream monitoring sites (15, 16, 18, 35 and SO} 

have been equipped with automated peristaltic pump sediment samplers. Four of these 
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Stream 

Monitoring 

Site No. 

14 

25 

26 

34 

37 

78 

85 

150 

151 

155 

157 

TABLE 21 

Range of Suspended Sediment Concentrations Measured 

At The Remote Stream Monitoring Stations 

117 

Suspended Sediment 

Concentration Range 

(mg/1) 

1 - 156,000 

4 - 91,100 

7 - 125,000 

13 - 146,000 

35 - 173,000 

226 - 128,250 

2,923 - 66,700 

4,860 - 10,040 

570 - 650 

300 - 77,600 

13' 100 - 59,200 



stations, SO, 1S, 16 and 18, allow up- and downstream comparisons of the same flow or a 

variety of flows to be made on Yellow Water Canyon and Coal Mine Washes, respectively. 

The fifth station is located on Upper Moenkopi Wash. An automated station on Lower 

Moenkopi for comparison purposes could not be constructed because the channel is too wide 

at that location. 

The automated sediment sampling stations were positioned in the channels near the thalweg 

and equipped to sample sediment at four different stage heights. Though relations between 

sediment concentration and stage are poorly defined, concentrations are higher in the 

lowel'J:..portions of flows. Stronger relations have been demonstrated between mean velocity 

and ,'sediment concentrations. In flows with rapidly changing stage, such as those on the 

leasehold, mean velocities are at approximately 0.6 of the total depth of flow. The 

sediment sampling ports are designed so that they will begin sampling when-the flow height 

above the sampling ports is approximately O.S of the total depth of flow. Thus, during 

the peak part of the flow, the highest activated sediment samp 1 i ng port wou 1 d be more 

representative of the mean concentration in that vertical of the flow. In contrast, 

during the low portion of the flow the l-owest sampling port {Port 1) would be more 

representative of the mean concentration. Figure 36 is shown to demonstrate this general 

relationship. The flow was of sufficient stage height to trigger all four sediment 

sampling ports. A plot of the sediment concentration versus time for each of the sediment 

sampling ports is presented in Figure 36. Concentration differences on the order of 40 to 

60 percent can be seen depending on where in the flow recession curve samples are taken. 

When.;_ flow discharges are measured concurrently with sediment concentrations, suspended 

sedhnent rating curves can be deve 1 oped which present sediment 1 oad -flow discharge 

rel~tionships representative of the channel reaches and watersheds above the sampling 

points. Figures 37 through 41 are the suspended sediment ratirig curves for each of the 

automated stations based on sedime~t sampling from 1981 to 1985. Sediment rating curve 

comparisons are useful as they incorporate the differences in watershed characteristics as 

well as the impacts from mining. 

Comparison of the sediment rating curves for Yellow Water Canyon Wash (Stations SO and 15) 

indicate that sediment loads at the upstream Site. 50 are higher than those at Site 15 for 

all recorded flows. At the higher flows, Site 15 sediment loads increase at a higher rate 

than those at Site 50 with the difference between them being a factor of five; whereas, at 

the lower flows, the sediment load difference is a factor of ten. Comparison of sediment 

rating curves for Coal Mine Wash (Stations 16 and 18) indicate that sediment loads at the 
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FIGURE 36. Comparison of Sediment Concen
trations versus Sampling Intake Height for 
August 23, 1982 Flow at Station 35 
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upstream Site 16 are higher than those at Site 18 for all recorded flows. The difference 

in sediment loads between the two sites is a factor of nine for the range of flows. In a 

comparison of sediment· rating curves at all five automated sites, Site SO shows the 

highest sediment loads and Sites 3S, 18 and 1S have the lowest sediment loads for 

comparable discharges. Finally, for the five monitors, the highest sediment load of 

2~700,000 .tons/day was measured at Site 16 and th'e lowest sediment load of 2.8 tons/day 

was measured at Site 18. 

Typica'l laboratory procedures fo 11 owed by Western Technologies, Inc. were to analyze 

port! ons of the sediment samples for determining sediment concentrations. Because the ., 

volume~ of sediment ~rom which the portions were obtained are so large, si~nifica~t errors 

can occur if the entire sample is not analyzed. Peabody has investigated this concern in 

198S and have demonstrated for Sites 16 and SO that analyses for total sediment samples 

will yield sediment load value factors of 8 and 13 higher, respectively (see upper best 

fit lines and square symbols on Figures 38 and 40). All future sediment concentrations 

" will be determined based on the total sample. As more data points are plotted to document 

the total suspended sediment loads, corr~ction factors wi 11 be developed to permit 

adjustment of the previous data. 

These suspended sediment rating curves will be utilized in the future to document natural 

channel conditions to be used as criteria at bond release. Following the removal of 

sediment ponds around reclaimed areas, these rating curves will be used to document any 

changes in the sediment loads transported by the channels. 

Sediment Yield Estimates. 

General Leasehold Sediment Yield Estimates. Sediment yields for the seven watersheds 

transecting the Peabody leasehold were calculated by using the Universal Soil Loss 

Equation (USLE) and taking into account the sediment increase from the main channels. 

The USLE shown below was used to calculate the sediment loss for each watershed. 

E = RKLSCP 

where: 

E = soil loss per unit area ton/acre/year 

R = index of erosivity 

K =soil erodibility factor ton/acre/unit of erosion index 

LS = slope length and slope 

12S 



C = cover or cropping factor 

P = support practice factor 

The erosivity index (R) was taken from two-year, six-hour i~opluvial maps prepared by the 

Soil Conservation Service (1976). lsopluvial values used included snowmelt. The 

erosivity index value determined for the leasehold is 40. Soil erodibility (K) values 

were determined for each watershed using Order 1, 3 and 4 soil survey maps prepared by 

Espey, Huston and Associates (EHA). The Order 3 and 4 soils maps are at a scale of 111 = 

2000 1 while the Order 1 maps have a scale of 1'' = 400'. These maps were used to caltulate 

:the; p~rcentage of the different soi 1 types in each watershed. Percentages of different 

soil types were multi p 1 i ed by the respective "K" factor for the respective soil type to 

determine weighted "K" va 1 ues. These weighted va 1 ues were then summed to determine mean 

weighted "K" values for each watershed. 

Average watershed slope and slope lengths were determined following procedures outlined by 

Williams and Berndt (1976). The equation for computing average watershed slope is as 

follows: 

DA 

where, 

S = average watershed slope 

z =total watershed relief (ft) 

LC = contour length at 25, 50 and 75 percent of {ft) 
z 
D~= watershed drainage area (ft

2
} 

Average watershed slope lengths were determined using: 

SL = average watershed slope length (ft} 

LC = contour length (ft) 

LB = base length of LC (ft) 

EP = number of extreme points or drainages between LC and LB 

Length-slope (LS) values were.then determined using procedures and the nomograph developed 

by Wischmeier and Smith (1978). 

Revised 12/01/86 
126 

0 

01 



Three separate cal~ulations of ~verage watershed slope length were made for values of LC 

and LB measured at 25 percent, 50 percent and 75 percent of the total elevation change for 

each watershed. The three va 1 ues were then averaged to obtain the mean watershed s 1 ope 

length fa~ each watershed. 

The cover factors {C) were determined from aerial photos. Based on the percentages of 

different "C" values, total weighted cover factors were computed for each watershed. 

Support practice factors (P} values of 1 were assigned to all watersheds. The "P" 

factor was developed to account for supporting conservation practices such as contour 

furro~ing. Since these sediment yield estimates assumed only undisturbed areas, a maximum 

"P" value of 1 was used to account for the absence ·of conservation practices. 

Table 22 summarizes the estimated annual sediment yields for each of the major watersheds 

to the points where their drainage system exits the west tract of the leasehold or where 

their drainage system merges with one of a higher order near the leasehold boundary. 

Table 22 also shows a comparison of the five variables in the USLE for each watershed. 

The soil erodibility and the length-slope factors appear to account for a majority of the 

differences observed between watersheds with the LS factor by far the most significant. 

The LS factor values for the Yellow Water Canyon, Coal Mine and Moenkopi watersheds are 

two to three times greater than the other four watersheds. This large difference is 

principally due to the fact that Yellow Water Canyon, Coal Mine and Moenkopi watersheds 

are longer, narrower and include significant portions of the rim. Comparatively, the rim 

country includes a large percentage of deep, steep-sided canyons. Yucca ~at watershed 

has the 1 owest over a 11 re 1 i ef and consequent 1 y the lowest tons/ acre/year soi 1 1 oss 

estimate. 

The USLE only estimates the gross annual erosion occurring on the watershed. For Black 

Mesa, gross annual erosion rates P,redicted for the principal watersheds on an acreage 

basis range between 7.3 and 22.6 tons/acre/year. Common practice is to multiply the gross 

erosion values by sediment delivery ratios to account for sediment losses (deposition) en 

route to the downstream measuring points. For this region, sediment delivery ratios are a 

misnomer. Sediment monitoring results on the leasehold suggest that a sediment delivery 

coefficient would be more appropriate (refer to Peabody Sediment Monitoring section). The 

channels are so unstable (consist of loose, very fine sand and silts} that order of 

magnitude sediment load increases can occur as a result of additional entrainment of 

channel bank and bed material as flows concentrate and increase in a downstream direction. 

Revised 12/01/86 

127 



0 0 

TABLE 22 }- ...0 
co ....._ -- ~ 

d:t 
0 ....._ 

Estimated Annual Sediment Yields for the Significant N 
~ 

~ '"0 

Watersheds Within the Leasehold and Their Respective Upper Watersheds to the Rim C1> 
(/) 

~ ...... 
> 
C1> - a:: 

""' E Area E Sediment Yield 
\ 

watershed R K LS c p Tons/Acre/Year Acre Tons/Year Tons/Year ) 
Yellow Water Canyon Wash 40 o19 9o3 o32 22o62 27,927 631,709 884,393 / 

Coal Mine Wash 40 018 9o6 o26 17o97 27,825 500,015 700,021 

Moenkopi Wash 40 o20 9o0 0 31 22o32 39,964 891,996 1,248,794 

Reed Valley Wash 40 o28 4o2 .32 15o05 8,839 133,027 186,238 

Red Peak Valley Wash 40 o26 4o3 o31 13o86 10,406 144,227 201,918 co 
N 
~ 

Yucca Flat Wash 40 0 21 2o8 o31 
t 
1 7.29 18,618 135,725 190,015 

Dinnebito Wash 40 .22 4.0 .34 11.97 33,802 404,610 566,454 



Comparisons of SEDIMOT II sediment load estimates with sediment monitoring data (Site 16 

suspended sediment rating curve) for Coal Mine Wash suggests tha~ sediment load increases 

from channel sedi~ent contributions range between 4 percent at low flows (100 cfs) and 45 

percent at higher flows (3000 cfs) (see Coal Mine Wash Pre~ and P6stmining Sediment Yield 

Estimates). Using a conservative estimate of 40 percent for channel contributions to 

sediment loads in the main channels (sediment delivery coefficient), sediment yields from 

the principal washes on the leasehold could actually be as high as 186,000 to 1,200,000 

tons per year (see Table 22). It is emphasized that the channel increases in sediment 

load are limited to the main stems and the significant sandbed portions of the larger 

tribu~aries. Elsewhere in the system, overland flow is significant, and the USLE values 

are probably a reasonable estimate of sediment yield. 

~1 Mine Wash Pre- and Postmining Sediment Yield Estimates. SEDIMOT H is a computer 

model designed to predict runoff.and sediment loads from watersheds that have been mined 

or are in the process of active mining. Input parameters take into account 

precipitation, soils, topography and vegetation. Adjustment of these parameters allows 

for the evaluation of watershed changes resulting from mining activities. 

Se 1 ecti on of the representative watershed in which SED I MOT I I has been app 1 i ed for 

evaluating pre- and postmining conditions involved several criteria. The watershed 

selected must be of sufficient size to encorporate the range of soi 1, topographic and 

vegetative conditiDns encountered on Black Mesa. Also, the watershed must contain 

established reclaimed coal resource areas (RCRA's). Finally, the watershed must contain a 

similar distribution of soi1s, topographic features and vegetation as other principal 

watersheds. 

Three large watersheds di sect the major portion of the Black Mesa leasehold: ~ 1) Yellow 

Water Canyo~; 2) Coal Mine Wash; a~d 3) Moenkopi Wash. To their respective confluences 

with the lower permit boundary, Coal Mine Wash drains 42.9 square miles, and Moenkopi 

drains 62.1 square miles. Yellow Water Canyon Wash watershed encompasses 43.5 square 

miles, to its confluence with Coal Mine Wash. 

Active mining on Black Mesa is presently occurring in the J1/N6, J7, J16, J21 and N-14 

Coal Resource Areas (CRA's). Portions of each are in the process of, or have been 

reclaimed. Of the three watersheds (Yellow Water, Coal Mine and Moenkopi}, Coal Mine Wash 

has the largest portion of established RCRA's (see Drawing No. 85405). The J3, N1 and N2 

CRA's, contained in the Coal Mine Wash watershed, have been mined out, and reclamation 
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activities have been completed in each, with the exception of small areas in the J3 CRA 

(i.e. solid waste landfill). Completion of reclamation activities in the N1 CRA occurred 

in 1983, and final reseeding of the N2 CRA was accomplished during the first part of 198'6. 

Total acreage of these two areas is approximately 2,000 acres~ or 7 percent of the Coal 

Mine Wash drainage. 

A discussion of soils, slopes, slope length&, vegetative cover types, channel gradients 

and stream orders in Yellow Water Canyon, Coal Mine Wash and Moenkopi Wash follows. 

Sotl$_surveys conducted in 1985 by Intermountain Soils, Inc. included order 3 and order 4 

mapp-ing of various soil complexes (see Appendix 1). Areal distributi.ons of order 3 and 4 

complexes in each watershed have been compiled and are presented in Table 23a. 

The order 4 Torriorthents and the order 3 Zyme complexes make up the- greatest areal 

percent of the mapped units in each watershed. All three watersheds contain more than 47 

percent of the Torriorthent soils, and have a minimum of 10 percent of the Zyme complex 

soils. 

Average watershed slopes and slope. lengths for the three 1 arge watersheds have been 

determined using methods outlined by Williams and Berndt, 1976 (see General Leasehold 

Sediment Yield Estimates, Chapter 15). They have been compiled and are presented below: 

Yellow Water Canyon 

Coal Mine Wash 

Moenkopi Wash 

Average Slope (%) 

19.2 

20.4 

19.3 

Average Slope Length (ft.) 

590 

550 

530 

The average watershed slope calculated for Coal Mine Wash is only 1 percent greater than 

watershed slopes determined in the Yellow Water Canyon and Moenkopi Wash drainages. The 

average slope length of Coal Mine Wash is approximately the average value of the slope 

length rarige determined for all three watersheds. 

Pinyon-Juniper, Sagebrush and Oak-Aspen are the three principal cover types used for 

determining S.C.S. curve numbers (see Peak Flow Estimates, Chapter 15). The percent 

distribution of these cover types in each watershed have been summarized and are presented 

below: 
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TABLE 23a 

Percentages of Order 3 and 4 Soil Complexes as 

Mapped by Intermountain Soils, Inc. in 

Yellow Wate~Canyon Wash, Coal Mine Wa$h and Moenkopi Wash 

Percentages 

Yell ow 

Water Coal 

Canyon Mine Moenkopi 

Soi 1 Com~ lex Ma~ Unit Number Wash Wash Wash 

Zyme-Cahona-Dulce 20 0 0 0 

Zyme Complexes 21-25 10.0 13.4. 24.2 

Cahona-Zyme 26 0 0 1.5 

Begay""'Las Lucas 27 2.1 3.8 3.1 

Las Lucas- Zyme-Dulce 28 0 2.2 0 

Dulce Complexes 29-33 6.2 2.0 16.0 

San Mateo 36 0 0 1.2 
P' 

Haplargids-Torriorthents 40 0 0 0 

Torriofluvents 41 3.3 1.9 2.4 

Torriorthents 42,43 75.1 57.9 47.5 
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Cover Type 

Pinyon-Juniper 

Sagebrush 

Oak-Aspen 

Yellow Water 

76.3 

9.0 

8.7 

Coal Mine 

59.5 

10.6 

28.2 

Moenkopi 

67.7 

25.0 

6.3 

Coal Mine Wash has the lowest percentage of Pinyon-Juniper and the highest percentage of 

Oak-Aspen cover type. The Oak-Aspen cover type is found principally in the upland area of 

this watershed, several miles above the permit boundary. Moenkopi Wash has the highest 

percentage of Sagebrush cover type, mostly distributed along the lower portions of the 

water::;~hed. The percentage of Sagebrush cover is approximately the same in the Yellow 

Wate~ and Coal Mine Wash watersheds. 

Gradients of the main stream channels in each of the watersheds have been determined and 

are • 0076 ft/ft for Yell ow Water Canyon Wash, • 0080 ft/ft for Coa 1 Mine Wash and . 0077 

ft/ft for Moenkopi Wash. 

Stream orders for the three drainages have been discussed (see Geomorphic Relationships, 

Chapter 15), and are indicative of each drainage's relationship to the larger drainage 

network from the Black Mesa Region. Yellow Water Canyon, a tributary to Coal Mine Wash, 

has a stream order of G. Coal Mine Wash, a tributary to Moenkopi Wash has a stream order 

of 7, and Moenkopi Wash, the principal wash draining the region has a stream order of 8. 

Based on the parameters compared in the previous paragraphs, Peabody fee 1 s that the 

simi 1 ari ty between the Coal Mine Wash watershed and the Ye 11 ow Water Canyon and Moenkopi 

watersheds has been demonstrated. Coal Mine Wash watershed also contains a large portion 

of established reclamation, the N-1 and N-2 CRA's. Thus, Coal Mine Wash watershed was 

selected for comparing the differences in runoff and sediment yield between premining and 

postmining conditions using SEDIMOT II. 

For modeling purposes, Coal Mine Wash was subdivided into fourteen primary watersheds of 

similar sizes ~nd shapes (see Drawings 85710R and 85720R). Roman numerals were used to 

designate each primary watershed. SEDIMOT II junction locations were established at each 

primary watershed area outlet. The outlet of the entire Coal Mine Wash watershed area 

(includes primary watersheds I-XIV) was established at the location of Stream Station 18, 

and corresponds to the junction location of primary watershed XIV. 

Watershed boundaries and junct~on locations for primary watersheds I through VI 1 were 
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established during the subdivision process involved in estimating peak flows using SED1MOT 

II (see Peak Flow Estimates, Chapter 15). Due to its large area, primary watershed Ill 

was subdivided into three subwatersheds, and null structures were estab 1 i shed at each 

subwatershed outlet. Watershed boundaries, junction locations and input parameters 

determined for primary watersheds through VII under premi ni ng conditions were not 

altered for postmining conditions, as these watersheds all lie upstream ·Of the leasehold 

boundary and mining activity. Computed runoff and sediment from these watersheds provided 

·input to the main Coal Nine Wash channel below junction VI I. 

Water~hed boundaries and junction locations for. primary watersheds VIII through XIV were 

established in order to create watersheds wi.th similar shapes and sizes • Primary 

watersheds VIII, IX, XI, XII, XIII and XIV were further subdivided into subwatersheds, 

with null structures established at each subwatershed outlet. This further subdivision 

was performed in order to partition areas with a predominance of postmining reclaimed 

areas into separate subwatersheds. Junction and null structure locations established for 

premining conditions were not altered for postmining conditions, insuring common points at 

each primary watershed outlet at which comparisons of runoff and sediment were made. No 

more than two branches per junction were used. 

However, due to changes in topographic features in some primary watersheds and 

subwatersheds resulting from mining and reclamation activities, watershed areas (acreages) 

for postmining conditions were altered. Table 23b is a tabulation of percent change in 

watershed area (acreages) from premining conditions to postmining conditions and percent 

of reclaimed areas contained in primary watersheds and subwatersheds VIII through XIV 

under postmining conditions. 

Two sets of peak discharge, runoff volume, peak sediment concentration and sediment yield 

values were generated. The first set was calculated assuming no mining activities had 

begun in the Coal Mine Wash drainage above Stream Station 18 (Junction XIV). The second 

set of estimates were generated accounting for the estab 1 i shment of the N-1 and N-2 

reclaimed coal resource areas within the Coal Mine Wash drainage (postmining conditions). 

Postmining conditions include the as~umptidn that the internally draining impoundments in 

N-1 and N-2 have not been established, and that the established subwatersheds in which 

these impoundments have been created have. a theoretically continuous drainage to the main 

Coal Mine Wash channel. Also, postmining conditions include the assumption that all 

sediment structures have been removed, providing flow paths from the N-1 and N-2 reclaimed 
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TABLE 23b 

Percent Change in Watershed Area (Acreage) artd 

Percent of Reclaimed Area (Acreage} in Primary Watersheds and 

Subwatersheds VII I through XIV for Postmining Conditions 

Established in Coal Mine Wash Using SEDIMOT II 

Percent Change 

in Area 

Pri;llla~y Watershed or 

Subwatershed Number 

From Premining to 

Postmining Conditions 

Percent 

Reclaimed Area 

Encompassed 

VIII A 

VIII B 

IX A 

IX B 

X 

XI A 

XI B 

XII A 

XII B 

XIII A 

XIII B 

Kfl.l c 

XIV A 

XIV B 

XIV C 

-27.6 

+ 8.0 

.6 

-23.3 

- 6.2 

-19.0 

+22.0 

- 9.6 

+52.4 

+20.0 

- 2.3 

-26.1 

+ 7.5 

- 1.5 

+ 3.3 
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11.7 

23.5 

0 

61.8 

0 

100.0 

74.3 

11 0 7 

87.0 

65.1 

1.0 

33.7 

6.6 

0 

0 
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areas to the main Coal Mine Wash channel. Finally, all hydrology and sedimentology 

parameters used for inputs to the SED I MOT II postmi ni ng runs take into account reclaimed 

area topography, soils and .vegetation. The following discussion describes methods and 

techniques used to determine model inputs to the hydrology and sedimentology portions of 

SEDIMOT II. 

A precipitation depth of 2.09 inches corresponding to the 10-year, 24-hour recurrence 

interval storm with a Type-1 I distribution was used to generate runoff for the entire Coal 

Mine Wash watershed under both premi ni ng and postmi ni ng conditions. This value was 

determined using Arizona Departm~nt of Transportation criteria, outlfned in the "Pe~k Flow 

Estimates" section of the Hydrologic Description, Chapter 15, PAP. 

Time of concentration for each watershed was calculated using Kirpich's formula (see Peak 

Flow Estimates). Peabody's engineering staff have utilized this method for time of 

concentration calculations involved in sediment control facility design. Estimates made 

using this method yield conservative values. 

Curve numbers were determined by weighting the areal distribution of the vegetation/soil 

group complexes in each watershed. Curve numbers for each selected vegetation/soil group 

complex were calculated by Peabody Engineers using criteria developed by the Soil 

Conservation Service (see "General Report" Geotechnic, Hydrologic and Hydraulic Evaluation 

of Sediment Structures, Attachment D of Chapter 6, PAP). A more detailed discussion on 

the selection of curve numbers can be found in the Peak Flow Estimates section of Chapter 

15, PAP. Curve number va 1 ues for each comp 1 ex have been compiled and are presented in 

Table 24. 

Flow routing between junctions and structures is performed irt SEDIMOT 11 using Muskingum 

routing techniques. Muskingum "K" and "x" parameters for channel reaches between 

junctions and structures established in Coal Mine Wash were determined by using formulas 

previously discussed at length in the "Peak Flow Estimates" section, Chapter 15, PAP. 

Input values for the sedimentology portion of SEDIMOT II were determined from engineering 

tests on soils by PCC personnel, soil survey information collected by Intermountain Soils, 

Inc. (see Appendix 1), or by selecting default values provided by SEDIMOT II. 

An average specific gravity value of 2.68 has been determined 

representative number of soil series types sampled on Black Mesa. 
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The default value of 
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TABLE 24 

Curve Numbers for Vegetation/Soil Croup 

Complexes Used in SEOIMOT I I Calculations 

for Coal Mine Wash 

Vegetation/Soil Group 

Pinyon-Juniper 

Average Mine Conditions 

C-0 Soil Group 

Pinyon-Juniper 

Poor Mine Conditions 

C Soil Group 

Chained Areas 

Fair Hydrologic Conditions 

C-O Soil Group 

Sagebrush-Grass 

Average Mine Conditions 

C-O Soil Group 

Sagebrush-Grass 

Poor Mine Conditions 

C-O Soil G~oup 

Oak-Aspen 

Poor Hydrologic Conditions 

0-Soil Group 

Reclaimed Areas 

Post-Law (1977) Contoured 
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CN 

80 

85 

85 

76 

82 

79 

81 



0 

1.5 was selected for the coefficient for distributing sediment loads. The default value 

of 1.25 was chosen for submerged bulk specific gravity. 

Parti c 1 e size va 1 ues and percent finer values used for sediment yfe ld ca 1 cu 1 at ions are 

presented in Table 25a. Fifteen particle size values were chosen for establishing percent 

finer values for each soil series. These particle size distributions were utilized to 

obtain representative distributions in each watershed for modeling purposes. Particle 

size distributions in each watershed for both pre~ and postmining conditions were 

determined by areally weighting soil series mapped by Intermountain Soils, Inc. 

The MUSLE sedimentology subroutine was used for all sediment yield estimates. Inputs 

required for using this subroutine are soil erodibility ("K"), average watershed slope 

("S")_, average watershed slope length ("L"), control practice factor ("C") and particle 

size distribution number. 

"K" factors for each soil series mapped in the Coal Mine Wash drainage were determined by 

Intermountain Soils, Inc. (Appendix 1). "K"-factors for each watershed were calculated by 

weighting the areal distributions of each soil series and respective "K" value •. Reclaimed 

areas were assigned "K" values of .42 by Intermountain Soils, Inc. personnel. 

Average watershed slopes {"S") for each watershed (both pre- and postmining) were 

calculated using the contour-length method (Williams ~nd Berndt 1976}. The relationship 

is as fo 11 ows: 

DA 

where, 

S = average watershed slope 

Z = total watershed relief (ft) 

LC = contour length at 25, 50 and 75 percent of Z (ft) 
X 

and, 

DA = watershed drainage area (ft
2

) 

Average watershed slope lengths for each watershed (both pre- and postmining) were 

calculated using the extreme point method (Williams and Berndt 1976). The relationship is 

as follows: 
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\.0 

TABLE 25a 00 ....._ 
r 
a ....._ 
N 
r 

Particle Size Values and Percent Finer Values "0 
Q) 
(/) 

For Soils on the Black Mesa Leasehold 
...... 
> 
Q) 

a:: 

Particle Size Percent Finer Values 

Values Cahona Bond Beg ax Oeloe San Mateo Las Lucas Shares zxme Dulce Travesilla 

38.1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

4.76 100.0 100.0 100.0 100.0 100.0 100.0 100.0 95.0 75.0 79.0 

2.38 100.0 100.0 100.0 100.0 100.0 100.0 100.0 92.0 64.0 73.0 

1.19 100.0 99.5 99.5 100.0 99.5 99.5 99.5 90.0 60.0 69.0 

.590 99.0 99.2 99.0 100.0 98.0 99.0 99.5 90.0 58.0 67.0 00 
~ 
r 

.297 98.0 99.0 98.0 99.0 96.0 98.0 98.0 90.0 55.0 64.0 

.149 94.0 94.0 90.0 96.0 90.0 87.0 95.0 90.0 50.0 48.0 

.074 63.0 70.0 68.0 77.0 81.0 72.0 81.0 89.0 41.0 39.0 

•• 037 40.0 43.0 46.0 59.0 69.0 66.0 55.0 88.0 31.0 35.0 

.019 26.0 29.0 33.0 42.0 53.0 52.0 37 .o 77.0 23.0 30.0 

.009 24.0 23.0 26.0 36.0 44.0 42.0 29.0 64.0 18.0 27.0 

.005 21.0 18.0 22.0 33.0 36.0 36.0 24.0 55.0 16.0 23.0 

.002 18.0 15.0 17.0 25.0 26.0 26.0 17.0 43.0 11.0 17.0 

.001 16.0 13.0 15.0 21.0 22.0 23.0 14.0 35.0 9.0 15.0 

.0001 0.0 0.0 0.0 o.o o.o 0.0 o.o 0.0 0.0 0.0 



SL= LC x LB 

2EP[(LC)
2 

- (LB) 2 ]~ 

where, 

SL = average watershed slope length (ft) 

LC = contour length (ft) 

LB = base length of LC (ft) 

and, 

EP = number of extreme points or drainages between LC and LB 

Contours measured in each watershed were used to calculate ~oth average slope and slope 

lengths. The maximum slope length value allowable using SEDIMOT I I is 800 feet. 

Therefore, those watersheds in which the calculated slope length exceeded the maximum 

value were assigned an average watershed slope of 800 feet. 

Control practice factors were determined by assigning a "C" value to similar vegetation 

cover descriptions used for curve number selections. Control practice factors for all 

vegetation cover descriptions other than reclaimed areas were selected using criteria 

outlined in the S.C.S. table "C Values for Permanent Pasture, Rangeland and Idle Land" 

(S.C.S. 1972). Reclaimed areas were assigned a "C" value of .. 15 by Peabody and consulting 

engineers (see "General Report" Geotechnic, Hydrologic and Hydraulic Evaluation of 

Sediment Structures", Attachment D, Chapter 6, PAP). "C" factors for each subwatershed 

were calculated by weighting the areal distribution of each vegetation cover type. Table 

25b is a compilation of the assigned "C" value for each vegetation cover type. 

Tables 26 and 27 are SEDIMOT II input files used to evaluate the effects of pre- and 

postmi ni ng conditions in Co a 1 Mine Wash on runoff and sediment. Each row of numbers 

corresponds to a specific Card Code number included in the tables~ Also, a brief title 

for each card code has been provided. The reader should refer to the SEDIMOT II User's 

Manual (Wilson et al. 1981) for a complete explanation of each card code. 

Tables 28a and 28b present junction results of the SEDIMOT II runs for the individual 

primary watersheds VIII through XIV under premining and postmining conditions. Both 

tables also present the cumulative results of all primary watershed and subwatershed 

contributions down to junction XIV (I-XIV results in Tables 28a and 28b). 

Reclaimed soils, topographies and vegetation modeled under postmining conditions resulted 
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Table 25b 

Control Practice Values for Vegetation 

Cover Descriptions Used in SEDIMOT II 

Calculations for Coal Mine Wash 

Cover Descriptions 

Pinyon-Juniper 

Oak-Aspen 

Sagebrush 

Chained Areas 

Reclaimed Areas 

140 

"C" Value 

.386 

.040 

.170 

.100 

.150 
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T 26. Input Data for SEDIMOT II Coal Mine Wash ~mining Conditions 

COAL t-1 I NE WASH SEDIMENT ANALYSES (PRE-MINING CONDITIONS) (CC1) 
2 2 (CC2) 

2.09 24. . 1 1 . (CC3) 
15. 2 (CC4) 

1 2 2 2 2 (CC5) 
2 2 2 2 2 ~CC5~ 
2 2 2 2 1 CC5 

2.68 1. 5 1.25 (CC6) . / 

10 15 (CC7) 
38. 1 4.76 2.38 1. 19 0.590 0.297 0.149 0.074 0.037 0. 019 

0.009 0.005 0.002 0.001 0.0001 (CC8) 
100.0 84.0 76.6 73.5 72.4 70.7 68.0 62.6 56.6 47.3 

38.7 33.5 25.4 20.7 0.0 (CC9) 
100.0 81.8 73.5 70.2 68.9 66.8 63.6 57.3 50.3 41.4 

33.6 29.2 21.9 17.8 0.0 (CC9) 
100.0 73.0 64.1 60.6 59.1 56.7 52.9 45.7 37.8 29.9 
24.0 21.0 15.2 12.5 0.0 (CC9) 

100.0 83.5 77.3 74.4 73.2 71.4 67.2 58.7 50.1 40.4 
32.8 28.5 21 . 3 17.5 0.0 (CC9) 

100.0 91.5 87.3 85.2 ·S4. 7 83.7 80.1 73.2 67.5 56.5 
46.5 40.0 30.6 25.3 0.0 (CC9) 

100.0 92.0 88.3 86.6 85.7 84.6 79.2 69.7 63.1 51.8 
42.4 36.7 27:5 23.2 0.0 (CC9) 

100.0 . 97.9 96.6 95.5 95.2 94.6 88.7 76.4 66.6 54.1 
44.2 37.8 28.9 24.4 0.0 cc;:~~ 9 100.0 89.2 84.1 81.7 81.0 76.6 70.7 65.4 55.0 

~ 45.1 39.0 29.8 24.5 0.0 (CC9) ..,:-
~ 100.0 91.0 86.6 84.4 83.8 82.9 79.5 73.4 68.6 57.7 

47.4 40.9 31. 3 25.9 0.0 (CC9) 
100.0 95.9 93.8 92.2 92.0 91.3 86.4 77.5 71.8 59~7 
49.1 42.2 32. 1 26.9 0.0 (CC9) 

1 (CC10) 
0. o .. 0. (CC11)I 

1 1 (CC10) 
.00 .03 .39 (CC11)II 
0. 0. 0. (CC11) 

1 1 ( CC1 0) 
.00 .19 .39 (CC11)III 
0. 0. 0. (CC11) 

1 1 (CC10) 
.00 .39 .39 (CC11)IV 
0. 0. c. (CC11) 

1 1 (CC10) 
;:::10 .00 .06 .43 (CC11)V CD 
< 0 . 0. o·. (CC11) ...... 
CJl 1 1 (CC10) CD 
0. .00 .2~ .43 (CC11)VI 
~ 

N 0. 0. 0. (CC11) --0 1 1 (CC10) 
~ -- .00 .14 .43 (CC11)VII 00 
0'\ 0. 0. 0. (CC11) 

1 1 (CC10) 
. 00 . . 1 1 .43 ~CC11~VIII 
0. 0. 0. CC11 

1 1 (CC10) 
----------- ---·----------- -------··----------~--. 

---~~--~--~----- ------~-----~----~..,.._.._--------~-~------~-------



Table 26 (cont.}. Input Data for SEDIMOT I I Coal Mine Wash Premining Conditions 
G .12 .LI3 (CC11)IX 

0. 0. (CC11) 
1 1 (CC10) 

.00 • 01-t .43 (CC11)X 
o~ 0. 0. (CC11) 

1 1 (CC10) 
..0 .00 .09 .43 (CC11)XI IX) ...._ o. o. 0. (CC11) ~ 

0 1 1 ( CC1 0) ...._ 
N .00 ~ 14 .43 (CC11)XII ~ 

o. 0. 0. (CC11) "'C 
Q) 

1 , ( CC10) "' •r-1 
.00 • 15 .LI3 (CC11)XIII > 

Q) 

0. 0. o. (CC11) a::: 

1 1 (CC10) 
.00 .26 . 43 (CC11)XIV 
0. 0. 0. (CC11) 

1 (CC10) 
. 0. 0. 0. (CC11)XV 

(CC12)I 1 1 3 3 2 
3491.0 76.5 1. 14 0. 0. (CC14~i 1 • 2 . (CC13)I 

. 172 800. 33. 9. . 177 1. 0 
0 1 3 3 2 ( CC12)II 
1 1 3 3 2 (CC12) 

3499.2 79.6 1 . 21 0. 0. 0. , . 2. (CC13)II 
~173 740. 28.0 . 177 1. 0 (CC14)II 

0 1 3 3 2 (CC12)III 
N 3 1 3 3 2 ( CC12), -:t-
~ 2019.4 79.6 .88 0. 1. 00 .35 l. 2. (CC13)IIIA 

. 170 720 . 41.7 .151 1 . 0 (CC14) IIIA .. 
1958.1 79.6 .92 o~ .35 .39 , . 2. (CC13)IIIB 

. 172 800. 30.4 .211 1 . 0 (CC14) IIIB . 
1698.8 79.6 , . 00 0. 0. 0. . 1 • 2 . (CC13)IIIC 

.178 370. ~ 27.2 .205 '2.0 ( CC14 ).IITC 
0 , 3 3· 2 ( CC12 )IV= 
1 1 ' 3 3 2 ( CC12) 

2220.9 79.6 
, 

.91 0. 0. 0. 1 . (CC13)IV 2. .170 730. 31.0 .242 3.0 (CC14)IV 
0 1 3 3 2 (CC12)V 
1 1 ·3 3 2 (CC12) 

1559.3 79.5 .82 0. 0. 
( CC1~)V 1. 2. (CC13)V 

• 183 380 . 21.7 .299 2.0 
0 1 3 3 2 (CC12)VI 
1 1 3 3 2 (CC12) 

181Li.4 79.3 .75 0. 0. o. 1 . 2. (CC13)VI 
. 192 420. 19.6 . 3.30 1. 0 ~CC14)VI 0 1 3 I 3 2 CC12 VII 

1 1 3 3 2 ( CC12) 
2008.2 84.6 .62 0. 0. 0. 1 . 2. (CC13)VII 

.207 530. 18.3 .356 1. 0 (CC14)VII 
0 1 1 1 2 ~cc12FIII 2 1 , 1 2 CC12 

635.6 81+. 7 .42 0. .20 .3~ 1 . 2~ (CC13)VIIIA 
. 195 560. 9.9 .363 ·4.0 (CC14 VIIIA 

469.0 83.9 .38 0. P. 0. 1 . 2. (CC13)VIIIB 

-~------~------
··----------·-·-·- --··------~l 



Jable 26(cont.). Input Data for SEDIMOT II Coa 1 ~ne Wash Premining Conditions 

.256 660. 14.9 .305 6.0 (CC14)VIIIB 
0 1 1 1 2 (CC12)IX 
2 1 1 1 2 (CC12) 

787.8 84.6 . 53 0. o . o. 1 . 2. (CC13)IXA 
.225 470. 21. 1 -~55 5.0 (CC14)IXA 

242.3 85.0 . 39 0. 0 . o. 1 . 2. (CC13)IXB 
.238 530. 12.0 .374 5.0 ~CC14)IXB 

0 1 1 1 2 CC12)X 
1 1 1 1 2 (CC12) 

792.5 84.8 . 81 0. 0 . 0. 1 . 2. (CC13)X 
. 234 440 . 9.9 .371 5.0 (CC14)X 

0 1 1 1 2 (CC12)XI 
2 1 1 1 2 (CC12) 

583.5 85.0 .55 0. . 12 .39 1. 2. (CC13)XIA 
.243 660. 7.2 .383 5.0 (CC14)XIA 

435.6 8q.2 . 51 0. 0. 0. 1 • 2 . (CC13)XIB 
. 3lJ4 560. 9.4 .329 7.0 (CC14)XIB 

0 1 1 1 2 ~CC12~XII 
2 1 1 1 2 CC12 

566.9 84.1 .48 0. . 11 .39 1 • 2. (CC13) XIIA 
.259 480. "9. 1 .321 10.0 ( CC14) XI IA 

474.5 84.5 .y5 0. 0. o.· 1 . 2. ( CC13) XIIB 
.300 470. 7.9 .348 7.0 (CC14)XIIB 

0 1 1 1 2 (CC12)XIIJ. 
3 1 1 1 2 (CC12) 

450.7 84.5 .40 0. • 08 . .43 1 1 o 2. (CC13)XIIIA 
~ . 262 480 . 8.8 .351 10.0 (CC14)XIIIA 
...J:-
\...N 621. 1 84.6 .54 0. .01 .43 1 . 2. (CC13)XIIIB 

.260 540. 8. 1 .358 6.0 (CC14)XIIIB 
178.6 84.8 .32 0. 0. 0. 1 . 2. (CC13)XIIIC 

. 215 410 . 9.5 . 374 9.0 ~GC14~XIIIC 
0 1 1 1 2 CC12 XIV 
3 1 1 1 2 (CC12) 

294.5 84.3 . 28 0 . . 19 .43 1. 2. (CC13)XIVA 
.227 480. a·. 6 .335 9.0 (CC14)XIVA 

420.4 84.2 . 33 0. .06 .43 1 . 2. (CC13)XIVB 
. 199 480. qo.s .327 8.0 (CC14)XIVB 

252.9 83.6 .44 o. 0. 0. 1 . 2. (CC13) XIVC 
.204 450. 11 . 3 .284 8.0 (CC14)XIVC 

0 1 1 1 2 (CC12)XV 
::::0 ********************************* END OF FILE*******************· (!) 

< CARD CODE LEGEND ...... 
VI 
(!) CARD CODE 1 - WATERSHED I DEr~T IF I CAT I ON CODE (CC1) 
c.. 

~ 
CARD CODE 2 - STOHrvt TYPE (CCZ) 

N C.A.RD CODE 3 - STORf-1 DATA (CC3) --0 CARD CODE 4 - NUMBER OF JUNCTIONS (CC4) 
~ -- CARD CODE 5 - NUMBER OF BRANCHES/JUNCTIONS (CC5) CXl 
cr. CARD CODE 6 - SEDIMENTOLOGY PARAMETERS ( CC6) 

CARD CODE 7 - NUI"lBER OF PARTICLE SIZE DISTRIBUTIONS (CC7) 
CARD CODE 8 - SEDIMENT PARTICLE SIZES (CC8) 
CARD CODE 9 - PEJ<C[NT FINER (CC9) 
CARD CODE 10 - NUf'iBER OF STRUCTURES PER BRANCH (CC10) 
CARD COVE 11 - BET~/EEN STRUC-r URE ROUTING PARAHETERS (CC11) 
CARD CODE 12 - SUU~JATERSHED/ STHUCTURE I N FORr•1AT I ON (CC12) 
CARD CODE 13 - SUBWATERSHED OAlA (CC13) 
CARD CODE 14 - SEDIMENTOLOGY DATA CC14) 



Table 27. Input Data for SEDIMOT II Coal Mine Wash Postmining 
coo~ -., I NE WASH SEDIMENT ANALYSES (POST-MIN .1 NG CON ·1 ONS) 

.,.,. · 2 2 (CC2) 
2.09 24. .1 1. 

15 2 (CC4) 
1 2 2 
2 2 2 
2 2 2 

2 
2 
2 

2.68 1.5 1.25 (CC6) 
10 15 (CC?) 

38.1 4.76 2.38 
o~oo9 o.oo5 o.oo2 
100.0 84.0 76.6 

38.7 33.5 25.4 
100.0 81.8 73.5 

33.6 29.2 21.9 
100~0 73.0 64.1 
24.0 21.0 15.2 

100.0 98.7 98.0 
32.4 27.2 21.2 

100.0 93.4 90.4 
39.8 34.3 25.8 

:oo.o 92.8 89.3 
47.8 41.1 31.4 

100.0 100.0 100.0 
24.5 20.0 16.0 

100.0 89.7 84.8 
45.1 38.9 29.8 

100.0 95.7 93.6 
35.5 30.0 23.2 

100.0 86.3 80.2 
31.8 27.4 20.6 

1 (CC10) 
o. 0. 

1 1 
.00 .03 
0. 0. 

1 1 
. 00 . 19 
0. 0. 

1 1 
. 00 . 39 
o. 0. 

1 1 
.00 .06 
o. 0. 

1 1 
. 00 .22 
0. 0. 

1 1 
. 00 . 14 
0. 0. 

1 1 
. 00 . 11 
0. 0. 

1 1 

0. 
(CC10) 

. ~ 39 
0. 

(CC10) 
.39 
0. 

(CC10) 
.39 
0. 

(CC10) 
.43 
0. 

(CC10) 
.43 
0. 

(CC10) 
.43 
0. 

(CC10) 
.43 
0. 

(CC10) 

1 . 19 
0.001 
73.5 
20.7 
70.2 
17.8 
60.6 
12.5 
97.2 
18.2 
88.7 
21.8 
87.3 
26.0 
99.6 
1 Lt. 0 
82.5 
24.5 
92.3 
'19. 7 
77.6 
17.2 

(CC11)I 

(CC11)II 
(CC11) 

(CC11)III 
(CC11) 

(CC11)IV 
(CC11) 

(CC11)V 
(CC11) 

(Ct11).VI 
(CC11) 

(CC11)VII 
(CC11) 

(CC11)VIII 
(CC11) 

(CC3) 

2 
2 
1 

0.590 
0.0001 

72.4 
o.o 

. 68.9 
0.0 

59.1 
0.0 

96.7 
0.0 

88.1 
0.0 

86.9 
0.0 

99.1 
0.0 

81.7 
o.a 

91.8 
0.0 

76.5 
0.0 

0.297 
(CC8) 

70.7 
(CC9) 

66.8 
(CC9) 
56.7 

(CC9) 
96.1 

(CC9) 
87.0 

(CC9) 
86.0 

(CC9) 
98.5 

(CC9) 
80.7 

(CC9) 
91 ,, 1 

(CC9) 
74.8 

(CC9) 

0. 149 

68.0 

63.6 

52.9 

90. 1 

81.5 

82. 1 

92.0 

77.3 

86.0 

.. 70.4 

Conditions 
(CC1) 

0.074 0.037 

62.6 56.6 

57.3 50.3 

45.7 37.8 

71.7 53.2 

69.8 60.7 

75.0 69.5 

69.0 LJ4. 5 

71. 1 65.6 

71 . 1 55.9 

60.0 49.5 

0.019 

/..t.7. 3 

41.4 

29.9 

40.3 

4~.7 

58.2 

3i.o 

55.0 

43.7 

39.3 ., 

...0 
co -'"" 0 -N 

'"" 



Q1e ~7(cont.). Input Data for SEDIMOT I I Coal Wash Postmining Conditions 
~ . 00 . 12 .43 ~cc11Fx 

0. 0. 0. CC11 
1 1 (CC10) 

.00. .04 .43 (CC11)X 
0. o. 0. (CC11) 

1 1 (CC10) 
• 

.00 .09 .43 ~CC11~XI 
0. o. 0. CC11 

l 

1 1 (CC10) 
.00 .14 .43 (CC11)XII 
0. 0. o. (CC11) 

1 1 (CC10) 
.00 . 15 .43 (CC11)XIII 
0. 0. 0. (CC11) 

1 1 (CC10) 
.00 .26 .43 (CC11)XIV 
0. 0. 0. (CC11) 

1 (CC10) 
0. 0. 0. (CC11)~V 

1 1 3 2 (CC1Z)I 
3491.0 76.5 1 . 14 0. o:. 0. 1 . 2. I (CC13)I 

. 172 800 . 33.9 . 177 1. 0 ~CC14~I 
0 , 3 3 2 CC12 II 
1 1 3 3 2 (CC1Z) 

3499.2 79.6 1. 21 o. 0. o. .. 1 • 2. (CC13)II 
. 173 740 . 28.0 .177 1. 0 (CC14)II 

.....lo 0 1 3 3 2 ~CC1Z~III ...s:- 3 1 3 3 2 CC12. V1 

2019.4 79.6 .88 o. 1. 00 .35 1 . 2. (CC13)IIIA 
. 170 720. 41.7 . 151 1. 0 (CC14)IIIA 

1958.1 79.6 .92 0. .35 . 39 1 . 2. (CC13)IIIB 
. 172 BOO • 30.4 . 211 1. 0 (CC14)IIIB 

1698.8 79.6 1. 00 o. 0. 0. l. 2. (CC13)IIIC 
. 178 370 . 27.2 .205 2.0 (CC14)IIIC 

:::0 0 1 3 3 2 (CC1Z)IV CD 
< 1 1 3 3 2 (CC12) ,_.. 
VI 2220.9 79.6 

. 
.91 0. (CC13)IV · CD 0. 0. 1 . 2. 

a. .170 730. 31.0 • 21+2 3.0 (CC14)IV 
.....lo 

0 1 3 3 2 (CC12) V N -.... 1 1 3 3 2 0 (CC12) 
.....lo -.... 1559.3 79.5 . 82 0. 0. 0. 1 . 2. (CC13)V 
CX> 

"' .183 380. 21.7 .299 2.0 ~CC14~V 
0 1 3 3 2 CC12 VI 
1 1 3 3 2 (CC12) 

1814.4 79.3 .75 0. 0. 0. 1 . 2. (CC13)VI 
. 192 420. 19.6 . 330 1. 0 fCC14~VI 

0 1 3 3 2 CC12 VII 
1 1 3 3 2 (CC12) 

2008.2 84.6 .62 0. 0 . 0. 1 . 2 .. (CC13)VII 
.207 530. 18. 3 . 356 1. 0 ~ CC14 ~VII 

0 1 1 1 1 CC12 VI II 
2 1 1 1 1 (CC12) 

460.3 84.5 .38 0. .22 .39 1 . 2. (CC13)VIIIA 
.225 400. 12.7 .358 10.0 (CC14)VIIIA (CC13)VIIIB 509.6 82.6 .42 0. 0. 0. 1 . 2. 

---·- ------------·~ ------.------·-- -· ------------- -- ---------------------~---------- -·------~--·--- -----~--~- -------------~--------------



Table 27(cont.}. Input Data for SEDIMOT II Coal Mi~e Wash Postmining Conditions 

D1 540. 11.0 .227 5.0 (CC14)VIIIL 
~~ 0 1 1 1 1 (CC12)IX 

2 1 · 1 1 1 (CC12) 
783.3 81-t.5 .54 0. 0. 0. 1. 2. (CC13)IXA 

• 2 2 6 4 7 0 • 21 . 1 • 35 4 6 • 0 ( C C 14) I X A 
185.9 82.4 .41 0. 0. 0. 1. 2. (CC13)IXB 

. 344 420. 9. 7 . 230 9. 0 (CC14)IXB 
0 1 1 1 1 (CC12)X 
1 1 1 1 1 (CC12) 

743.1 84.8 .73 0. 0. 0. 1. 2. (CC13)X 
.233 440. 9.9 .373 6.0 (CC14)X 

0 1 1 1 1 (CC12)XI 
2 1 1 1 1 ( CC12) 

472.6 81.0 .41 0. .29 . 39 1. 2. (CC13)XIA 
.430 800. 8.0 .150 7.0 (CC14)XIA 

531.7 81.6· .44 0. 0. 0. 1. 2.(CC13)XIB 
.393. 800. 9.3 .177 4.0 (CC14)XIB 

0 1 1 1 1 (CC12)XII 
2 1 1 1 1 (CC12) 

512.6 83.7 .47 0. .11 .39 1. 2. (CC13)XIIA 
.276 410. 8.0 .297 9.0 (CC14)XIIA 

723.3 81.3 .65 0. 0. 0. 1. 2. (CC13)XIIB 
.418 690. 8.5 .165 4.0 (CC14)XIIB 

0 1 1 1 1 (CC12)XIII 
3 1 1 1 1 ( CC12) 

541.0 82.0 .35 0. .08 .43 1. 2. (CC13)XIIIA 
. 3 7 4 50 0. 7 . 3 • 20 5 4 . 0 ( C C 14) X I I I A · 

606.9 .84.5. .53 0. .01 .4·3 1. 2. (CC13)XIIIB 
.267 540. 8.1 .350 5.0 (CC14)XIIIB · 

132.0 83.5 .27 0. 0. 0. .. 1. 2. (CC13)XIIIC 
• 3 2 8 3 9 0 • 9 . 3 • 2 9 4 9 . 0 ( C C14) X I II C 

0 1 1 1 1 (CC12)XIV 
3 1 1 ·, 1 (CC12) 

316.6 84.2 .30 0. .19 .43 1. 2. (CC13)XIVA 
.272 480. 10.4 .329 5.0 (CC14)XIVA 

. 414. 1 . 84. 3 ~. 32 0. . 06 . 4 3 1 . 2. (CC13)XIVB 
.208 480. 10.8 .332 8.0 (CC14)XIVB 

.261.3 83.5 .39 0. 0. 0. 1. 2. (CC13)XIVC 
.210· 450• 11.3 .279 8.0 (CC14)XIVC 

0 1 1 1 1 (CC12)XV 
********************************* END OF FILE *********************~***** 

CARD CODE LEGEND 
CARD CODE 1 - WATERSHED I DENT IF I CAT I ON CODE (CC1) 
CARD CODE 2 - STORM TYPE (CCZ) 
CARD CODE 3 - STORM DATA (CC3) 
CARD CODE 4 - NUMBER ·0 F J UNGT IONS ( CC4) 
CARD CODE 5 - NUMBER OF BRANCHESjJUNCTIONS (CC5) 
CARD CODE 6 - SEDIMENTOLOGY PARAMETERS (CC6) 
CARD CODE 7 - NUMBER OF PARTICLE SIZE D I STR I BUT IONS (CC7) 
CARD CODE 8 - SEDIMENT PARTICLE SIZES (CC8) 
CARD CODE 9 - PERCENT F I NCR (CC9) 
CAHD CODE 10 - NUMBER OF STRUCTURES PER BRANCH (CC10) 
CARD CODE 11 - BET~·JEEN STRUCTURE RUUT I NG PAF<AI-1ET ERS ( CC11) 
CARD CODE 12- SlJBWATERSHED/SfRUCTURE INFOHNATION (CC12) 
CARD CODE 13 - SUBHATERSHED L>ATA (CC13) 
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TABLE 28a 

Peak Discharge, Runoff Volume, Peak Sediment Concentration and 

Sediment Yield
1 

Calculated Using SEDIMOT II for 

Premining Conditions in Watersheds of Coal Mine Wash 

Peak 

. Peak Runoff Sediment Sediment 

Primacy Discharge Volume Concentration Yield 

Watershed (cfs} (acre-ft) (mg/1) (tons) 

XIII 514 76.2 225,897 13,585 

IX 489 72.5 393,284 26,440 

X 285 56.2 110,660 5,290 

XI 425 71.6 129,119 7,682 

XII 474 71.4 115,032 6,725 

XIII 589 87.5 115,451 8,272 

XIV 496 . 65.5 128,662 6,759 

I-XIV
2

'
3 

3324 1518.1 280,071 434,517 

1
Using a 10-year, 24-hour storm input. 

2 
Reported values include contributions from all modeled watersheds within the 

Coal Mine Wash drainage down to the location of Junction XIV. 
3
rotal drainage area= 42.9 mi

2
• 
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TABLE 28b 

Peak Dfscharge, Runoff Volume, Peak Sediment Concentration and 

Sediment Yield
1 

Calculated Using SEDIMOT II for 

Postmining Conditions in Watersheds of Coal Mine Wash 

Peak 

. Peak Runoff Sediment 

P.ri~~[Y Discharge Volume Concentration 

Watershed {cfs) {acre-ft) {mg/1) 

XIII 417 63.3 176,752 

IX 430 65.8 388,659 

X 285 52.7 114,896 

XI 325 56.7 110,178 

XII 443 74.6 88,681 
'I" 

XIII 580 82.8 103,264 

XIV 513 67.1 160,460 

I-XIV
2

'
3 

3274 1480.0 281,623 

1
usjng a 10-year, 24-hour storm input. 

2 
Reported values include contributions from all modelled watersheds 

wi1:h,in the Coal Mine Wash drainage down to the location of Junction 

XIV. 
3 . 2 

Total drainage area = 42.9 mi • 

Sediment 

Yield 

(tons} 

9,391 

23,658 

5,103 

5,082 

5,440 

6,891 

8,753 

424,083 

148 Revised 12/01/86 
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0 

in reduced peak discharges predicted for primarywatersheds VIII, IX, XI, XII and XIII. 

Reductions ranged between 2 percent (XII-0 and 24 perc-ent (XI}. All of subwatershed XIA 

and more than 74 percent of subwatershed XIB are established reel aimed areas under 

postmining conditions. Reductions in weighted curve numbers and changes in time of 

concentration values for recl~imed watersheds contributed to predicted decreases in ~eak 

discharge. 

Reduced runoff. volumes were predicted under postmining conditions in primary watersheds 

VIII, IX, X, XI and XIII. R~duced runoff volumes ranged between 21 percent (XI) and 5 

perceQ_t (XIII}. As mentioned previously, both subwatersheds delineated within primary 

watershed XI have significant percentages of reclaimed areas in postmining conditions. 

Primary watersheds XII and XIV both showed slight increases in predicted runoff volume {4 

percent and 2 percent, respectively). Subwatershed XI IB appears anomalous to the 

conclusions reached above. A high percentage of the subwatershed has been reclaimed and 

yet the predicted runoff is higher. This exception can be explained by the fact that 

boundaries in subwatershed VI IB were altered to compensate for topographic changes caused 

by reclamation. This resulted in the la-rgest change {greater than 52 percent) in 

watershed boundaries and acreages for postmi ni ng conditions. Predicted reductions in 

runoff volumes from postmining watersheds mostly' comprised of reclaimed areas resulted 

from 1 ower weighted curve numbers, and changes in routing parameters and times of 

concentration. 

Model results under postmining conditions show reduced peak sediment concentrations in 

primary watersheds VIII, IX, XI, XII and XIII. Concentration reductions range between 1 

percent (IX} and 23 percent (X II). Decreases in sediment concentrations predicted for 

postmining conditions are largely attributed to reduced "C" values determined in 

watersheds with largely reclaimed areas. Considering the order of magnitudes in which 

peak sediment concentrations have.been modeled by SEDIMOT II (10
5
), differences in 

predicted sediment concentrations between pre- and postmining conditions are not 

pronounced. 

SEDIMOT I I results for postmining conditions show a decrease in sediment yields for 

primary watersheds VIII, IX, X, XI, XII and XIII. Decreased yields range between 4 

percent (X) and 34 percent {X I). An increase in sediment yield was predicted for 

watershed XIV. Reduced predictions in sediment yield result primarily from lower "C" 

values determined for reclaimed areas, and to some extent, changes in topography reflected 

in different watershed slopes and slope lengths. • The 29 percent increase in predicted 

149 
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sediment yield for watershed XtV can largely be attributed to watershed shape ch~nges. 

Decreases in predicted sediment loads and runoff from postmining watersheds are largely 

attributed to the establishment of reclaimed areas.· Adjustments of model input 

parameters, primarily lowered curve numbers and cover (C) values, resulted in lower 

prediction results from the largely reclaimed tributary watersheds in Coal Mine Wash. The 

anomalous differences in predicted runoff volume, sediment concentration and sediment 

yield for pre- and postmining conditions from primary watershed X are due to changes in 

watershed shape. No reclaimed areas were established in this primary watershed under 

postmining conditions. 

On a larger scale (the Coal Mine watershed down to junction XIV), comparisons between the 

effects of pre- and postmining conditions on predicted runoff and sediment yield are less 

pronounced. SEDIMOT II combines runoff and sediment hydrographs at each junction as 

runoff progresses downstream. Total contributions from the entire Coal Mine Wash 

watershed up to junction X IV for both pre- and postmi ni ng conditions are reported in 

Tab 1 es 28a and 28b (see va 1 ues for 1-X IV). _Postmi ni ng soi 1 s, topographies and vegetation 

resulted in a 2 percent and 3 percent reduction in predicted peak discharge .and runoff 

volume, respectively. Sediment yields were also lower by 5 percent. An increase in 

sediment concentration of 1 ess than 1 percent was predicted for postmi ni ng conditions. 

These results suggest that although reductions in runoff and sediment loads from largely 

reclaimed tributary watersheds may be measurable, runoff and sediment yield reductions in 

the main channel are less pronounced as the flow progresses downstream. 

It· should be noted that the MUSLE subroutine option in SEDIMOT II does not account for 

sediment deposition, nor does it predict sediment contributions from channels. 

Sediment rating curves have been _developed from measured sediment concentrations and 

discharge at stream station monitoring sites on PCC's Black Mesa leasehold (see "Automated 

Site Sediment Yield Analyses11 section). Two automated sites (16 and 18) are located on 

Coal Mine Wash. Stream Station 16 is located several miles upstream from Station 18. 

Junction 7, established as part of modeling sediment and runoff in Coal Mine Wash with 

SEDIMOT II, was located at the same position in the main channel as Stream Station 16. 

Peak discharges and peak sediment concentrations were calculated at junction 7 using the 

2-, 10-, 25- and 100-year return period storms of 1-, 2-,. 6- and 24-hour durations {see 

150 Revised 12/01/86 
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Table 17}. Boundaries, junction locations and input parameters determined for the 

watersheds estab 1 i shed above junction 7 were i denti ca 1 to those se 1 ected for pre- and 

postmining analysis (see "Coal Mine Wash Pre- and Postmining Sediment Yield Estimates"). 

Discharge and sediment results from junction 7 were calculated to tons per day sediment 

values using the relationship: 

where, 

and, 

Tons/Day = Q x C x k 
p p 

Q peak discharge (cfs) 
p 

C peak sediment concentration {mg/1) 
.p 

k = is a constant (.0027) for converting English units to tons per day ~nd 

assumes a specific weight of 2.65 for sediment. 

Predicted peak discharge and corresponding tons/day calculations are presented in Table 

28c. 

Measured discharge and sediment data monitored at Stream Station 16 during 1985 were 

converted to tons per day values and are presented in Table 28d~ These data were analyzed 

using all sediment samples obtained during each flow event (see Automated Site Sediment 

Analysis). Measured data values, along with SEDIMOT II predicted values, have been 

plotted on the Sediment Rating Graph for Site 16 (see Figure 42). 

Least':""squares equations defining the "best-fit" 1 i nes through each set of data: were 

calculated after transforming each discharge and sediment value into logarithms. The 

calculated equations are as follows: 

log y 2.66 + 1.07 (log x) (SEDIMOT I I predicted values) 

logy 2.36 + 1.23 (log x) {Measured values at Site 16 {1985}) 

Straight lines defining each equation have been constructed on Figure 42, and are labeled 

accordingly. 

SEDIMOT II sediment yield estimates using the MUSLE sediment subroutine do not account for 

deposition or channel contributions to sediment loading due to scour. Obviously, measured 

Revised 12/01/86 
151 



Storm 

2-yr, 1-hr 

1 0-yr, 1-hr 

25-.y!.' 1-hr 

100-yr, 1-hr 

2-yr, 2-hr 

1 0-yr, 2-hr 

25-yr, 2-hr 

100-yr, 2-hr 

2-yr, 6-hr 

10-yr, 6-hr 

25-yr, 6-hr 

100-yr, 6-hr 

2-yr, 24-hr 

10-yr, 24-hr 

25-yr, 24-hr 

100-.yr, 24-hr 

TABLE 28c 

P~ak Discharges and Sediment Yields (tons/day) 

Predicted Using SEDIMOT II at Stream Station 16 

.. Peak Discharge ( cfs) Sediment Yield (tons/day) 

69 47,701 

788 605,664 

1518 1 ,245,601 

3024 2,691,730 

170 104,402 

1154 862,005 

2075 1,670,834 

3865 3,312,322 

488 296,830 
,. 

1859 1,300,721 

2858 2,117,697 

4883 3,945,474 

955 663,721 

2859 2,234,606 

3953 3,246,138 

6308 5,565,859 
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Flow Date 

7/18/85 

7/19/85 

7/29/85 (Port 1) 

TABLE 28d 

Discharges and Sediment Yields (tons/day) 

Measured During 1985 at Stream Station 16 

Discharge (cfs) Sediment Yield 

195 99,780 

159 81,843 

143 65,979 

87 32,557 

85 26,193 

66 15,615 

48 10,623 

23 11,213 

17 7,420 

15 7,501 
f'~ 

15 7,309 

11.5 5,524 

124 102,436 

170 138,764 

250 248,285 

275 258,112. 

85 73,936 

100 71,993 

115 110,873 

122 123,491 

118 108,819 

110 100,941 

98 93,597 

93 65,967 

89 61,029 

85 59,468 

52 34,255 
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Flow Date 

7/29/85 (Port 1) (cont.) 

7/29/85 (Port 2) 

TABLE 28d (Cont.) 

Discharges ~nd Sediment Yields (tons/day) 

Measured During 1985 at Stream Station 16 

Discharge (cfs) Sediment Yield (tons/day) 

53.5 37,439 

54 43,713 

51 . 32,254 

53 32,106 

153 .98, 932 

75 60,396 

119 100,186 

121 124,439 

115 87,991 

96 84,509 

54 31,379 

so 25,012 

55 23,591 
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sediment at Site 16 does reflect sediment contributions from the main, highly erodible 

channel. Assuming that SEDIMOT II values are representative of largely overland flow 

sediment contributions, it is inferred that the difference between the two lines at larger 

discharges is a measure of channel contributions to sediment load. 

For discharges greater than 70 cfs, the separation between the two lines becomes 

pronounced. At 100 cfs, SED I MOT II accounts for 96 percent of the measured 1 oad, which 

suggests that at low discharges, only 4 percent of the total sediment load is contributed 

from the main channel. For discharges of 1,000 and 3,000 cfs, SEDIMOT II accounts for 66 

and · S? percent of the respective tot a 1 sediment 1 oads. This suggests that at higher 

dis~harges ( ~ 1000 cfs), the active main channel in Coal Mine Wash could contribute from 

34 to 45 percent of the total sediment load. Since Stream Station 16 is located well 

above mining operations, it can be concluded that natural contributions to-sediment yields 

on Black Mesa from ephemeral channels may approach 45 percent for flow in the range of 

1,000 to 3,000 cfs. 

Surface-:-Water Quality Analysis. Stream water quality monitoring has been conducted from 

September, 1980 to the present. Chemical analysis of this water indicates that the 
" dominant dissolved ions are calcium, magnesium, sometimes sodium, bicarbonate and sulfate. 

Trilinear diagrams showing plots of average values for the major ions by drainage are 

presented in Figures 43 through 50. 

While the dominant water types are calcium-magnesium sulfate and calcium-magnesium 

bicarbonate, significant variability is apparent at each site. This variability can be 

largely attributed to the time of year the runoff occurs. Those events sampled from late 

fall through late spring are usually the result of light, persistent frontal storm events 

and are generally infrequent. During the sometimes extensive dry periods between storms, 

the more soluble ions (sodium, bica.rbonate, calcium and magnesium) are concentrated near 

the soil surface by evaporation· and capillary action. Subsequent runoff producing 

precipitation or snowmelt dissolves this residue which adds to the total dissolved solids 

{TDS) of the water. 

The runoff events during these time periods tend to occur at a slower rate and over a 

longer period of time thus enhancing the dissolution potential. Simply stated, 

dissolution is enhanced by the relatively long period of interaction between the water and 

mineral sources, adding further to the TDS content of the runoff. 
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FIGURE 43 

Trilinear Plot of Mean Parameter Values 
from Sites 15 and 50 in Yellow Water Canyon Wash 

9/80 to 6/85 
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Figure 44 

Triliner Plat of Mean Parameter 

Values From Site 157 in Yazzie Wash 

9/30 to 6/85 
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fiGURE 45 

Trilinear Plot of'Mean Parameter Values 
From Sites 16, 18 and 25 in Coal Mine Wash 
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FIGURE 46 

Trilinear Plot of Mean Parameter Values 

from Sites 35 and 26 in Moenkopi Wash 
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FIGURE 47 

Trilinear Plot of Mean Parameter Values 
From Site~ 14 and 155 in Red Peak Valley Wash 
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FIGURE 48 

Trilinear Plot of Mean Parameter Values 

from Sites 34 and 78 in Dinnebito Wash 
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FIGURE 49 

Trilinear Plot of Mean Parameter Values 
from Site 37 in Reed Valley Wash 
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fiGURE 50 

Trilinear Plot fo Mean Parameter Values 

from Site 85 in Yucca Flat Wa!h 
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During the summer and early fall, precipitation is monsoonal in nature. Storms are 

commonly brief, intense and involve smaller portiohs of watersheds than those previously 

described. Resulting flows can be classified as flash floods of varying magnitude. 

Because these flows last a shorter period of time, interaction of the water with mineral 

sources is limited and TDS concentrations are reduced. Table 29 demonstrates this 

relationship by showing TDS values associated with flows fromthe different seasons of the 

year~ 

Another related factor controlling stream flow water quality is the suspended sediment 

conce~trati on expressed as total suspended solids (TSS). TSS can generally be directly 

related to discharge. That is, as the flow discharge in cubic feet per second increases 

so does the TSS concentration. Table 29 shows this relationship. 

Suspended sediment impacts stream water quality by virtue of its ability to selectively 

absorb chemical constituents thereby removing them from solution. This property is known 

as cation exchange capacity (CEC). CEC increases with decreasing particle size so that 

silts and clays exercise the greatest effect on water quality. Small organic particles, 

such as leaf fragments, also exhibit this property. Table 30 shows the cation exchange 

capacities and particle size distributions of samples collected from two drainages on 

Peabody's lease. The absorption of ions from solution acts to reduce the TDS 

concentration in runoff. Also, as the TSS of a flow increases with increasing discharge, 

the effect of cation exchange is amplified. This results in the relationship of TSS to 

TDS depicted graphically in Figures 51 and 52. In genera 1, as discharge increases, both 

TSS and TDS increase. However, due to the mechanism of cation exchange, TSS increases 

much more rapidly and, while the total chemical load of the flow is conserved, the 

proportion of the total chemical load that is dissolved is less than that occurring in 

lower flows. 

Several' additional interrelated factors can affect runoff water quality either directly or 

indirectly. The most obvious is the nature of surface materials in a particular. drainage 

basin. For example, Site 157 (Yazzie Wash) is located at the mouth of a watershed which 

contains a proportionally large amount of exposed sandstone. Water sampled here is 

commonly high in the ion pair calcium-bicarbonate. Other watersheds whose channels 

truncate coal seams yield runoff which is high in iron and sulfate. 

Another factor affecting water quality is the distance between the monitoring site and the 

point of origin .of runoff. Flows which originate close to the sampling point are more 
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TABLE 29 

..._. 

Selected Flows and Associated TDS & TSS 

Concentrations From All Stream Monitoring Sites 

Site Drainage Date TDS (Mg/1) rss {Mg/1) Di scha rge ( CFS) 

14 Red Peak 11/14/80 3700 16 0.004 

02/10/81 3514 0.15 

08/23/82 225 28570 11.0 

08/25/82 283 38950 20.0 

08/11/83 292 21470 288.0 

09/29/83 728 9720 23.2 

08/13/84 202 58000 385.0 

10/12/84 140 4580 10.7 

15 Yellow Water 09/08/80 1017 90280 140.0 

l)rY~ 5~ 04/14/81 6102 1490 1.2 

07/12/81 445 15433 142.0 

03/15/82 4401 496 0.3 

0 08/27/82 1635 156050 24.0 

08/09/83 1472 137600 141 

09/30/83 956 18270 6.0 

07/21/84 2310 37210 7.9 

08/21/84 308 37900 3.8 

16 Coal Mine 05/05/82 383. 11280 0.134 

08/23/82 567. 46730 500.0 

09/27/82 274 81 12.0 

07/23/83 648 44865 597.0 

09/29/83 366 16400 4.1 

07/23/84 410 57900 3300.0 

09/16/84 296 34800 55.0 

18 Coal Mine 09/08/80 672 23800 350.0 

'l;ffV-1'1- "'51-<-u--- 02/10/81 7484 2 0.09 

08/25/82 673 930 1.7 

08/11/83 334 12520 22.0 

9/30/83 1228 35850 4.2 

25 Coal Mine 11/13/80 3439 24 1.05 t 

166 



TABLE 29 (Cont.) 

Selected Flows and Associated TDS & TSS 

Concentrati~ns From All Stream Moni~orfng Sites 

Site Draina9e Date TDS (Mg/1} TSS (Mg/1) Discharge (CFS) 

25 Coal Mine 02/19/82 1093 4043 20.0 

08/08/82 1676 17925 205.0 

09/30/83 1008 9530 49.8 

07/27/84 560 45500 980.0 

26 Moenkopi 11/12/80 3574 7 0.21 

08/23/82 1772 57540 190.0 

08/11/83 677 54340 249.0 

09/30/83 ~,~- ~r;-- ~ \1 :/~ f I 4-
34 Dinnebito 07/21/81 1836 3204 I N/A 

08/23/82 788 77040 N/A 

07/16/84 688 128000 6.6 

08/27/84 ~~· 1460~--.. ---- 175.0_1 
Jd __..-~c;-IP \ ---q: 

37 Reed Valley 07/22/82 2361 28450 0.36 

08/25/82 1019 99400 17.0 

08/11/83 224 61300 303.0 

09/23/83 586 10960 2.0 

07/16/84 856 62500 500.0 

09/01/84 723 173000 240.0 

35 Moenkopi 09/09/80 2612 54500 1350.0 

05/05/82 4456 7293 0.135 

07/08/83 390 176000 98.0 

09/29/83 556 4060 22.0 

06/30/84 1406--- ~e\) ~-;;-~ ____., ~~ ~· ?'1 
so Yellow Water 04/14/81 2393 2400 0.8 

08/23/82 468 84020 33.0 

09/27/82 376 79 18.0 

07/08/83 6620 994000 960.0 

09/29/83 1096 3750 583.0 

04/09/84 824 15770 0.2 

08/21/84 692 36600 45.0 
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TABLE 29 (Cont.) 

Selected Flows and Associated TDS.& TSS 

Concentrations From All Stream Monitoring Sites 

Site Drainage Date TDS (Mg/1) TSS (Mg/1) Discharge (CFS) 

78 Dinnebito 05/05/82 6564 12520 1.4 

08/12/82 1119 128250 384.0 

08/11/83 1238 100960 137.0 

09/30/83 1112 44750 5~ 
08/27/84 ~v ~~- 9.0 

? .":.> lth 
85 Yucca Flat 02/19/82 2923 3'03 6.0 

08/23/82 187 13780 470.0 

09/30/83 814 19490 583.0 

08/05/84 138 36100 1300.0 

157 Yazzie 08/10/83 225 13330 1.3 

09/28/83 282 3660 11 .o 

;09/30/83 294 5374 16.5 
~ 

07/21/84 160 46690 4.1 

07/27/84 180 59200 27.4 

155 Red Peak 09/28/83 358 29760 79.4 

07/26/84 350 48800 12.1 

08/05/84 180 52300 343.0 
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TABLE 30 

Cation Exchange Capacities (C.E.C.) 

And Particle Size Analysis of Streamflow TSS 

Sand Silt Clay 

Site # Location Date Sampler % By Wt. C. E. C. % By Wt. C. E. C. % By Wt. C. E. C. 

15 Yellow Water 9/29/83 10.30 7.63 43.60 8.33 46.10 24.67 

15 Ye 11 ow Water 9/30/83 16.30 1.96 46.40 5.65 37.30 25.82 

" 15 Yellow Water 9/30/83 2 33.00 2.60 36.90 6.93 30.10 20~12 

....l. 

16 Coal Mine 9/30/83 0'- 34.90 3.49 37.80 7.30 27.30 23.63 
\.0 

16 Coal Mine 9/30/83 2 50.40 6.37 24.60 8.00 25.00 16.84 

16 Coal Mine 9/30/83 3 48.30 1.65 26.40 6.02 25.30 29.69 

Note: C.E.C. was determined by sodium saturation of prepared fractions and is presented as Meq Sodium per 100 grams of sample. 
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dilute than those traveling longer distances. This accounts for a significant portion of 

the observed water quality variation at a given site. 

The relationship of sample acquisition to peak discharge also affects the observed water 

quality. A sample obtained prior to or following the peak represents water which may have 

been flowing at a Tower rate and/o~ originated. at~ different location than water sampled 

at the peak. Commonly, runoff has a much higher TSS and lower TDS prior to the flow peak 

than after. 

All ~pf the above factors are related to the precipitation characteristics responsible for 

runoff. The temperature of runoff also controls the amount of dissolved constituents it 

can.carry. As temperatures decrease, the solubilities of individual constituents also 

decrease. The effect of this relationship is that with all variables. held constant, 

varying the water temperature will vary TDS concentration • 

.., 
One final variable which can affect runoff water quality is man-caused disturbance. When 

a channel is realigned, as in the case of Coal Mine Wash and Yazzie Wash, fresh mineral 

sources are exposed. In addition, the rearranged channels usually have slightly higher 
~ 

transport velocities and,_ therefore, are subject to greater erosion initially. This 

results in increased sediment and chemical loads of subsequent runoff. The sediment load 

increase is temporary and has not changed the water use potential. 

A statistical summary of selected parameters for the Peabody stream monitoring sites is 

presented in Attachment 5. In addition, water quality maps showing mean concentrations of 

seve'ral parameters by site are presented in the 1980-1981, 1981-1982, 1983 and 1984 

Hydrological Data Reports. 

The USGS monitored local runoff quality on Black Mesa from 1971 through 1976. Figures 53 

through 56 show trilinear plots of data from USGS stations together with data from nearby 

Peabody stream monitoring sites. In almost all cases, the two data sets agree closely in 

defining water types and dominant ions. In the case of Figure 53, the variation may be 

exp 1 ai ned by water temperature differences at the time of sampling. The USGS samples 

shown had temperatures of 1° and 4° C, respectively, while the Peabody samples were both 

17° C. Temperature affects solubility such that at lower temperatures the least soluble 

species (calcium and magnesium) precipitate out of the solution, leaving higher 

proportions of more soluble constituents (sodium and potassium). In addition, the USGS 

has monitored water quality periodically at several locations off the leasehold from 1972 

to 1981. A summary of this surface water quality data is presented in Attachment 6. 
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FIGURE 53 

Trilinear Diagram of Combined 
USGS and Peabody Water Quality Data 

Near Mouth of Coal Mine Wash 
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~ fiGURE 54 

Trilinear Diagram of Combined 
USGS and Peabody Water Quality Data 

for lower Moenkopi Wash 

1 = Peabody Site 26 6-6-84 
2 = Peabody Site 26 5-15-85 
A= USGS Site 362728110234200 11-10~71 
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fiGURE 55 

Trilinear Diagram of Combined 
USGS and Peabody Water Quality Data 

For Yellow Water Canyon Wash 

• = Peabody Sit~ 14 1980-1984 
A = USGS Site 09401236 7-15-75 
B = USGS Site 363243110252200 7-15-75 0 
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FIGURE 56 

~ Trilinear Diagram of Combined 
USGS and Peabody Water Quality Data 

for Coal Mine Wash Near N-1/N-2 

1 = Peabody Site 16 4-25-85 
A= USGS Site 3630401102501 4-12-73 

. 8 = USGS Site 363142110243200 1-21-75 · 
C = USGS Site 363142110243200 11-6-75 . 



Ground-Water·Hydrology Of The Mine Site And Adjacent Areas 

Ground Water .in the Wepo· Formation. As reported by Repenning. and Page (1956), three 

distinct formations have been recognized and mapped in the Mesaverde Group ~f Black Me$a. 

They are, in ascending order, the Toreva Formation,.the Wepo Formation, and the Yale Point 

Sandstone. 

Of these, the Wepo Formation contains all coal mined by Peabody Coal Company. Any 

disturbance to the ground-water system from mining activities will be confined to.the Wepo 

aquif~_r system and any hydraulically connected alluvial .aquifers. 

O'Sullivan, et al. (1972), mention that the thickness of the Wepo Formation ranges from 

743 feet east of Cow Springs to 318 feet near Rough Rock. The formation -thins northeast 

across Black Mesa and intertongues with the underlying Toreva Formation and the overlying 

Yale Point Sandstone. 

The Wepo Formation consists of a thick sequence of intercalated siltstone, mudstone, 

sandstone and coal. The siltstone and mudstone units are carbonaceous in many areas and 

do contain some sandstone lenses. The sandstone units are composed of poorly sorted, fine 

to very coarse quartz grains. The degree of cemetation of the quartz grains varies from 

weakly to firmly cemented. The weakly cemented sandstone beds have high percentages of 

si 1 t, and the thicker sandstone beds tend to have conglomeratic bases of chert and 

silicified limestone pebbles. Coal beds are usually interbedded with siltstone and shale. 

A hard-baked shale ;~.formed where these beds have burned in the past. This baked shale, 

or "clinker11
, is a probable pathway of recharge to the Wepo aquifer, especially where this 

material is highly fractured and weathered. 

The sequence of beds characterizing. the WepoFormation is composed mainly of continental 

shale and sandstone, but includes some marine sandstone. Most of the Wepo Formation was 

deposited during a regressive stage of the continental Cretaceous Sea which bordered the 

region to the east. These predominantly fluvial deposits contrast with the near shore 

sandstone units of the Toreva Formation. Except for a few marine sandstone lenses in its 

northern extent which reflect minor transgressions of the sea, the Wepo consists of 

continental fluvial and paludal deposits. 

Structural features of the Wepo Formation within the leasehold are characterized by gentle 

folding (monoclines, anticlines and synclines). This moderate deformation occurred during 

177 
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the Laramide Orogeny of late Cretaceous and early Tertiary time. During late Tertiary and 

Quaternary time, the region was locally upwarped and faulted (Cooley et al. 1969). 

Principal structural features for the Black Mesa and adjacent areas are shown in Figure 57 

The Oljeto syncline is the most pronounced structural feature ·running through the Black 

Mesa l~asehold~ More site specific detailed structural mapping of the ar~a was performed 

by I ntrasearch, Inc. Their work indicated the presence of several sma 11 er synclines and 

anticlines throughout the leasehold, as well as small linear features such as faults and 

fractures. These structural features are predominantly oriented in a northeast to 

soutb~est direction, indicative of deformation resulting from the compressional and 

tensional forces generated during the Laramide Orogeny. 

The thickness of the Wepo aquifer varies across the leasehold and the lower portion of the 

unit often i ntertongues with the upper member of the Toreva Formation. As a consequence 

of this, the contact between the two formations is variable and difficult to clearly 

" define. Depending on where in the Wepo Formation (i.e. middle or bottom coal sequence) 

mining occurred, it was necessary to parti_ally complete monitoring wells in the upper 

Toreva to insure monitoring of ground water beneath the lowest mineable coal seam. This 
P' 

appears to have occurred at Well 42, 49, 54 and 59. Lithologic, transmissivity and water 

qua 1 i ty data supporting this conclusion are discussed in the fo 11 owing sections. 

Wepo Aquifer Monitoring. A network of 31 monitoring wells was installed during 1979 and 

1980 to obtain water level, water quality and aquifer parameter information for the Wepo 

aquifer (Drawing No. 85600). Criteria for locating the wells, drilling and completion 

information is detailed in Chapter 16, "Hydrological Monitoring Program". Between 1980 

and .. the present, water level monitoring has been on at least a monthly basis for all 

wells. In addition, approximately 80 percent {see Figure 58} of the wells have been 

monitored continuously for water levels during part of or all of the last six years. The 

continuous monitoring has allowed for better resolution of recharge, discharge and 

response times of the Wepo a qui fer to these storage changes. In the future, continuous 

monitoring will be replaced with monthly and quarterly monitoring. 

In October 1985, two additional Wepo monitoring wells (63R and 64R, Drawing No. 85600) 

were drilled and completed to replace Wepo Wells 63 and 64 for monitriring water levels in 

the vicinity of the J21 and J19 pits. The replacement wells were added because Wells 63 

and 64 were giving anamolously low water level reading. The geology and structure in this 

portion of the leasehold (numerous folds, faults and buried channels) lends {tself to 
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downward hydraulic gradients with depth. Thus Wells 63 and 64 (350 feet in depth) behave 

as sinks in comparison to surrounding shall ower borings ( 100-200 feet). The rep 1 acemerit 

We 11 s . 63R and 64R were dril 1 ed and comp 1 eted to depths of 160 feet and 130 feet, 

respectively. These depths are sufficient to penetrate through the lowest mineable coal 

seam and permit representative monitoring of water 1 eve 1 dec 1i nes associ a ted with pit 

pumpage. 

Wepo Well Hydrograph Analyses. For purposes of the following discussion, five year Wepo 

water level plots for 28 of the Wepo wells should be referenced and can be found in 

Attachment 7. In addition, Table A, found in Attachment 7, should also be referenced as 

it details, for each well, ranges of water level changes associated with aquifer testing 

and water quality sampling, recharge ~nd recharge deficits. 

There are four principal reasons for the occurrence of water level fluctuations in Wepo 

wells: (1) aquifer testing and water quality sampling; (2) recharge associated with 
.,., 

significant precipitation events; (3) extended dry periods or dry periods in between 

precipitation eventsi and (4) residual drilling effects. 

,.. 
From the third quarter of 1980 through 1984, Wepo monitoring wells were samp 1 ed for water 

quality analyses. In addition, pumping tests for aquifer parameter determinations were 

performed. Hydrographfluctuations due ~o these aquifer stresses range from 0.05 to 0.35 

feet over a period of several days to more than 34 feet over a period of several months. 

A 34.6 foot decrease in water level occurred at Well 53 in mid-October, 1981, as a result 

of aquifer testing activities. A gradual return towards prepumping water level occurred 

during 1982. Subsequent aquifer testing and water quality sampling in 1983 and 1984 have 

consistently lowered the water level 7 to 18 feet fo~ extended periods of time. Aquifer 

responses of this magnitude make it virtually impossible to define natural recharge and 

dry period fluctuations. This problem is not just limited tti Well 53~ The magnitude of 

drawdowns associated with aquifer testing or water quality sampling in Wells 38, 41, 44, 

45, 49, 52, 58, 60, 62, 63, 65 and 67 equals or exceeds the magnitude of natural water 

level fluctuations, often masking them. Sampling frequency alternatives to minimize this 

problem are discussed in Chapter 16, Hydrological Monitoring Program. 

Both rai nfa 11 and snowme 1 t are si gni fi cant forms of recharge to the Wepo aquifer. Greater 

water level changes due to snowmelt recharge have occurred at nine of the wells, whereas 

greater water level changes due to rainfall recharge have occurred at ten of the wells. 
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At the other wells, the magnitude of change from either form of recharge has been fairly 

equal. Water level shallowing as a result of rainfall recharge ranges from .05 to 12.6 

feet, whereas that from snowmelt recharge ranges from .05 to 20.6 feet. Rainfall is 

assumed to occur from July through October, while snowmelt is assumed to predominate from 

January through March. 

Water level shallowing during November through December and April through June is assumed 

to be in response to rainfall, snowmelt or a combination of the two. At only four of the 

Wepo monitoring wells has greater water level shallowing occurred during the spring or 

fall~seasons. Water level shallowing during these seasons ranges from .1 to 12 feet. It 

sho~~d be pointed out that the maximum water level changes for each type or combination of 

rech)arge are atypical of most of the Wepo wells. The four wells exhibiting the greatest 

~· changes (46, 62, 65 and 67) are suspected of being open to perched water table zones, thus 

accounting for the radical fluctuations. Typical Wepo responses as a result of 

precipitation recharge are on the order of .5 to 3 feet. 

Ground-water level drops in Wepo wells between periods of recharge.or during extended dry 

periods (i.e. May - June) are of approximately the same order of magnitude as the water 

level changes in response to recharge. Typically, the greatest drops are in the latter 

winter and summer months following periods of significant recharge. Ground-water level 

drops associated with recharge deficits ranged from .05 to 21.2 feet. Once again, the 

wells showing anomously high water level drops are those believed to be open tn perched 

water table layers. The typical range of water level drops excluding these four wells are 

in ,the range of .1 to 3.7 feet. 

A potential future impact on Wepo water levels is the pit interception of portions of the 

Wepo aquifer and concurrent pumpage. To date only Wepo Well 38 has been near a pit area 

of significant pumpage. Though Well 38 has shown a six foot decline in water level while 

N7/8 has been mined, it is not believed that this has been a result of N7 pit pumpage for 

the fo 11 owing two reasons. First, Well 38 lies upg radi ent -from the area of N7 pit Wepo 

aquifer interception and only the top portion of the aquifer was truncated. Secondly, 

Wells 51 and 52 have shown similar water level declines for the same time period and they 

are tot a 11 y i so 1 a ted from the N7 pit pump age. A 11 three we 11 s appear to be showing 

similar effects from aquifer testing and water quality sampling. 

A final water level change category to be discussed are those changes associated with 

residual drilling effects. Wepo Wells 43, 45 and 67 have all experienced significant 
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evidence of residual drilling effects. Whenever possible, all wells were drilled using 

Revert or some organic polymer that would biodegrade. When problems occurred because of 

lost circulation, it was necessary to introduce cotton seed hulls and bentonita into the 

drill hole to bridge over zones with significant voids. This usually is necessary when 

drilling through burn or loose spoil material which occurred with these three wells. Once 

introduced, these lost circulation materials are difficult to clean from the well bore and 

gravel pack. 

In September, 1982, an aquifer test on Well 43 resulted in a 2.2 foot increase in water 

level over an 18 day period. This is probably a result of dissolution during pumping of 

the drilling muds between the borehole and gravel pack and/or removal of drilling fluids 

that had invaded the formation. Wells 67 and 45 have shown steady increases in water 

following periods of pumpage. This water level behavior was not exhibited in the wells 

prior to 1982. These delayed water level changes are also believed to be a result of the 

effects of residual drilling fluids~ 

Wepo Aquifer Gradients andPotentiometric Head Distribution. Ground-water movement in the 

Wepo Formation beneath the Black Mesa leasehold is predominantly in a westerly to 

southwesterly direction (see Table,31 and Figure 59). Ground water in the Wepo Formation 

is under confining pressure, except at the edges of Black Mesa and where channel 

degradation has truncated portions of the Wepo aquifer. At these locations, ground water 

waul d occur under unconfined conditions. Confined ground-water conditions are 

substantiated by hourly fltictuations in continuous hydrograph records and storage 

coefficient values determined from aquifer tests. Hourly water level fluctuations result 

from changes in piezometric head due to barometric pressure changes. Storage coefficients 

on the order ~f 10-
4 

and 10-S indicate confined conditions. 

Piezometric head (water level) con~ours presented on Drawing No. 85610 were constructed 

based upori four criteria: (1) five year average water levels in 28 Wepo monitoring wells; 

( 2) strike and dip of 1 oca 11 y continuous co a 1 seams in the Wepo Formation; ( 3) 1 oca 11 y 

controlling structural features such as folds or faults; and (4) alluvial well five year 

average water levels. Gradients of Wepo ground-water flow were determined by di vi ding 

potentiometric water surface elevation changes by the horizontal distances over which the 

changes occurred. Flow gradients range from .010 ft./ft. in the J-5 area to .035 ft./ft. 

in the J~19 mining area. Average gradients have been calculated for most of the 

designated mining areas and are also presented in Table 31. 
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TABLE 31 

Wepo Aquifer Gradients and Flow 

Directions by Mining Area· 

Mine Area Avg. Gradient (Ft/Ft) Flow Direction 

J-1' N-6 .013 sw 
J-2 .020 w 

J-3 .024 s 
J-4 .034 s 
J...:5~ J~6, J-11' J-12 .019 w 

J-7 .020 w 

J-8 .020 NNE 
-· 

J-9 .017 w 

J-10 .018 w 
J-13 .020 s 
J-14 .023 sw, s 
J-15 .010 s 
J-16 .030 NW, sw 
J-19 .035 NW 

J-20 .017 NWW 

J-21 .017 NW, W, sw 
J-23 .011 w 
J-27 .027 w 

J-28 .019 NW 

N-1 .017 s 
N-2 .017 ssw 
N-3 .027 NW 

N-4 .024 NWW 

N-5 .017 SW 

N-7, N-8 • 016 SE 

N-9 .016 s 
N-10 .018 ssw 
N-11 .025 NWW 

N-12 .018 NW 

N-13 .018 SW 
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N-14 Main 

N-14 East 

TABLE 31 (Cont.) 

Wepo Aquifer Gradients and Flow 

Directions by Mining Area 

Avg. Gradient (Ft/Ft) 

.029 

.035 

185 

Flow Direction 

s 

SE 



1882 Executive Order Line 

•• •• •• 

Contour Lines of Egual 
Ground~Water Level 

Direction of Wepo Ground-Water Flow 

I --+ --.31-~---' 
FIGURE 59 ) 

·,P 
Wepo Ground-Hater Flow Oirecti;Rl's for the 

D iff e r en t r1i n in g A r e as \Ht h i n t he L e as e hold 

186 Revised 12/01/86 

\ 



0 

Some structural deformation within the Wepo Forll}ation exerts both regional and local 

control on the direction of ground-water flow. Regional structure of alternating 

synclines and anticlines trending in a southwester] y direction cause a sinuous pattern 

throughout the lease. 

This sequence starts in Coal Mine Wash with a syncline and trendssoutheast. Localized 

anticlines, synclines and minor faul~s affect the direction and gradient of the 

ground-water flow on a smaller scale. The result of these anticlines and synclines can be 

observed throughout the lease causing sinuous patterns in a southeasterly, southerly, 

southwesterly, westerly and northwesterly direction. ·Minor faulting can influence the 

continuity of the gro.und-water flow and cause the gradient to be lower than average as 

shown by Wepo Well No. 44. Areas that have high gradients are the result of tight 

synclines and anticlines or high topographic relief. 

Wepo Aquifer Recharge and Discharge. Recharge to the Wepo aquifer system is derived from 

both rainfall and snowmelt. The amounts of recharge contributed from each type of 

precipitation are fairly equal. This point has been further clarified in the previous 

discussion 11 Wepo Well Hydrograph Analyses". Average annual precipitation on the leasehold 

ranges from 9 to 12 inches (recorded at nonheated precipitation gauges). 

Because of the fairly rapid water level responses and the known 1 ow transmi ssivi ties in 

the Wepo aquifer, principal avenues of recharge must be via areas of burn or clinker. 

This material is highly fractured, quite porous, extensive both laterally and in depth, 

and occurs throughout the leasehold. To a lesser degree, other recharge avenues to the 

Wepo aquife~ are where permeable or fractured and jointed rocks are exposed at the ground 

surface or on the sides of valleys and at the edge of the mesa. Hydraulic communication 

with the overlying Yale Point Sandstone may occur in:the rim area; however, no water or 

core data exists for the Yale Point from which projections could be made. 

Hydraulic communication with the Toreva aquifer occurs because the two formations 

intertongue in the northern Black Mesa area. Water level data from the four monitoring 

wells partially completed in the Toreva suggests that there is little difference in the 

potentiometric heads in both aquifers. 

Precipitation falling elsewhere on the lease will be retained by the tight clayey soils or 

the impermeable confining rock units overlying the saturated portion of the Wepo 

Formation. 
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The pri nci pa·l form of discharge from the Wepo aquifer is discharge to the alluvial 

aquifer. Water levels in the alluvial aquifer, to a large extent, particularly during the 

extended dry periods, are maintained by recharge from the Wepo aquifer. Wepo discharge to 

the alluvial aquifer occurs along all of the washes and significant tributaries. The 

amount of discharge at a 9iven point may vary and to some extent is reflected on Drawing 

85610 by the steepness of water level gradients and the degree of bending of the contours 

around reaches of the washes. Other forms of discharge from the Wepo aquifer are springs, 

intermittent reaches of the washes and evapotranspiration at recharge outcrop areas. 

Wepcf'and Toreva Aquifer Characteristics. Lithologic logs for each monitoring well are 

pre'~~hted in Attachment 8. These 1 ogs deta i1 the presence and proportion of sandstone, 

shale, coal and silt and mudstone units. 

The water yielding and transmitting units comprising the Wepo aquifer consist of single 

sandstone units, multiple sandstone_beds which are hydraulically connected, fractured coal 

seams and, to a limited extent, sandy shales~ Cooley et al. 1969 showed the results of 

laboratory analyses performed on samples collected from sandstone units in the Wepo 

Formation (refer to Tab 1 e 2, Range of the Hydraulic Properties of Aquifers in -the Navajo 

and Hopi Indian Reservations). Results include a weighted average mean diameter of .27 

millimeters, porosity values of one to two percent, and a range of coefficient of 
2 

permeability from .0009 to 0.02 gal./day/ft. 

To evaluate the Wepo aquifer characteristics beneath the leasehold, pumping tests were 

performed on 26 of the 31 Wepo monitoring wells. The wells at which aquifer tests have 

be~ri performed are representative of the Wepo aquifer, excepting Wells 42, 49, 54 and 59. 

Lithologic and water quality information suggest that these wells are partly completed in 

the Toreva aquifer. 

The type of aquifer test technique selected to eva 1 uate the Wepo a qui fer characteristics 

was dependent on whether observation wells were present and whether well bore storage 

effects could be overcome before the water level was drawn below the pump intake. 

Multiple well time drawdown tests were employed at Wells 38 and 39 and 47 and 48. The 

observation wells in these two cases were Wells 39 and 48. These tests were the only two 

where storage coefficient values could be determined. In addition, these two pairs of 

wells were used to calculate transmissivity values and compute well efficiencies in the 

pumping we 11 s. 
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Single well tillle drawdown and recovery tests were performed in Wells 42, 49, 51, 52, 54, 

59 and 66. Factors limiting which wells_·could be analyzed using this technique appear to 

be whether transmi ssivi ties are above 170 gal Jday/ft. and/or whether at 1 east ha 1 f the 

well depth is completed in the saturated zone. 

T~e remaining 17 wells were analyzed using a modified slug test technique a~ described by 

McWhorter, 1982. This aquifer testing technique allows for maximum drawdowns to occur 

away from the well bore as a function of pumping rate and well specific capacities. It is 

felt that more representative transmissivity values of the aquifer in the vicinity of the 

wells were obtained by this approach. Documentation of the applicability and testing of 

this approach are given in Appendix H, Volume 44, Hydrological Monitoring Program. 

Transmissivity and storage coefficient values determined from the above-referenced aquifer 

test techniques are shown in Table 32 and presented in Figure 60~ Plots of the time 

drawdown and recovery values, tables of water levels and residual water levels versus 

time, as well as tab~es of pumping rates versus time for each aquifer test are presented 

in Attachment 9. 

AU transmi ssi vi ty and storage coeffi ci ;~t va 1 ues have been corrected for we 11 efficiency 

estimates using the results of the multiple well time drawdown aquifer tests. The well 

efficiency corrections were determined by comparing transmissivity values calculated from 

the pumping well {inefficient) and the observation well (100 percent efficient) and taking 

the ratio of the two. The same transmissivity comparison was used for a recovery analysis 

in the same wells~ For the type of well completion used (saw slot perforations and a pea 

gravel pack) it was determined that the. pumping well is 32 pe~cent efficient during 

drawdown tests and 46 percent efficient during recovery tests. 

Averag·e pumping rates maintained during aquifer tests ranged from 22~6 gallons per minute 

at Well 42 to 3.5 gallons per minute at Well 38. Specific capacities for monitoring wells 

partially completed in the Toreva aquifer range from .063 gpm/ft. at Well 54 to .327 

gpm/ft. at Well 49. Specific capacities for monitoring wells completed in the Wepo 

aquifer ranged from .OS gpm/ft. at Well 52 to .322 gpm/ft. at Well 47. 

Transmissivity values determined for the monitoring wells ranged over four orders of 

magnitude. Transmissivity values for those wells partially completed in the Toreva 

aquifer ranged from 347 gal./day/ft. at Well 54 to 1,990 gaL/day/ft. at Well 59. 

Transmissivity r-anges for those wells completed in the Wepo aquifer ranged from 0.1 

gal./day/ft. to 666 gal./day/ft. at Wells 62 and 51, respectively. 
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38 

40 

41 

43 

44 

45 

46 

47 

51 

52 

53 

55 

56 

57 

58 

60 

61 

62 

63 

64 

64R 

65 

66 

Monitoring 

Well Number 

TABLE 32 

Transmissivity and Storage Coefficient Values Determined at 

Wells Completed in the Wepo and Toreva Formations 

Transmissivity Storage 

Weeo/Toreva (gEd/Ft) Coefficient 

480 1 o 9x1 0 
-s 

84 

46 

42 956 

132 

o25 

12 

19 

170 1o45x10 
-4 

49 1297 

666 

205 

7 

54 347 

40 

21 

39 

38 

59 1990 

12 

so 

0 1 

204 

36 

26 

72 

322 

168 

190 

Speci fie 

Ca2acitl 

o111 

o285 

o322 

o327 

o163 

o048 

o063 

o224 

o081 
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Wepo and Toreva Aquifer Water Quality. Water in the Wepo aquifer is characterized by a 

high degree of variability. The Wepo wells on Peabody's lease yield water which can be 

grouped into three · water types, sodium-bicarbonate, sodium~sulfate . and 

ca 1 ci um/magnesi um-sul fate. Chemica 1 variability within these water types is documented i i1 

Figures 61, 62 and 63, which are trilinear diagrams depicting averaged majo~ ion values 

for each of thetwenty-:nine 611 wells by water type. As can be seen,.the relative 

proportions of the major ions (calcium, magnesium, sodium, potassium~ bicarbonate, 

~arbonate, chloride and sulfate) determine the water,types. 

The ·~,epo aquifer is typically composed of relatively thin sandstone layers interbedded 

witiJ shale and coal layers. The sequence, proportion and thickness of these layers is 

highly variable. This lithologic variability is documented,_ by well, in the lithologic 

logs presented in Attachment B. 

The water type in a particular we 11 is determined by which litho 1 ogi c units ~re yi e 1 ding .. 
water. For example, a well receiving water primarily from coal seams will have a 

calcium/magnesium-sulfate water type. If the coal is layered with shale, the water type 

may be shifted to sodium/potassium-sulfate. Sandstone units yield water dominated by the ,.. 
ion pair calcium bicarbonate (calcium/magnesium-bicarbonate water type). However, the 

quality of this water may be altered by soluble minerals in bordering lithologic units. 

Since any combination of lithologic units may contribute varying amounts of water to the 

well bores water quality variability is high. 

The .distance of sampling point from recharge zones also affects local water quality. 

Well~ in close proximity to areas of local recharge are g~nerally more concentrated with 

resp~act to calcium {Cooley et al. 1969). Also, total dissolved solids (TDS) tend to 

increase with distance from recharge areas. 

Variability in aquifer transmissivity (T) also impacts ground-water quality. Table 33 

shows that those wells with higher "T" values generally have lower TDS concentrations. 

Slower moving water is in contact with soluble mineral facies for a longer period of time 

which enhances dissolution and increases TDS concentrations. Where exceptions to this are 

noted, proximity to areas of recharge and other lithologic factors are probably more 

significant. 

Figures 64 through 71 show some chemical relationships of Wepo ground water by water type. 

Calcium and magnesium (Figures 64, 67 and 70) are strongly linked in all water types 
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FIGURE 61 

Trilinear Plot of Mean Parameter Values 
.For Wepo Wells with Ca/Mg-so4 Water Type 

9/80 to 7/85 
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FIGURE 62 

Trilinear Plot of Mean Parameter Values 

For Wepo Wells with Na/K-S04 Water Type 
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FIGURE 63 

Trilinear Plot of Mean Parameter Values 
For Wepo Wells with Na/K-HC0
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TABLE 33 

Transmissivities of the Wepo and Wepo/Toreva Wells 

With Associated Averaged TDS Values 

Well # Transmissivity (T) Total Dissolved Solids (TDS) 

(G.P.D. per Foot) (mg/1) 

38 480 2049 

39 N/A 2643 

40 84 1175 

41 46 2829 

42 956 1242 

43 132 965 

44 0.25 1527 

45 12 1015 

46 19 3062 

47 170 1117 

48 N/A N/A 

49 1297 1289 

51 666 2171 

52 205 800 

53 7 2636 

54 347 1380 

55 40 1052 

56 21 585 

57 39 864 

58 38 961 

59 1990 1818 

60 12 1817 

61 so 722 

62 0.10 5503 

63 204 1113 

64 36 1521 

65 72 1810 

66 322 3564 
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TABLE 33 (Cont.) 

Transmissivities of the Wepo and Wepo/Toreva Wells 

With Associated Averaged TDS Values 

Transmissivit~ (T} Total Dissolved Solids 

(C.P.D. per Foot} (mg/1) 

N/A 1254 

N/A 2404 

N/A 4350 
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suggesting a common, widespread mineral source. Figures 65, 68 and 71 show regression 

plots of the major ion pair for each water type. Figures 66, 69 and 70 depict the 

relationship between the two dominant cations for each water type. The trend 1i nes for 

Figures 64 through 71 were fitted to the data using the least-squares technique. 

Four of the Wepo wells in Peabody's monitoring network partially penetrate the Toreva 

Formation {Wepo Wells 42, 49, 54 and 59). Although waters from the Toreva Formation mix 

with Wepo waters in the we 11 bores of these we 11 s, two di sti net water types have been 

'documented in the four wells. Well 59 water type plots as Sodium/Potassium-Sulfate 

(Fi,gur.e 62). This water type is typical of water yielding coal or sandstone units with 

i nterl ayered shales. We 11 s 42, 49 and 54 water types plot as Ca 1 ci um/Magnesi um-Sul fate 

(Figure 61)~ The uppermost unit of the Toreva Formation is largely a massive sandstone 

with some coal seams which correlates well with the water types above, excepting Well 59. 

lnterlayered shales in the Wepo aquifer must affect the water type to a degree. 

Fluoride levels in several of the Wepo wells exceed the USEPA maximum permissible 

concentration {1.4 to 2.4 mg/1). Table 34 shows that this exceedance occurs almost 

exclusively in those wells with Na HCO water type. While no discrete fluoride source has 
3 ~ 

been identified from dri11 cores, Hem (1970) states that fluorite (CaF
2
) is a common 

fluoride mineral in sedimentary rock. Two other possible sources are Apatite and some 

members of the Amphibole group. Being similar in size to the hydroxide ion (OH-) fluoride 

(F-) can enter these crystal structures by substitution. 

A statistical summary of selected chemical constituents in Wepo ground water is presented 

in·Attachment 10. The ranges of the various parameters (Table 35) will be those which any 

future water quality analyses are compared against for mining impact assessments. Water 

quality maps showing the spatial distributions of mean concentrations of several 

parameters by site are presented in the annual Hydrological Data Reports. 

Lithology of the Alluvium. A network of 46 alluvial monitoring wells was installed in 

June, 1980. Nine additional and replacement alluvial wells were added to the monitoring 

network in June, 1983. Locations of all the alluvial wells are shown on Drawing No. 

85600. Lithologic descriptions of auger cuttings and well completion information are 

presented in Attachment 11. 

Lithologic characteristics of the alluvium within the leasehold range from cross-bedded 

sand and gravel beds that alternate with beds of silt and sandy silt to thin-bedded mud 
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Q. · TABLE 34 

Averaged Wepo Fluoride Levels 

By Well and Water Type 9/80 to 7/85 

Site F·mg/l Water Type Classification 

42 2.02 Ca/Mg-50
4 

49 0.24 Ca/Mg-50
4 

54 0.;28 Ca/Mg-50
4 

62 0.80 Ca/Mg..:.so
4 

38 3.16 Na-50
4 

41 2.49 Na-50
4 

46 1.07 Na-SO 
4 

51 1.07 Na-so
4 

53 2.22 Na-SO 
' 4 

56 0.33 Na-50
4 

57 1.04 Na-so
4 

58 0. 21 Na-50
4 

59 o. 91 Na-so
4 

60 1.41 Na-SO 
4 

66 1.04 Na-so
4 

90 1. 77 Na-so
4 

40 8.33 Na-HC0
3 

43 1.22 Na-HC0
3 

44 7.32 Na-HC0
3 

45 6.45 Na-HC0
3 

47 2.68 Na-HC0
3 

52 1.80 Na-HCO 
3 

55 7.07 Na.;.HC0
3 

61 1.55 Na-HCO 
3 

63 5.13 Na-HCO 
3 

64 5.68 Na-HCO 
3 

65 2.15 Na-HCO 
3 

67 2.24 Na-HC0
3 0 86 3.05 Na-HCO 
3 
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TABLE 35 

Minimum and Maximum Values of theKey 

Parameters Used to Assess Mining Impact to the Wepo Aquifer 

Parameter 

Bicarbonate 

Sulfate 

Calcium 

Ma·gnesium 

Sodium 

Dissolved Iron 

Dissolved Hanganese 

Minimum Value 

{mg/1} 

85 

1.0 

0.1 

0.3 

24 

0.02 

0.02 

Maximum Value 

(mg/1) 

2440 

4450 

627.6 

1204 

2526 

19.0 

2.31 

Minimum and maximum values for the key parameters used for impact assessment .in the Wepo 

·Aquifer are presented in Table 35. These ranges were taken from a 5-year data base 

consisting of approximately 350 analyses for each parameter. These values represent the 

upper and lower control limits for all future analyses. 
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and silt sequences that contain considerable carbonaceous material. The differences in 

lithologic characteristics reflect slightly to significantly different environments of 

deposition. 

Alluvial· Well Hydr?graph Analyses. For purposes of the following discussion, five year 

{one year for the redrilled wells) alluvial water level plots for 53 of the alluvial wells 

should be referenced and can be found in Attachment 12. In addition, Table A, found in V 
Attachment 12, should also be referenced as it details for each well ranges of water level 

changes associated with aquifer and water quality_ sampling, recharge and recharge 

defi cj ts. 

There are four pri nci pa 1 reasons for the occurrence of water 1 evel fluctuations in 

alluvial wells: (1} aquifer testing and water quality sampling; (2) recharge associated 

with significant precipitation events; {3) extended dry periods or dry periods between 

precipitation events; and {4) mining interception of upgradient ground-wate~ recharge to 

the alluvial aquifer. 

Alluvial water level declines as a result of aquifer testing and water quality sampling 

range from .05 to 3.25 feet (Site 27) in a given quarter of the year. From 1980 until 

1982, only the nine four-inch alluvial wells were sampled for water quality. Following 

the purchase of a 1.75-inch bladder pump in 1982, all alluvial wells with at least five 

feet of water in them have been sampled for water quality. Alluvial wells are typically 

prepumped a week before actual wat.er quality samples are obtained so the stress to the 

aquifer is effectively doubled. The range of water level declines is of the same 

magnitude as the water level shallowings as a result of rech~rge or declines as a result 

of extended dry periods. This makes defining natural alluvial water level fluctuations 

very qualitative at best. Reduced sampling has been proposed to help minimize this 

problem. Proposed sampling frequepcy changes and· rationale for such frequencies are 

discussed .in Chapter 16, Hydrological Monitoring Program. 

Both rainfall and snowmelt runoff are significant forms of recharge to the alluvial 

aquifer system. Of the two forms of recharge, ~ainfall causes the greater water level 
,, 

changes in the a 11 uvi a 1 monitoring we 11 s. Greater water 1 eve 1 sha 11 owings have occurred 

as a result of rainfall runoff recharge at 28 of the alluvial monitoring wells. Since 

1980, alluvial water level shallowings from rainfall recharge have ranged from ~05 to 5.8 

feet. Alluvial water level shallowings since 1980, as a result of snowmelt recharge, 

range from .05 to 4.1 feet. The maximum water level shallowings from rainfall and 
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snowme 1 t recharge occurred at Sites 87 in Moenkopi Wash and 106 in Yucca Flat Wash, 

respectively. Rainfall is assumed to occur from July through October while snowmelt is 

assumed to predominate from January through March. 

Water level shallowing in the alluvial wells during November through December and April 

.through June is assumed to be in response to rainfall, snowmelt or a combination of the 

two. At only eight of the alluvial wells has a greater range of water level shallowing in 

response to recharge occurred during the spring or fa 11 seasons. The documented range of 

water level shallowings during these two seasons are from .05 to 2.35 feet. 

Ground-water level drops in alluvial wells between periods of recharge or during extended 

dry periods (i.e. May - June) are of approximately the same order of magnitude as the 

water level changes in response to recharge. Typically, the greatest drops are in the 

late summer and spring months. Alluvial ground-water level drops associated with recharge 

deficits ranged from .05 to 7.1 feet. The 7.1 feet was at Well 29 which is located 

immediately below J-7 dam and fluctuates in direct response to water storage changes in 

the dam. Typical alluvial water level declines in response to recharge deficits range 

from .OS to 4.0 feet. Table A in Attachment 12 lists alluvia] water level changes on a 

quarterly basis. Wells such as 13, 70 and 73 along Y"ellow Water Canyon Wash showed water 

level declines ranging from 2 to 4.5 feet from 1980 until 1982. These water level drops 

were not a result of the N-7 pit pumpage because they are well upgradient from N-7. Wepo 

Wells 51 and 52, located in the Yellow Water Canyon Watershed, but well upgradient from 

N-7, showed similar water level declines, suggesting that this portion of the ground-water 

system received very little recharge during 1981. 

A fi1hal alluvial water level change category to be discussed is water level changes in 

response to pit interception of the Wepo aquifer upgradient from the alluvial aquifer. 

From 1980 to the present, only one pit has intercepted the Wep? aquifer in a close enough 

proximity to the alluvial aquifer to produce a significant drawdown. From 1980 to 1983, 

interception and pumpage of Wepo ground water in the N-7 pit caused 8 to 8.5 foot water 

level declines in Alluvial Wells 74 and 75. Since cessation of pit pumpage in 1983, water 

level recoveries have been slow, suggesting that resaturation of the spoil material and 

reestablishment of the Wepo aquifer gradient will require several years. The extent of 

the impact to the alluvial aquifer system was very localized as Alluvial Wells 19 and 84, 

which are a couple of miles downgradient from 74 and 75, have shown gradual water level 

shallowing of approximately three feet in each well since 1980. 
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Alluvial Aquifer Gradients, Saturated Thicknesses and Cross Sectional Areas. Alluvial 

aquifer gradients have been determined ori both the ma~ro and micro scale. On the m~cro 

scale, gradients were measured along the various reaches of each of the principal washes 

and tributaries (see Drawing No. 85620 ~nd Table 36). All~vial aquifer gradients me~sured 

over sever a 1 thousand feet in the various channe 1 s ranged from • 007 to • 025 feet/feet. 

The largest gradient was along Dugout Wash and the smallest was along lower Dinnebito 

Wash. On the micro scale, alluvial aquifer gradients were determined at 15 alluvial well 

locations using 180 foot seismic refraction spreads. Micro gradients ranged from .002 to 

.028 feet/feet. The lowest micro alluvial gradient was measured on lower Yellow Water 

Canyon Wash near Well 74. The highest gradient was me.asured at lower Coal Mine and Red 

Peak Valley Washes and upper Red Peak Valley Wash at Wells 19, 31 arid 32, respectively. 

Alluvia 1 saturated thicknesses and saturated cross-secti ona 1 areas were. determined for 

seven major washes using seismic refraction methods. Attachment 13 presents these data 

for 15 selected sites on an adjacent to the lease. Average saturated thicknesses range 

from three feet to over 34 feet, while saturated cross~sectional areas range from 900 sq. 

ft. to over 40,000 sq. ft. Thinnest saturated thicknesses are present at Upper Red Peak 

Wash, Upper Yellow Water Wash and Upper Yucca Flat Wash, while greatest saturated . 
thicknesses were found at Lower Yellow Water Wash, Lower Coal Mine Wash, Lower and Upper 

Dinnebito Wash, and Middle Reed Valley Wash. Greatest saturated cross-sectional areas are 

found along Dinnebito, Lower Moenkopi and Coal Mine Washes. 

In general, the greatest saturated thickness and saturated cross-sectional areas are to be 

found along the lower portions of each wash, while .their upper reaches are comparatively 

dry. Exceptions to this are Reed Valley and Upper Coal Mine Wash. In the first case, 

Reed Valley i~ rather deeply incised near Site 100R, and probable localized faulting may 

account for what appears to be a "pondi ng" of a 11 uvi a 1 ground water in that area. Upper 

Coal Mine Wash displays a greater ~hickness of alluvium than is present along the upper 

reaches of most of the other washes, which may explain the higher values for saturated 

thickness and saturated cross-sectional area present there. Table 37 summarizes the above 

data. 

Alluvial Aquifer Recharge and Discharge. Recharge to the alluvial aquifer is derived from 

rai nfa 11 runoff, snowme 1 t runoff, ground-water flow from the Wepo a qui fer and the Vale 

Point Sandstone and seepage from springs. Rainfall runoff appears to be the most 

significant form of recharge to the alluvial aquifer besides ground-water flow from the 

Wepo aquifer. As much as 5.8 feet of change in water level has resulted from rainfall 

runoff recharge through the channel bottoms to the alluvial aquifer. In comparison, 
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TABLE36 

A 11 uvi a 1 Aquifer Gradients and Flow 

Directions by Channels and Reaches 

Watershed Containing Alluvial Aquifer 

Yazzie Wash 

Upper Yellow Water Canyon Wash 

Lower Yellow Water Canyon Wash 

Upper Coal Mine Wash 

Middle Coal Mine Wash 

Lower Coal Mine Wash 

Upper Moenkopi Wash 

Middle Moenkopi Wash 

Lower Moenkopi Wash 

Tributary to Moenkopi Wash 

Upper Reed Valley Wash 

Lower Reed Valley Wash 

Dugout Valley Wash 

Upper Red Peak Valley 

Lower Red Peak Valley 

Upper Yucca Flat Wash 

Lower Yucca Flat Wash 

Sagebrush Wash 

Upper Dinnebito Wash 

Lower Dinnebito Wash 

Wash 

Wash 

Gradient (Ft/Ft) 

212 

.015 

.010 

.012 

.010 

.011 

.010 

.010 

.009 

.009 

.019 

.020 

.016 

.025 

.012 

.015 

.015 

.010 

.015 

.009 

.007 

Flow Direction 

South 

sw 
ssw 
sw 
sw 
ssw 

·SW 

sw 
sw 
NW 

NWW 

NWW 

NNW 

NWW 

sw 
NWW 

NNW 

SW 

sw 
sw 
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TABLE 37 

Alluvial Aquifer Saturated Thickness 

And Cross Sectional Areas 

Determined by Seismic Refraction and Drilling Logs 

Saturated 
1 

Saturated Cross 
2 

Site Location Thickness {ft} Sectional Area (ft
2

) 

(max.) (avg.) 

27 Lower Reed Va 11 ey Wash 26 12 5900 

31R Lower Red Peak Wash 27 16 5200 

32 Upper Red Peak Wash 14 8 1700 

70 Upper Yellow Water Wash 10 5 2200 

74 Lower Yellow Water Wash 44 20 9000 

77 Upper Coal Mine Wash 30 14 11,600 

84R Lower Coal Nine Wash 37 21 20,000 

88 Middle Moenkopi Wash 25 14 7500 

95 Lower Moenkopi Wash 32 17 16,500 

100R Middle Reed Valley Wash 40 20 7000 

103 Middle Rea Peak Wash . 18 9 3300 

105 Middle Yucca Flat Wash 24 12 3200 

107 Upper Dinnebito Wash 60 20 24,400 

110R Lower Dinnebito Wash so 34 40,300 

114 Upper Yucca Flat Wash 8 3 900 

1Minimum saturated thickness is zero in each case. Average saturated thickness is determined by the following formula: D =~qdn = 10lqd 0 , n- -L--

where D is average saturated thickness; L fs lateral surface distance between points along each cross-section where d = 0; d is the vertical 
n 

saturated thickness in the plane of each cross-section; and n = 0.1 L (to the nearest intergral value). 
2 

These values were derived directly from each cross-section, using standard planimetric analysis techniques. 



snowmelt runoff recharge has amounted to water level changes as .much as 4.1 feet. Volumes 

of water associated with these types of recharge are estimated in the section on "Channel 

Transmission Losses". 

Recharge to the allluvial aquifer from the Wepo aquifer is the principal form of recharge 

and atcounts for the mainten~nce of alluvial water.levels during the extended dry periods. 

Water level gradients indicating flow from the Wepo aquifer into the alluvial aquifer were 

noted at six of the 15 sites studied using refraction sei~mic techniques (Sites 31R, 77, 

100R, 103, 107 and 110R, Refer to Attachment 13). 

In tJ1e northern and northeastern areas of Black Mesa above the 1 easehol d, the drainage 

ch~qnels truncate portions of the Yale Point Sandstone and recharge to the alluvium from 

the Yale Point Sandstone is highly probable. Aerial surveys flown to document 

intermittent or wet channe 1 reaches confirm that there is ground-water flow in these 

portions of the alluvial aquifer system. Because the alluvial veneer is considerably 
.,.. 

thinner in these reaches, total recharge from the Yale Point Sandstone is probably less 

significant in comparison to Wepo recharge to the alluvial aquifer on the leasehold. The 

drainage systems have not downcut to elevations where they would be truncating the Toreva 
,. 

aquifer on the leasehold. Thus, .there is no recharge from the Toreva aquifer to the 

alluvium on the leasehold. Flow rates documented at springs on the leasehold are small 

enough to infer that recharge from springs to the alluvial aquifer is relatively 

insignificant. 

Dis_charge from the alluvial aquifer system is irr the form of ground-water throughflow and 

evc:1pptranspiration. Ground-water throughflow through the alluvial aquifer system occurs 

a l0\}9. each wash as a function of the aquifer transmi ssi vi ty, the water table gradient and 

the saturated a 11 uvi a 1 cross section a 1 areas. Evapotranspiration 1 osses are primarily 

from capillary rise and phreatophyte water consumption. It is estimated that appreciable 

capillary rise will occur wherever the alluvial aquifer water level is within four feet or 

less of the channel bed surface. The significance of this phenomena is substantiated by 

the extensive salt crusts that build up along these channel reaches during the extended 

dry periods. 

Alluvial water consumption by phreatophytes is quite significant. Continuously recorded 

alluvial wells located in a close proximity to phreatophytes (i.e. 33, 83, 84 and 95) show 

distinct diurnal water level fluctuations during the late spring and sulJIJier months. The 

two principal phreatophytes occurring on the leasehold are saltcedar and greasewood. 
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According to Robinson ( 1958), the annua 1 use of water by phreatophytes in the western 

states ranges from several thousand cubic feet to more than seven acre-feet/acre of 

phreatophytes. 

Alluvial Aquifer Characteristics. Cooley et al. 1969, as part of their hydroeologic study 

of Black Mesa, performed twelve pumping .tests at different alluvial locations around the 

Black Mesa region. Results of these tests show that alluvial aquifer transmissivities 
-4 

ranged from 325 to 63,800 gpd/foot and storage coefficients ranged from 5x10 to 0.25. 

To evaluate the alluvial aquifer characteristics specific to the leasehold, 

time-distance-drawdown aquifer tests were performed in pits excavated into the alluvial 

aquifer and slug injection tests were performed in the alluvial well bores. Time-drawdown 

pit tests were employed because meaningful drawdown responses could not be-obtained in the 

alluvial wells prior to completely depleting all the water from the well bores. Where the 

alluvial aquifer water levels were shallow and permeabilities large enough~ pit pumping 

tests were performed. Successful pit tests were performed near Alluvial Wells 74, 84, 88 

and 95. The range of average transmissivity values determined from these tests was from 

1870-5100 gpd/ft. The transmissivity values were comput·ed using techniques and type 

curves presented by Neuman (1975). 

Problems with pit or well bore storage effects were minimal. Deviations of the data plots 

from the theoretical response curves were usually overcome within the first 100 minutes of 

the aquifer test. Even with the use of pits, pumping rates (7 to 10 gpm) maintained in 

order to avoid draining the pits were not sufficient to induce de 1 ayed yi e 1 d responses · 

from the alluvial aquifer in the two to three-day test periods. Time projections 

estimated for delayed yield responses at these pumping rates were on the orderof weeks. 

Thus, the early portions of the theoretical response curve (Type A curves) were used to 

comptite transmissivity values. Acc~rding to Neuman 1975, reasonable transmissivity values 

can be obtained using the Type A curves; however, storage coefficient values should be 

determined using the delayed yield (Type B) curves. Storage coefficient values had to be 

determined from slug tests performed at 15 of the remaining alluvial well sites. 

Injection type slug tests were performed at 15 alluvial wells according to the procedures 

described by Cooper et al. 1967. Transmissivity values were determined by overlaying the 

data plots on response type curves developed by Cooper et al. 1967 and Papadopu1os et al. 

1973. Transmissivity values computed ranged from 21 to 1517 gpd/ft (Table 38). Data 

plots, time versus water level measurement tables and pumping rate tables for all alluvial 
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TABLE 38 

Alluvial Aquifer Characteristics 

Transmissivity Storage 

Well No. <sed/ft) Coefficient 

17 310 10-2 

27 128 10-1 

31R 988 10-3 

69·. 1517 10 -s 

72 37 10 -l 

75 3508 * 
76 53 10-8 

82 46 10-1 

84 2062 * 
87 219 10 

-3 

88 5100 * 
95 1870 * 
100R 531 10 

-7 

102 316 10 
-8 

103 59 10 
-8 

104 232 10 
-8 

105 39 10 
-8 

108 68 10-3 

110R 21 10 
-2 

* Pit test, storage coefficient could not be determined. 
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well aquifer tests are presented in Attachment 14. 

i-\s was mentioned above,· storage coefficient values could not be calculated directly from 

the time-drawdown alluvial aquifer tests. According to Cooper et al. 1967, storage 
r 2 

coefficients can be estimated from the relationship X = -!- S. Since the r and r terms 
rLc s c 

cancel out in the case of the alluvial wells, storage coefficients (S) are approximated by 

the "x" order of magnitude assigned· to each type curve. Estimated storage coefficients 
-1 -a 

from the slug tests show a large amount of variability ranging from 10 to 10 • 

Transmissivities are low in the alluvial aquifer probably due to the fine, poorly sorted 

nature of the a 11 uvi a 1 materia 1 and to the 1i mi ted extent of the a qui fer. Ground-water 

development potential in the alluvial aquifer on the leasehold is low. Figure 72 is 

provided to show where alluvial aquifer characteristics were determined on the leasehold 

by the three aquifer testing techniques. 

" Alluvial Aquifer Water Quality. Water in the alluvium is characterized by a high degree 

of spatial chemical variability. Hydrologic variables which affect water quality include 

tranmissivities, hydraulic gradients, nature of recharge and the proximity of recharge 
..,. 

sources to alluvial wells. All of_ these variables interact to some extent to produce the 

observed water quality. 

Hydrqulic gradients together with transmissivities determine the residence time of a 

volume of water in a portion of an aquifer. These aquifer characteristics were compared 

to TDS in Table 39 to establish the significance of this relationship. As can be seen 

from Table 39, factors other than gradients and transmi ssi viti es exert greater contro 1 

over TDS levels in the alluvial aquifer. 

There are two principal sources of recharge to the alluvial aquifer: discharge from the 

Wepo a qui fer and rai nfa 11 and snowme 1 t runoff. Rainfall runoff and snowme 1 t recharge 

through the channel bed appears to be more immediate, based on a 11 uvi a 1 hydrograph 

analysis. As such, it has the potential to significantly affect water quality during wet 

periods. During the dryer periods, chemical characteristics of Wepo recharge are expected 

to more strongly affect alluvial water quality. 

Table 40 below shows the seasonal recharge-related TDS variability. 
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~ TABLE 39 

\.1! 
Average TOS Values 

For the Alluvial Wells 

Well Watershed TDS (mg/1} Well Watershed TOS (mg/1} 

* * 
13 YW 3992 93 MO 4064 

17 CM 1233 94 MO 4028 

19 CM 4574 95 MO 3503 

23 MO 1320 96 MO 4905 

27 RV 1856 98 MO 62,264 

29 RP 3984 99 RV 8834 

32 RP 3023 100 RV 18,826 

68 YW 4771 101 RV 8379 

69 YW 3875 102 RP 2568 

70. YW 24,185 103 RP 1057 

·o 71 . YW 5119 104 YU 1916 
.... ,. 

72 YW 5775 105 YU 3189 

73 YW 5452 106 YU 2364 

74 YW 5986 107 Dl 5921 

75 YW 4318 108 Dl 3804 

76 CM 1051 109 Dl 4487 

77 CM 628 31R RP 1195 

79 Cfvl 1335 33R. 01 5625 

80 CM 4154 70R YW N/A 

81 CM 2967 74R · YW 37.10 

82 CM 4948 84R CM 3830 

83 CM 4710 100R RV 11,370 

84 CM 3780 107R 01 3030 

87 MO 2851 110R Dl 5800 

88. MO 4239 114R y 1490 

89 MO 2450 

* Watershed Abbreviations 

YW = Yellow Water CM = Coal Mine MO = Moenkopi 

RV =Reed Valley RP = Red Peak 01 = Oinnebito YU = Yucca 
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TABLE 40 

Mean Seasonal TDS Values for the Alluvial Wells 

May-June July-Oct Jan-April 

TDS mg/1 4755 2932 4252 

As can be seen from the data in Table 40, rainfall recharge (July-Oct) has a diluting 

effect on alluvial water quality. Recharge from the Wepo aquifer dominant during the 

per:i:od May-June is more concentrated. Snowme 1 t recharge (January-Apri 1) is higher in TDS 

corieemtration due to the increased time of interaction of slowly melting snow with mineral 

facies. 

The proximity of an alluvial well to recharge sources has an effect on observed water 

quality. An alluvial well located more proximate to the active stream channel should 

receive more recharge from runoff than one located at the edge of the alluvium. 

Consequently, wells closest to areas of channel bed recharge show lower TDS levels due to 

dilution from runoff events. The same relationship appears to hold for alluvial well 

proximity to the Wepo aquifer. The further the water travels from the Wepo source, the 

more it is chemically altered by contact with soluble alluvial materials and mixing with 

water from different sources. 

Aliuvial ground water is generally classified as a calcium-magnesium sulfate type 

fotlowing Piper's methods (Piper 1944). High levels of dissolved salts render this water 

un~cceptable for drinking and livestock watering and poor to unsatisfactory for irrigation 

(McKee & Wolf 1963). 

Water samples have been collected periodically from the nine 4-inch alluvial wells since 

August 1980. In May 1982, sampling was initiated for the sampleable 2-inch wells. 

Individual chemical analyses from the alluvial wells can be found in the annual 

Hydrological Data Reports. 

The eight principal ions (Ca, Mg, Na, K, HC0
3

, C0
3

, Cl, & S0
4

) plotted on trilinear 

diagrams, are used to compare water quality between alluvial wells on the same drainage in 

different portions of the alluvial aquifer system. The trilinear diagrams are presented 
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c with the discussions of each drainage. Since trilinear diagrams show only the relative 

percentages of chemical constituents, certain water quality characteristics may be masked. 

For ex amp 1 e, Tab 1 e 41 shows that while Site 70 water qua 1 i ty appears proportion a 11 y 

similar to the other Yellow Water alluvial well sites, its water chemistry is actually 5 

times more concentrated with respect to TDS. For this reason, the trilinear diagrams 

should be examined in conjunction with Table 41 when assessing alluvial water quality. 

In some cases nitrate . ( N0
3

) occurs in appreci ab 1 e concentrations in the all uvi urn. The 

sources of N0
3 

are decaying organic matter and livestock waste. Table 41 shows the ranges 

of the major ions, including NO , for each alluvial well. These values will be used as 
. . . 3 

upper and lower control limits for comparison to future analyses. Samples with values 

falling significantly outside these ranges will be considered to suggest a possible 

impact. If the next sampling period values are still in exceedance, the_possible causes 

will be investigated. A statistical summary of selected chemical constituents for all 

alluvial wells is presented in Attachment 15. 

The relationship of ca_lcium to magnesium, calcium to sulfate and magnesium to sulfate 

{Figures 73 through 78) in the alluvial wells are depicted in two sets of figures, those 

wells with an average TDS ~8000 (98, 99; 100, 100R and 101) and those with an average TDS 

below 8000. The strongest relationship is between magnesium and sulfate (Figures 75 and 

78) and, from the data, appear to be from the same mineral source. The same, but somewhat 

weaker relationship exists for calcium and magnesium and c~lcium and sulfate. 

The poorest water quality in the leasehold alluvial aquifer system comes from several 

wells located near the J-28 mining area {Wells 98, 99,. 100, 101 and 100R). Exploration 

core samples from this mining area show very poor quality coal seams. Pyrites and organic 

sulfur associated with these coal seams yield elevated levels of sulfides which in turn 

oxidize to form acid~ Neutralization of this acid by carbonates in the overburden results 

in the dissolution of significant amounts of calcium, magnesium and sodium. 

Alluvial Well 70 also has very high concentrations of principal ions. In this situation, 

the elevated levels appear to be a function of the well completion. The well is completed 

approximately 1.5 feet into a coal seam. Because the saturated thickness at the well bore 

is minimal, the water yielded from the coal seam has a significant affect on the well 

water chemistry. Successful slug tests could not be achieved at this well which suggests 

that the transmissivity is extremely low. This would account for why the poorer coal 
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TABLE 41 

0 
Ranges For the Major Chemical 

Constituents in Alluvial Ground Water 

Calcium Magnesium Sodium Sulfate Range Nitrate Range 

Well Range nig/1 Range mg/1 Range mg/1 mg/1 mg/1 

13 245.90-515.00 135.80- 493.00 125.00- 411.80 1566.00;.. 2870.00 0.50-13.00 

17 136.80-230.70 56.00- 78.10 20.00- 55.00 340.00- 550.00 0.20;..47.00 

333.20;..637.00 169.00- 335.00 148.00- 380.00 1670.00- 2930.00 12.40-38.80 

23 .:r;,. 140.00-234.80 35.60- 133.00 29.90- 125.00 390.00- 1020.00 0.20- 3.50 

I 27-:·i 120.00-157.80 47.00- 104.00 148.00- 229.00 671.00- 880.00 0.10- 2.50 

I' 29 124.20-336.00 98.90- 345.00 378.00- 744.00 1450.00- 2185.00 0.20-42.00 
1[ 

II 

I 
32 89.80-444.00 49.80- 187.00 267.40- 410.00 590.00- 2200.00 0.10- 2.70 

II 
68 352.30-662.00 252.00- 370.00 184.90- 299.00 1870.00- 2990.00 0.40- 7.50 

69 104.40-425.00 112.00- 490.00 129.90- 275.20 905.00- 2800.00 1.30-19.10 

70 398.30-605.00 2500.00-3353.00 193.00-2200.00 14950.00-16700.00 lf-.60-11.20 

71 277.10-638.00 276.40- 514.00 140.60- 260.00 1750.00- 3000.00 0.60-21.50 

72 392.70-640.60 330.00- 586.00 221.10- 379.00 2520.00- 3820.00 0.20- 7.20 

73 380.00-693.00 332.00- 571.00 282.00- 485.00 2760.00- 4408.00 0.20-27.20 

74 431.00-537.00 314.00- 351.00 325.00- 509.00 2650.00- 3070.00 0.20-51.60 

75 241.00-511.00 159.00- 370.00 177.00- 458.00 250.00- 2858.00 0.77-13.20 

76 160.00-232.60 33.00- 51.50 12.00- 32.10 268.00- 428.00 0.20- 0.80 

--.......... 77 79.00-166.00 17.50- 27.70 7.00- 19.00 119.00- 320.00 0.70- 3.20 

79 66.50-182.00 37.00- 68.00 168.00- 215.20 465.00- 830.00 0.10- 1.25 

80::;,!• 344.00-514.00 173.00- 370.00 126.00- 241.00 1705.00- 2710.00 0.04-11.30 

81 275.00-495.30 123.60- 208.00 120.00- 198.70 1375.00- 2020.00 1.10- 6.60 

82 330.50-700.00 222.90- 590.00 203.70- 469.00 1625.00- 3750.00 19.70-43.10 

83 307.00-730.00 180.00- 440.00 181.20- 483.00 1575.00- 3840.00 2.41-35.20 

84 270.00-861.00 130.00- 347.00 141.00- 433.00 1410.00- 3570.00 0.10-540.0 

87 197.00-370.00 57.00- 430.00 64.70- 379.00 735.00- 2775.00 2.70-26.00 

88 245.00-434.00 109.00- 441.00 112.50- 415.00 1290.00- 3380.00 0.01- 6.98 

89 186.00-238.00 1 09. 00- 281. 00 45.00- 220.00 607.00- 1930.00 0.20- 0.80 

93 299.60-540.00 108.50- 273.00 142.59- 322.70 1350.00- 2502.00 0.20- 6.60 

94 316.00-501.00 217.80- 288.00 154.00- 278.00 1820.00- 2420.00 0.10- 1.80 

95 130.50-509.00 158.00- 261.00 132.00- 454.00 1380.00- 2380.00 0.00- 0.37 
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Well 

96 

98 

99 

100 

101 

102 

103 

104 

105 

Calcium 

Range mg/1 

351.80-572.00 

342.00-536.00 

119.20-254.00 

157.10-495.00 

116.00-537.00 

220.00-380.00 

61.90-190.00 

90.80-410.00 

104.00-269.60 

TABLE 41 (Cont.) 

Ranges Fo~ the Major Chemical 

Constituents in Alluvial Ground Water 

Magnesium 

Range mg/1 

214.90- 387.00 

854.70-9960.00 

544.20-1060.00 

653.00-2880.00 

622.20- 944.00 

81.60- 100.10 

19.30- 240.00 

32.00- 150.00 

27.00- 250.00 

Sodium 

Range mg/1 

Sulfate Range 

mg/1 

200.50- 472.00 1870.00- 3395.00 

59oo.oo.:..1oooo.oo 15550.oo-6o1oo.oo 

84.00- 992.00 3355.00- 6030.00 

749.80- 3190.00 

82.00- 937.00 

76.00- 120.00 

16.30- 61.40 

89.40- 280.00 

272.90- 1500.00 

3500.00-17250.00 

3750.00- 6210.00 

780.00- 1060.00 

158.00- 1070.00 

282.00- 1830.00 

524.00- 2230.00 

Nitrate Range 

mg/1 

0.10- 1.30 

0.10- 1.80 

o.oo- o.6o 

3.80-10.80 

0.16- 0.80 

0.10- 2.00 

0.10- 3.40 

0.10-56.70 

0.10- 2.00 

106 76.10-210.00 46.70- 100.00 192.00- 419.00 442.00- 1140.00 0.10- 1.80 
r 

101 393.80-66o.oo 3oo.oo- 502.oo 321.oo- 1037.00 257o.oo- 4410.oo o.oo- o.69 

108 

109 

31R 

33R 

70R 

74R 

84R 

100R 

107R 

110R 

114R 

* 

155.60-622.00 

440.00-502.00 

150.00-180.00 

430.00-430.00 

* 
* 

517.00-530.00 

265.00-360.00 

300.00-430.00 

75.30- 280.00 

270.00- 353.00 

52.00- 55.00 

353.00- 470.00 

* 
* 

170.00- .300.00 

610.00-1300.00 

220.00- 265.00 

520.00-600.0fr 370.00- 430.00 

6.50- 15.00 3.00- 23.00 

104.00~ 242.20 

175.00- 313.00 

95.00- 100.00 

620.00- 650.00 

* 
* 

172.00- 340.00 

58o.oo- 150o.oo 

13.00- 250.00 

850.00- 2520.00 

2375.00- 2707.00 

402.00- 540.00 

2920.00- 3700.00 

* 
* 

1920.00- 2800.00 

4020.00- 7870.00 

1240.00- 1760.00 

. 480.00- 510.00 2820.00- 3300.00 

490.00- 560.00 70.00- 250.00 

o. 03- 0. 21 

0.10- 0.90 

0.20- 3.00 

9.00-12.50 

* 
* 

0.24-22.90 

0.20- 9.70 

0.20- 0.20 

0.20- 0.20 

o. 80- 1. 00 

Alluvial Wells 70R and 74R have not been sampled enough times to establish ranges. 
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quality dominated water is not readily diluted by alluvial water. 

Yellow Water Canyon Wash Alluvial Aquifer Water Quality 

The Yellow Water Canyon Wash drainage contains 10 alluvial wells. Eight sites (69, 70, 

70R, 71, 72, 74, 74R and 75) are located along the main stem of Yellow Water Wash while 

two sites (68 and 73) are located in Yazzie Wash, a tributary to Yellow Water. The 

trilinear diagram for these sites, Figure 79, shows that all wells have a similar water 

type (calcium-magnesium). 

With the exception of Sites 70, 70R and 74R, the alluvial hydrographs show that the Yellow 

Wat~r alluvial aquife~ receives considerable runoff recharge. In the case of Sites 69 and 

75, the water level response to runoff is almost immediate. The drillers logs document 

mostly sand with gravel and cobbles in their lithologic profiles, which accounts for this 

rapid response. In addition, an aguifer test at Site 75 shows ,the transmissivity to be 
.. ~ 

3,508 gpd/ft. Removal of a portion of the Wepo aquifer upgradient from Sites 74, 75 and 

74R, in the N-7 mining area is expected to temporarily affect the water quality in these 

alluvial wells. As spoil materials are resaturated, following reclamation of the N-7 pit, 
.. 

a slight increase in TDS in the loqal alluvial aquifer is anticipated. 

The water quality variation among the remaining wells in the Yellow Water Wash drainage 

(13, 68, 71, 72 and 74) can be attributed to their loc'ations relative to the active 

channel and corresponding amounts of runoff recharge. 

All1.1vial Wells 70, 70R and 74R all slightly penetrate the Wepo aquifer. While no samples 

haVe 1'been obtained from Site 70R, water quality from the adjacent well Site 70, is among 

the poorest on the 1 ease. Recharge is from a coa 1 unit in the Wepo Formation which was 

partially penetrated by Well 70. 

Coal Mine Wash Alluvial Aquifer Water Quality 

The Coal Mine Wash drainage contains 11 alluvial wells. All are located in the main stem 

of Coal Mine Wash. Three sites (19, 84 and 84R) are located immediately below the 

confluence with Yellow Water Wash. The trilinear diagram, Figure 80, shows that all the 

wells fall within two water type groupings, with Well 79 offset from the rest because of a 

higher percentage of sodium. 
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fiGURE 79 

Trilinear Plot of Mean Parameter 
Values for Alluvial Wells in 
Yellow Water Canyon Wash, 1980 to 1985 
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FIGURE 80 

Trilinear Plot of Mean Parameter Values 
for Alluvial Wells in 

Caol Mine Wash, 1980 to 1985 
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Sites 17, 76 and 77 indicate a calcium-magnesium sulfate and bicarbonate water type 

(Figure 80). Sites 76 and 77 are within 150 yards of each other while site 17 is 

~pproximately 5 miles down stream. The hydrographs for these alluvial wells suggest that 

they all respond to runoff recharge but. that the response is attenuated at Site 76. The 

comparatively high levels of calcium and bicarbonate from these sites indicate a nearby 

significant Wepo recharge source. The dominant ions suggest that the recharge source is a 

sandstone unit (Hem 1970}. These wells yield the highest quality alluvial water on the 

lease. 

Site 79 is located within 200 yards from Site 17 but exhibits higher levels of sodium. 

The hydrograph for Site 79 shows minimal water level response to runoff recharge. 

Elevated sodium levels at Site 79 suggests local recharge from the Wepo aquifer through a 

shale unit. The water quality of two nearby Wepo wells (Sites 41 and 52} are similar to 

that of Site 79. 

The remaining wells, (Sites 19, 80, 81, 82, 83, 84 and 84R) plot as a calcium-magnesium 

sulfate water type. The hydrographs for these sites show that all respond significantly 

to runoff recharge. Sites 84 and 84R were lost in 1984 due to lateral channel erosion 

shortly after Site 81:1-R was installed. A new 84R well has subsequently been completed in a 

more protected area. Both the original and the new 84R were within 75 meters of Site 84. 

Wells 80 and 81 are located adjacent and below a channel realignment that was completed in 

the spring of 1981. The impact of this channel change on water quality at these sites has 

been minimal, with only small increases in the concentrations of the major cations. The 
-J 

water use potential in this portion of alluvium remains unchanged. 

The water quality variations between wells (19, 80, 81, 82, 83, 84 and 84R) are probably a 

function of their distances from the active channel and corresponding degrees of runoff 

recharge. In addition, Site 84 sh~ws notable water quality variation between samples. 

This is due to mixing of water from both Yellow Water and Coal Mine watersheds (Well 84 is 

at the confluence of the two washes). The quality of water at this site is affected by 

the relative proportions of water contributed by each watershed. 

Moenkopi Wash Alluvial Aquifer Water Quality 

The Moenkopi Wash drainage contains 9 alluvial wells. Eight sites (2~, 87, 88, 89, 93, 

94, 95 and 96) are located in the m~n stem of Moenkopi Wash while one (Site 98} is 
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Moenkopi Wash, 1980 to 1985 

1-' 
0 
0 



located in a tributary to Moenkopi. The tri 1 inear diagram for Moenkopi Wash drainage 

(Figure 81) shows that all wells are of a calcium-magnesium sulfate water type. 

The water quality at all sites except 23 and 98 appears to be related to the distances the 

wells are from the active channel. Wells located at the edges of the alluvium exhibit the 

least variation in water quality between samples. This can be attributed to reduced 

seasonal input from runoff recharge. 

The generally higher cation concentrations found in alluvial wells in lower-Moenkopi Wash 

(Sites 93, 94, 95 and 96) can probably be related to the presence of phreatophy~es. In 

arid areas, there are significant concentrations of dissolved constituents near 

phreatophytes as they utilize moisture while leaving salts behind (Bouwer 1978}. These 

riparian stands are most prevalent along the lower reaches of Moenkopi Wash. 

Site 23 appears to reflect the pre_sence of a si gni fi cant Wepo recharge source. It a 1 so 

"' appears to receive considerable surface runoff recharge. The increased calcium and 

bicarbonate levels noted here suggest local recharge from the Wepo via a sandstone unit. 

,.. 
Site 98 wi 11 be discussed in the . next section of Reed Va 11 ey Wash drainage because of 

water quality similarites. 

Reed Valley Wash Alluvial Aquifer Water Quality 

The Reed Valley Wash ~rainage contains 5 alluvial wells. Four sites (99, 100, 100R and 

27} are located along the main stem of Reed Valley Wash while one site (27} is located in 

Dugout Wash, a tributary to Reed Valley. The trilinear diagram (Figure 82} for this 

drainage shows that all wells except Site 27 plot in a group. 

Si.te 27 water quality. is characterized by comparatively higher levels of calcium and 

bicarbonate while magnesium and sodium levels are reduced. The higher calcium and 

bicarbonate levels suggest that a sandstone unit is supplying recharge to this portion of 

the alluvium. 

Site 70 in the Yellow Water Canyon alluvial aquifer and Site 98 in an unnamed tributary 

alluvial aquifer have very similar ion concentrations (TDS >8000} and water types to Reed 

Va 11 ey A 11 uvi a 1 We 11 s 99, 100, 1 OOR and· 101. An exp 1 anati on tying their water chemistry 
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0 
to environment of deposition lithologic differences has been discussed previously. In 

addition, Well 70 water chemistry is highly influenced by its well completionj 

Red Peak Valley Wash Alluvial Aquifer Water Quality 

The Red Peak Valley Wash drainage cont~ins 5 alluvial wells. All sites (29, 32, 102, 103 

and 311) are located along the main stem of Red Peak Valley Wash. The trilinear diagram 

for this drainage, Figure 83, shows that all sites plot in different areas within the same 

water type - calcium-magnesium sulfate.· 

Site 32 water quality is dominated by sodium and sulfate. The drillers log indicates that 

only moist alluvium was encountered above bedrock. Well 32 was completed through 12 feet 

of weathered shale and coal in the Wepo Formation. 

Runoff recharge occurs as lateral flow over the semi-confining weathered shale beds. The 

water quality type does suggest flow from the weathered shale. During periods of pumping 

stress, the shale yields limited amounts of water and recovers quite slowly. 

Sites 31R, 102 and 103 all show considerable response to runoff recharge. The drillers 

logs document that the alluvial profile at these sites is predominantly composed of sand. 

The water quality at these sites reflects that of surface runoff. 

Site 29 is located .immediately below J~7 dam. As such, it receives very little overland 

runoff recharge. The area around this well is perennially saturated and running water is 

evident during a portion of the year. Water quality at this site is probably ·affected by 

seepage recharge from J-7 dam and phreatophyte salt concentration. 

Yucca Flat Wash Alluvial Aquifer Water Quality 

The Yucca Flat Wash drainage has 4 alluvial monitoring wells. Three sites (104, 105 and 

114R) are located along the main stem of Yucca Flat Wash while one site (106) is located 

in Sagebrush Wash a tributary to Yucca Flat. The trilinear diagram for this drainage, 

Figure 84, shows that it contains the only alluvial wells (105, 106 and 114R) on the 

leasehold which deviate from the calcium-magnesium sulfate water. type. The exception is 

Site 104 which exhibits a calcium-magnesium sulfate water type dominated by runoff 
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Trilinear Plot of Mean Parameter Values 
for Alluvial Wells in 

Red Peak Valley Wash, 1980 to 1985 
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FIGURE 84 

Trilinear Plot of Mean Parameter Values 
for Alluvial Wells in 

Yucca Flat Wash, 1980 to 1985 
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recharge. 

Wells 105 and 106 yield a. sodium sulfate water type. This type of water is typical of 

alluvial wells with very limited saturated thicknesses or partially completed in the 

underlying Wepo units. Well 105 may partially penetrate some weathered bedrock. Seismic 

traverses run along Yucca Flat Wash indicate that a l1 uvi a 1 saturated thicknesses range 

from 0 at Well l14R to only 5 feet at Well 105. Under this type of scenario there is very 

.limited potential for cation exchange reactions to occur in the higher cation exchange 

capacity (CEC) alluvial material. 

Site 114R was completed in the Wepo aquifer. The Wepo units penetrated are predominantly 

shal~ with some coal and sandstone. The water quality at this site merely reflects what 

is representative of the Wepo aquifer at that location. 

Dinnebito Wash Alluvial Aquifer Water Quality 

The Dinnebito Wash drainage contains 6 alluvial wells. All six sites (107, 108, 109, 33R, 

107R and 110R) are located along the main stem of Dinnebito Wash. The trilinear diagram 

for this drainage, Figure 85, shows_ that"" all well water quality samples plot similarly and 

are of a calcium-magnesium sulfate water type. 

The alluvial hydrographs for all sites show that water level response to runoff is 

considerable. The drillers' logs document that the lithologies for all wells along the 

wash are dominated by silty and sandy clays. ·This, combined with the lowest alluvial 

aquifer gradients on the leasehold (.009 - .007), suggests that water in this portion of 

the aquifer should have longer residence times. 

The water quality of the Dinnebito wells is a function of their relativ~ distance~ from 

the active stream channel, and alluvial aquifer lithology and gradient. 

Permanent Internal Impoundments 

The internally draining ponds discussed in this section are not to be confused with 

sediment ponds or other water control structures. These ponds are on the interior of 

reclaimed areas only. They have been created for the pyrpose of providing water for 

livestock and wildlife and to enhance the vegetation program. For the purposes of the 
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FIGURE 85 

f Mean Parameter Values 
Trilinear Plo\~luvial Wells in 0... . f. or h 1980 to 1985 }i nneblto Was ' 

0 
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following discussion, these ponds shall be referred to as permanent internal impoundments. 

Several permanent internal impoundments have been created in pre-law mining areas and two 

have been constructed in the N-2 postl aw mining area. The SMCRA is very specific in 

defining the criteria for authorizing approval of permanent internal impoundments as part 

of the final reclamation plan. 

To .address the SMCRA criteria, Peabody retained Water, Waste and; Land, Inc. of Fort 

Calli ns, Col or ado (WWL) to perform hydrologic and engineering studies to assess the 

feasti~lity of incorporating permanent internal impoundments as part of the final 

reclamation plan. The study results are presented in considerable detail in Appendix E of 

this PAP. In addition to the WWL study, Peabody has incorporated as part of their 

monitoring program, the monitoring of the quality and quantity of water in both pre- and 

postlaw permanent internal impoundments. The following discussion will address the 

specific SMCRA pond criteria and will incorporate the results of the WWL study and the 

Peabody permanent internal impoundment (pond) monitoring program. 

SMCRA Criteria. Section 515(b)(8} of SMCRA states that operators may: 

(8) create, if authorized in the approved mining and reclamation plan and permit, 

permanent impoundments of water on mining sites as part of reclamation 

activities only when it is adequately demonstrated that -

(a) the size of the impoundment is adequate for its intended purposes; 

(b) the impoundment dam construction will be so designed as to achieve 

necessary stability with an adequate margin of safety compatible with that of 

structures constructed under Public Law 83-566 (16 U.S.C. 1006); 

(c) the quality of impounded water wi 11 be suitable on a permanent basis for 

its intended use and that discharges from the impoundment wi 11 not degrade the 

water quality below water quality standards established pursuant to applicable 

Federal and State law in the receiving stream; 

(d) the level of water will be reasonably stable; 

(e) final grading will provide adequate safety and access for proposed water 

users; and 

(f) such water impoundments will not result in the diminution of the~uality or 

quantity of water uti 1 i zed by adjacent or surrounding 1 andowners for 

agricultural, industrial, recreational, or domestic uses. 
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Impoundment Size. The intended purposes for permanent internal impoundments are stock 

watering and enhancement of wildlife habitat. A secoridary purpose may be improvement of 

reclamation success. Since the postmining land use on the Black Mesa leasehold is 

rangeland, the presence of any surface water for livestock would be beneficial. 

Thewildl ife baseline study found in Chapter 10 documents the benefits to wildlife of the 

existing J-7 impoundment. Similar ben~fits would be expected at additional impoundments. 

The presence of surface water waul d have the potential for improving plant species 

diversity in the immediate vicinity of an impoundment. Evidence of this effect can be 

found near several small permanent internal impoundments in the reclaimed, pre-law J-3 

area. 

It should be evident that the quantity of water available in an impoundment at a given 

time is not particularly critical to t_he intended purposes. The presence of any surface 

water waul d serve the purposes stated above. A wide range of impoundment sizes is 

available because of the way surface minirig activities are conducted. For example, ramps 

can be used to create small to medium-sized watersheds and final cuts can be shaped to 

create relatively large watersheds. 

To address the permanent internal impoundment size issue, WWL investigated the 

relationship between impoundment surface area and watershed area. Because the size of 

existing impoundments and watersheds was so variable, a dimensionless parameter, referred 

to as an area index, was used in the water persistence stochastic computer modeling. Area 

index was defined as the watershed area divided by the impoundment area. Appendices E and 

F in the WWL Study (PAP Appendix E) show the probabi 1i ty of water persistence as a 

function of area index and runoff curve number. An examination of Appendix F indicates 

that there is very little gain in water persistence probability beyond an area index of 

150. There is a trade off between the probability of water persistence and impoundment 

size. In order to minimize evaporation losses, impoundment surface areas need to be 

minimized and depths maximized. There is a practical limit as to how deep impoundments 

can be excavated and certainly safety concerns apply to impoundment slopes and depths. 

A survey of existing impoundments known to hold water for extensive periods of times 

showed that area indexes ranged from 10 to 126. Since large impoundments are not 

part i cul arl y required to serve the intended purposes of the surf ace water, it seems 

reasonable to create small to medium-sized impoundments and optimize the probability that 
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water will be present. A few large, watersheds would not be as beneficial as .a larger 

number of smaller watersheds considering the nature of· precipitation experienced on Black 

Mesa, the potential for improving vegetation di~ersity, grazing management and the 

potential for a wider distribution of wildlife habitat areas. 

Impoundment Stability. The permanent internal impoundments closely resemble incised 

ponds. Embankments are very wide and gradually sloped down gradient. Section 3 and 

Appendices G and H in the WWL Study (PAP Appendix E) discuss field analyses, laboratory 

grain size and Atterberg 1 i mi ts tests and direct shear tests performed on spoi 1 samples 

froin :test pits in the vicinity of impoundments in pre- and postlaw reclaimed areas. 

Safe·ty' fe~ctors were computed for static and earthquake loading.conditions in excess of the 

most critical that could be expected to occur. The minimum safety factors of 1.9 for 

static loading conditions and 1.35 for earthquake loading conditions demonstrate that the 

creation of internal impoundments in spoil would not present any stability hazards. 

Water Quality. Based on the results of chemical analyses of soil samples taken from 

reclaimed areas, WWL 1 s water quality mass balance model projected that the water quality 

in impoundments would be better than the standards recommended for livestock by the U.S. 

Environmental Protection Agency and the Water Quality Bureau, Montana Department of Health 

and Environmental Sciences. As part of the envi ronmenta 1 monitoring program on the 

1 easeho 1 d, ten pre 1 aw and two postl aw permanent internal impoundments have been sampled 

for water quality since 1981 (see Drawing No. 85600). In all, 61 impoundment samples have 

been ana 1 yzed representing a 11 seasons of the year and a variety of water depths. A 

statfstical summary of the principal ions analyzed for is presented in Attachment 16. A 

tri'U,Qear plot of average impoundment ion concentrations is shown in Figure 86. The p 1 ot 

indicci.tes there are three water types represented by the impoundments: {1) 

calcium-magnesium sulfate (Impoundments 116, 119, 120, 121, 123, 206 and 212); {2) 

calcium-magnesium bicarbonate (Impoundments 117,' 118 and 122); and (3) sodium-sulfate 

(Impoundments 112 and 113). Based on water quality criteria for livestock (Table 42, EPA, 

1979), all impoundments are suitable for use as livestock drinking water. Historically, 

one analysis at Impoundment 116 was at the livestock limits for so
4 

and TDS. Three 

analyses at Impoundment 113 had high so
4 

values (3800-5400); however, the accuracy of 

these early analyses is questionable as these same analyses reported TDS ranges from 88 to 

26,000. These early-TDS values were either inordinately high or low in comparison to so
4 

concentr~tions since so
4 

is the major ion and is usually an order of magnitude higher than 
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FIGURE 86 

Trilinear Plot of Mean Parameter Values 
for the Permanent Internal Impoundments 
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Parameter 

(total form) 

Aluminum 

J'\n~jmony 

Ars~eni c 

Barium 

Beryll i urn 

Boron 

Bromine 

Cadmium 

Chlorides 

Chromium 

Copper 

Cyanide 

Dissolved Oxygen 

Fluoride 

Iron 

Lead 

Li thi urn 

Manganese 

Mercury 

Molybdenum 

Nickel 

Nitrate Nitrogen 

Nitrite Nitrogen 

pH 

Selenium 

Silver 

Sulfates 

Total Dissolved Solids 

TABLE 42 

Water Quality Criteria 

* (National Academy of Sciences, 1974 ) 

Criteria for 

Drinking Water Livestock Aquatic Life 

(mg/liter) (mg/liter) (mg/liter) 

5.0 

0.05+ 0.2 

1.0 

0.011-1.100++ 

5.0 

0.01+ 0.05 0.0004-0.012++ 

250++ -2000.0+++ 

0.05+ 1. 0 0.1++ 

1.0++ 0.5 AF 

0.2 0.005 

5.0 

1.4-2.4+ 2.0 

0.3++ 1.0++ 

0.05+ 0.05-0.1 0.03 

0.05++ 

0.002+ 0.01 0.05 ug/1++ 

AF 

10.0+ 100.0 

1.0 10.0 

5.0-9.0 6.5-8.5+++ 6.5-9.0 

0.01+ 0.05 

0.05+ 

250++ 3000+++ 

500++ 5000++ 15,000++ 
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Irrigation 

(mg/liter) 

5.0 

0.;1++ 

0.1-0.5++ 

0.75++ 

0.01 

0.1 

0.2 

1.0 

5.0 

5.0 

2.5 

0.2 

0.01 

0.2 

4.5-9.0++ 

0.02 

AF++ 



Parameter 

(total form) 

Vanadium 

Zinc 

* 

TABLE 42 (Cont.} 

Water Quality Criteria 

* (National Academy of Sciences, 1974 } 

Criteria for 

Drinking Water 

(mg/liter) 

Livestock 

(mg/liter) 

Aquatic Life 

(mg/liter) 

0.1 

5.0++ 25.0 

0 

AF 

Irrigation 

(mg/liter) 

0.1 

2.0 

Those parameters for which drinking water regulations (1978) or quality criteria (1979) 

+ 

++ 

have been established by the U.S. Environmental Protection Agency are specially 

indicated, and in this table replace the older NAS recommended levels. 

U.S. Environmental Protection Agency (1978) 

U.S. Environmental Protection Ag~ncy (1979) 
+++ ~ 

Wyoming DEQ/LQD (1980) 
AF 

Application factor; indicates criterion for this parameter must be separately 

established for each water body or irrigation use. 
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the other principal ions. It should be pointed out that these impoundments receive runoff 

from nontopsofled reclaimed spoil. 

Comparison of the impoundment water quality with streamflow water quality (Tables 43 and 

44) demonstrates that impoundment water is of comparable quality or better. Although WWL 

concludes that water would not discharge from permanent internal impoundments to the 

·washes, if discharges were to occur, streamflow water quality would not be degraded. 

Permanent internal impoundment water quality degradation with time was investigated by 

sampling the impoundments over a period of years and timing some of the sampling with 

impoundment water level extremes. The impoundment water quality does not appe,ar to be 

degrading with time. This is substantiated by the preceding water quality discussion and 

referenced tables. 

Water quality degradation at low i~poundment water levels was addressed by both the WWL 

study and Peabody monitoring. WWL concluded that impounded water would not have a large 

concentration of TDS except, possibly for short periods of time just prior to the time at 

which the impoundment becomes ~ry. High concentrations of TDS were not considered a 
p . 

potential problem as minimal impoundment water depths were reestablished from runoff 

following periods in which the pond had been dry. The rationale for this is as follows. 

Residual salts left on a dry pond bottom result from crystallization from the concentrated 

solution that exists as the volume of water in the pond approaches zero. These salt 

crystals are highly soluble and are quickly dissolved when contacted by precipitation 

and/or runoff (White, 1977). The infiltration capacity of the materials covering the pond 

bottom is greatest when the pond is dry. The first amounts of precipitation and/or :unoff 

contacting the dry pond bottom infiltrate and carry the highly soluble salts below the 

surface. Thus, the large fraction of the residual salts are not solubilized by the water 

standing in the pond. Both c~pillary and gravitational gradients are oriented 

downward as long as water stands in the pond. Therefore, the only mechanism by which the 

salts carried below the surface can reenter the pond is by diffusion. Once ponded water 

is again depleted by evaporation and percolation, the capillary gradient reverses and 

water will move upward in response to the evaporative potential. Salts dissolved in this 

upward moving water are precipitated at or near the ground surface and are in addition to 

those precipitated from the pond water. 

Two impoundments (113 and 118) were selected to represent worst and best case scenarios 
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ON RE YC 

Parameter 34 78 37 85 

pH 7.7 7.4 7.4 7.7 

- TOS 1998 1823 1205 289 

Alk 192 168 303 141 

504 1187 1063 648 118 

Ca 234 207 150 52 

Mg 131 105 61 9 

Na 144 97 95 13 

ON Dinnebito Wash 

RE Reed Valley Wash 

YC Yucca. Flat Wash 

YW Yellow Water Wash 

CM Coal Mine Wash 

RP Red Peak Wash 

MK Moenkopi Wash 

TABLE 44 

Mean Concentrations of Selected Chemical Parameters 

Measured at Stream Station Sites on Black Mesa 

( 1 980 - 1985 ) 

Monitoring Site 

YW CM 

50 15 157 16 18 

7.7 7.7 7.7 7.5 7.6 

1869 1396 229 449 1623 

198 189 83 117 194 

582 827 55 170 1157 
'" 

175 178 38 71 149 

66 88 9 20 139 

29 52 6 12 124 

RP 

25 14 155 

7.6 T. 7 7.8 

1853 783 470 

199 144 122 

1061 350 161 

187 67 62 

119 46 18 

126 61 35 

35 

7.4 

1312 

170 

766 

158 

89 

65 

0 

MK· 

26 

7.7 

1987 

308 

1170 

224 

126 

124 

0 
II\ 
N 

. ..l 



from a water quality persistence standpoint. Stevens digital water level recorders were 

installed at both impoundments so that water quality could be correlated with water 

levels. Table 45 presents a summary of water levels versus major chemical constituents 

and TDS. Over a three year period, only one TDS value exceeded the recommended livestock 

limit of 5000. A review of the concentrations of all the major ions makes this TDS value 

very suspect~ Only 3,000 of the 10,000 mg/1 can be accounted for and it is believed that 

the TDS value is a laboratory error. This data clearly supports WWL's conclusion that 

~ater quality degradation with time and with fluctuating water 1 evel s wi 11 not be a 

problem. 

'lii'ater level Stabi 1 i ty. Four photographs of impoundments in the J-3, J -27 and N-1 prelaw 

reclaimed areas are included as Figures 87 through 90. The photos, taken during the 

summer of 1981, are included to show that undesigned impoundments of varying geometries 

and area indices can and do hold significant amounts of water even during dry years. The 

depths and surface areas of these impoundments were not designed to minimize evaporation 

.and the impoundment bottoms were not compacted to minimize i nfi 1 trati on 1 osses. With 

improved planning, properly designed impoundments in reclaimed areas will facilitate water 

persistence. Water levels will, of course, fluctuate and the fluctuations will depend 

upon a,rea index, runoff curve number, time of year and the nature of precipitation events 

experienced on the watershed. 

To address the issue of water persistence, WWL performed a stochastic water balance model 

incorporating a 30-year preci pi tati on record at Betataki n, evaporation data from Many 

farms, ring infiltration test results from tests run in impoundment bottoms, rainfall 

rlllnoff curve numbers ranging from 70 to 90 and area indices ranging from 10 to 750. Table 

46 has been provided to show the model results for area indices 10, 70 and 130 and curve 

numbers 70, 80 and 90. Complete results are presented in the WWL Study (PAP Appendix E, 

Volume 27), Appendices E and F. 

Table 46 indicates that, regardless of the runoff curve number, the months of May and June 

have the lowest probability for impoundment water persistence. Area index size does make 

a significant difference in persistence probabilities in the 80 and 90 runoff curve number 

range. The greatest change in persistence probabi 1 i ties was between area indices 10 and 

70 for curve numbers of 80 and 90. The additional change between area indices 70 and 130 

is considerably less, particularly at the runoff curve number level of 90. Realistically, 

curve numbers in the 70 to 80 range more closely match the postlaw reclaimed areas. 

Within this curve number range of 70 to 80, only three months out of any year have over a 
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TABLE 45 

Water Quality Variation With Time and Water Levels 

For the Permarient Internal Impoundments 

lm~oundment No. 113 118 

Sameling Date Jan 83 Oct 83 Mar 84 Mar 85 Jan 83 Oct 83 Mar 84 Mar 85 

Water Level 0.13 ft 1.42 0.10 N/A 1.30 2. 61 0.57 N/A 

Bicarbonate 206.1 mg/1 154.9 451.0 160.0 167.9 75.6 102.0 117.0 

Calcium 330.0 mg/1 34.0 103.0 43.0 27.6 14.0 23.4 21.0 
N 

Chloride 157.0 mg/1 17.0 28.0 35.8 5.8 5.0 3.6 2.0 
If'\ 
N 

Magnesium 220.6 mg/1 15.0 76.0 26.0 14.2 6.0 9.6 9.0 

Potassium 53.3 mg/1 15.0 31.3 27.0 16.5 8.0 10.8 14.0 

Sodium 234.3 mg/1 157.0 724.0 240.0 3.8 1.0 2.0 3.0 

Dissolved Solids {TDS) 10660.0 mg/1 854.0 3066.0 1020.0 260.0 130.0 164.0 172.0 

Sulfate 2050.0 mg/1 382.0 1710.0 592.0 15.0 2.0 6.0 26.0 



FIGURE 87 

Permanent Internal Impoundment in the 
Central Portion of J-3 Reclaimed Area 

fiGURE 88 

Permanent Internal Impoundment in the 
Southern Portion of J-3 Reclaimed Area 
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FIGURE 89 

Permanent Internal Impoundment in the 
Northern Portion of the J .... 27 Area 

fiGURE 90 

Permanent Internal Impoundment in the 
South Central Portion of the N-1 Area 
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Area Index 

Month/Curve 

Number 

Jan 

Feb 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sept 

Oct 

Nov 

Dec 

TABLE 46 

Permanent Internal Impoundment Water Persistence Probabilities 

Expressed as Decimals by Month for Three Ranges of Curve Numbers 

And Area Indices (From Water, W~ste and Land, 1981) 

10 70 

70 80 90 70 80 90 70 

.42 .48 .68 .48 .66 .99 .54 

.22 .28 .45 .30 .53 l.O .41 

.12 .16 .32 .20 .45 .98 .32 

.02 .OS .1'5 • 11 .33 .96 .18 

o01 .01 .OS .09 .19 .97 .12 

.01 • 01 .03 .09 • 12 .97 .10 

.OS .08 .16 ,12 .24 .92 .17 

.06 .08 .19 .1 0 .30 .95 .19 
~ . 

.07 .09 '.17 .09 .30 .97 .17 

.15 .18 • 31 .18 .39 .98 .25 

.22 .27 • 41 .27 .44 1.0 .36 

.37 .42 .55 .44 .59 1.0 .51 
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130 

80 90 

.73 .99 

.65 1.0 

.58 1.0 

.54 .98 

.45 .98 

.41 .98 

.42 .98 

.48 .98 

.49 .99 

.56 1.0 

.64 1.0 

.68 1.0 



SO percent probability of water persistence in impoundments with area indices up to 70. 

For an area index of 130, seven months .have a probabi 1 i ty of water persistence over SO 

percent. Larger area indi~es by Virtue of watershed area increases are not practical, so 

persistence probabilities and area indices can be optimized by reducing pond area sizes. 

As was stated previously, the presence of water in an impoundment is important; however, 

the size of the impoundment is not critical for its intended use~ 

To substantiate the WWL stochastic model water persistence results, Peabody performed 

continuous and periodic water persistence monitoring of nine prelaw impoundments from 1981 

to .1984. Results of the continuous water l~vel monitoring at Impoundments 113 and 118 in 

the N-1 and J-3 prelaw areas are presented in Tables 47 and 48. Monitoring results 

suggest that water persistence probabilities are well above SO percent for these 

·impoundments. Impoundment 113 has been dry once and very low three. times, whereas 

Impoundment 118 has never been dry. It should be noted that heither stilling well is at 

the deepest part of the impoundments. Figure 91 has been included to show the surface 

area and cross sectional configuration of Impoundment 113. 

Water persistence at impoundments has been further documented by periodic water 

persistence monitoring at seven permanent internal impoundments. Water persistence was 

documented for five different seasons at seven different impoundments during 1981 and 

1982 and at ten impoundments during 198S. Table 49 summarizes the impoundments and dates 

at which the water persistence was documented. 

Adequate Safety and Access. Safety and access can be specifically addressed in detail 

when a particular impoundment is proposed. The design information would be presented in 

det9.jl allowing the regulatory authority to make a judgment as to whether or not any 

design changes are required with regard to these factors. 

An attempt will be made to minimize evaporation while at the same time providing safe 

access for livestock. It is contemplated that the impoundments will be constructed in a 

rectangular shape. The two long sides of the rectangle will have 3:1 slopes and be 

fenced. The ends of the impoundments will have considerably flatter slopes and be open 

for access by livestock. Vegetative species adaptable to an impoundment environment and 

amenable to wildlife use will be planted along the long sides of the rectangle. 

Additionally, brush and rock piles will be utilized where appropriate. The bottoms of the 

impoundments wi 11 be compacted to minimize the potential for 1 i vestock to become mired 
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Date 

4/81 

5/81 

6/81 

7/81 

8/81 

9/81 

10/81 

11/81 

12/81 

1/82 

2/82 

3/82 

4/82 

5/82 

6/82 

7/82 

8/82 

9/82 

10/82 

11/82 

12/82 

1/83 

2/83 

3/83 

4/83 

5/83 

6/83 

7/83 

8/83 

TABLE 47 

Documentation of Water Persistence 

At Permanent Internal Impoundment 113 

(ft. 

Water Level 

above bottom) 

2.07-2.10 

1.64-2.05 

1.51-1.64 

1.49-2.16 

2.16-2.52 

2.18 est. 

1.67est. 

1!22-1.25 

1.06-1.21 

1.07-1.13-

1.12-1.77 

1.77-* 

* 

• 96-1.04 

.3-1.07 

o-.29** 

** 

.01-.09 

0-.06 residual water in deeper part of impoundment 

.02-.03 

.09-.14 

.15-.23 

.23-.76 

.77-.93 

.63-.88 

.17-.61 

** 
dry 

o-.39 

257 



Date 

9/83 

10/83 

11/83 

12/83 

1/84 

2/84 

3/84 

4/84 

5/84 

* 

TABLE 47 (Cont.) 

Documentation of Water Persistence at 

Permanent Lnternal Impoundment 113 

Water Level 

(ft. above bottom) 

.17-.28 

1. 29-1.65 

1.08-1.29. 

1.06-1.08 

.89-1.05 

• 62-.88 

.32-.61 

.10-.31 

Recorder disconnected 

Impoundment water surface freezing 

** Impoundment dry at recorder, but some water in deeper sections 
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Date 

11/82 

12/82 

1/83 

2/83 

3/83 

4/83 

5/83 

6/83 

7/83 

8/83 

9/83 

10/83 

11/83 

12/83 

1/84 

2/84 

3/84 

4/84 

TABLE 48 

Documentation of Water Persistence At 

Permanent Internal Impoundment 118 

Water Level 

(ft. above bottom) 

1.96-2.04 

1. 92-1.94 

1.30-1.40 

1.45-1.55 

1.27-1.45 

.82-1.25 

.80-1.49 

.84-1.46 

.18-0.80 

.15-1.85 

1.44-1.82 

2.30-2.95 

2.02-2.29 

1.69-2.01 

1.36-1.68 

.99-1.35 

.52-0.97 

Impoundment pumped dry to allow installation of recorder 

in the deepest section; however, monitoring was 

dtscontinued at this time. 
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0 Tf,BLE 49 

Water Persistence and Water Depths Documented in 

Prelaw Permanent Internal Impoundments 

Pond Date Water Persistence Documented 

112 3/31/81 7/27/81 11/19/81 3/10/82 dry 

113 3/31/81 6/30/81 11/19/81 3/10/82 9/3/82 

116 3/25/81 8/19/81 11/12/81 3/10/82 9/3/82 

117 3/25/81 7/27/81 11/19/81 3/10/82 9/3/82 

118 3/25/81 7/27/81 11/19/81 3/10/82 9/3/82 

119 3/31/81 7/27/81 11/19/81 3/10/82 . 9/3/82 

120 3/31/81 8/19/81 11/19/81 3/10/82 9/30/82 

121 Station not 

Established 7/27/81 11/20/81 3/10/82 9/3/82 

122 Station not 

Established 11/24/81 dr;t 9/3/82 

Water De~ths Documented {ft) 

8/85 9/85 10/85 

112 .40 1.28 1. 75 

113 dry dry dry 

116 dry dry dry 

117 1 1.05 1 • 11 0.92 

118 1.33 1.69 1.64 

119 dry 0.64 1.42 

120 1.21 1.09 1.48 

121 dry 1.07 1.0 

122 2.0 > 2.5 > 2.5 

123 2.22 3.1 3.2 
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should water levels be low. All of the above actions will create a livestock watering 

environment far better than the normal stockponds experienced on the Black Mesa leasehold. 

Impact on Water Users. The permanent internal impoundments will not result in the 

diminution of the quality or quantity of water utilized by adjacent or surrounding land 

usersw Alluvial valley floor farming has not and is not being practiced on or near the 

Black Mesa leasehold because of geologic limitations and the lack of water for both 

subirrigation and flood irrigation. All of the minor farming activities attempted locally 

rely strictly on direct rainfall and would, in no way, be affected by the limited amount 

of runoff retained in ponds. 

Table 50 presents the estimated acreages draining to permanent internal impoundments in 

both pre- and postl aw areas. These acreages amount to only 14 percent of the ·Moenkopi 

watershed area to its confluence with Coal Mine Wash. Since there is no documented local 

use of the channel runoff on the 1 easehol d, the si gni fi cance of this minor amount of 

watershed area reduction a~ounts to only .13 percent of the total 1,728~000 acres in the 

entire Moenkopi watershed. 

The potential for pond discharges impacting stream water quality has been previously 

discussed. The potential for degradation of the 1 ocal ground water qua 1i ty is a 1 so 

negligible. The bottom of ponds created due to internal drainage would be compacted to 

minimize infiltration loss and the height of the pond bottoms above the top of the Wepo 

aquifer would preclude, in most cases, infiltration of pond water into the ground water 

system. Support for this statement comes from the fact that a boring was drilled at the 

edge of an impoundment in the J-3 reclaimed a~ea and moisture was not detected beyond 15 

feet below the bottom of the impoundment. This impoundment has always held water for 

significant periods of time. 

The quality of the water in the Wepo aquifer is no better than that in the impoundments 

and is limited to the same water use - livestock water. Any water that might infiltrate 

through the impoundment bottoms and reach the Wepo aquifer would not diminish the water 

quality in the Wepo aquifer. For a more current discussion of permanent internal 

impoundment monitoring data, comprising data collected from select permanent internal 

impoundments since the latter half of 1985 through the third quarter of 1988, refer to 

Chapter 14, Postmining Water Sources. 

N-2 Permanent Internal Impoundment Study. The OSM Western Technical Center requested that 
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TABLE 50 

Measured Acres D~aining Into 

Permanent Internal Impoundments 

Mining Area Area Draining Into Permanent 

Internal Impoundment (Acres) 

J-7 49~92 

J-27 41.60 

J-3 423.04 

N-1 858.24 

N-2 727.04 

J-1/N-6 110.08 

0 
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permanent -internal impoundment monitoring be concentrated in the N-2 postl aw reel aimed 

area. Details of the N-2 impoundment monitoring installations are given in Chapter 16, 

Hydrological Monitoring Program. Monitoring data suggests that Impoundment 206 is above 

the local water table and that the impoundment bottom has a high infiltration rate. Data 

from the five monitoring piezometers located around the impoundment indicates that water 

seeps from the impoundment to the water table approximately 20 feet below. 

There is an approximate one month delay between the peak water level in Impoundment 206 

and a peak water table elevation beneath the impoundment. Figure 92 represents the water 

tabl~ ·contours beneath the impoundment following a period of significant surface runoff 

rechkrge to the impoundment. Recharge to the water table from impoundment seepage forms a 
: 'i 

ridge in the water table. In contrast, Figure 93 shows the water 1 eve 1 contours for 

August, 1985 after the impoundment had been dry for nearly four months. The ·ridge of 

recharge to the water table is gone and the direction of ground water flow is downgradient 

towards the 1 ower N-2 Impoundment 212. Evaporation data a 1 so supports the fact that 

Impoundment 206 seepage rates are excessive. The average measured loss rate for the 

impoundment was 16.8 inches/month, which is considerably less than the maximum monthly pan 

evaporation recorded at all Peabody meteorology monitoring stations during this period 

(12.99 inches at Site 8, June 1985). 

Impoundment 212 is located approximately one mile downgradient from Impoundment 206. 

Impoundment 212 has maintained a water depth of 15 feet in its deepest part in the twelve 

month period since monitoring began at this location. Water levels in the five monitoring 

piezometers around the impoundment indicate that the local water table is above the 

impbundment bottom. Impoundment 212 has always been suspected of intercepting the top of 

the: Wepo a qui f_er because that end of the N-2 pit has a 1 ways been wet, even after 

regrading. 

Figures 94 and 95 show Wepo water level contours around Impoundment 212 for September, 

1984 and August, 1985, respectively. Water level contour extensions were drawn assuming 

that they mirrored the topography. In September, 1984, water 1 eve 1 s in the piezometers 

were rising as the impoundment had received large surface runoff inflows in the previous 

two months and was contributing water to the local water table. In August, 1985, the 

local water table had risen above the level of the impoundment and was feeding the 

impoundment. The greater rate of water level declines in Deptember, 1984, as determined 

from continuous impoundment water 1 evel monitoring, can be attributed to impoundment 

seepage and evaporation, whereas the slower rates of decline in August, 1985 can be 

attributed to Wepo feed to the impoundment offsetting evaporation. 
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In light of the above discussion, the monitoring emphasis at the two N-2 impoundments does 

not appear warranted. Impoundment 206 was apparently not sealed, thus it loses water at a 

significant rate, which really is not indicative of water persistence probabilities. 

Impoundment 212 is fed by the Wepo aquifer and thus is also not indicative of true water 

persistence or true runoff water quality. These concerns were discussed with OSM Western 

Technical Center and it was agreed that future permanent internal impoundment monitoring 

would be shifted to prelaw areas and other postlaw impoundments which may be created. 

Springs 

All springs identified by Peabody personnel on or immediately adjacent to the leasehold 

are denoted on Drawing No. 85600. This includes Site Number 140, located in Yazzie Wash 

near the N-9 mining area, which was added to the spring monitoring network in October, 

1981. In addition to these, Figure 2 in Chapter 17, Protection of the Hydrologic Balance", 

shows all springs located within_ a regional area around the leasehold. These were 

documented by the USGS during their late 1950 and early 1960 survey of the water resources 

of the Navajo and Hopi Indian Reservations. Table 51 is a summary of the geologic 

setting, yields and water quality of those springs located within the leasehold, and a 2 

1/2 mile perimeter around the leasehold. Table 51 also includes information on those 

springs within the leasehold that have been assigned permanent monitoring site numbers and 

have been sampled for water quality as part of the monitoring program. Spring discharges 

and spring flows on the leasehold that could be obtained are summarized in Table 51. 

Individual discharge values can be found in the annual Hydrological Data Reports. Yields 

at the other springs were too small and diffuse to measure. Water quality sampling of the 

springs on the 1 easeho 1 d is accomp 1 i shed by a 11 owing the springs to gradua 11 y fi 11 natura 1 

or artificial depressions. The springs identified to date all seep from the contact zones 

between the bottom of permeable sandstones and the top of relatively impermeable shale 

layers. All are exposed along the sides of washes and discharge into the alluvium. The 

N-14 channel change, completed to insure proper drainage along the west side of the N-14 

pit, effectively removed Spring 97 in June, 1983. 

The principal source of recharge to the springs is Wepo discharge along bedding planes of 

differing lithology and fractures that have been exposed by the drainage system. 

Spring Water Quality. Average water quality parameters for the five springs in the 

monitoring network (91, 92, 97, 111 and 140) are presented in Attachment 17. In addition, 
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Spring 

Number 

2A-7 

2}\-8 

... 2A-1 0 

2A-11 

2A-SO 

2A-52 

2A-54 

2A-55 

2A-58 

2A-59 

2A-60 

2A-61 

2C-2 

TABLE 51 

Locations, Source, Yi e 1 ds and Water Quality for Springs Within the 

Black Mesa Le~sehold and a 2.5 Mile Boundary Around the Leasehold 

(Davis et. al. 1963; McGavock et al. 1966) 

Quadrangle 

Location 

Number 

11.65- 9.50 

11.00-10.45 

10.00- 3.70 

8.10- 2.15 

5.60- 5.70 

7.10- 7.85 

a .is- a. 70 

9.55-11.00 

4.95-10.50 

2.70- 9.50 

1. 75- 8. 30 

0.75-.7.55 

6.75- 1.45 

Stratigraphic 

Unit 

Aquifer 

Landslide & Talus 

Wepo 

Wepo 

Landslide & Talus 

Landslide & Talus 

Wepo 

Wepo 

lor eva 

To rev a 
~ 

Alluvium 

Alluvium 

Alluvium 

Alluvium 
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Yield 

GPM 

1.5 

0.2 

0.1 

3.0 

3.0 

Water 

Quality 

Good 

Good 

Good 

Fair 

Good 



0 

the averaged va 1lies for the pri ncipa 1 ions determined in these ana 1 yses were p 1 otted on 

the tri 1 in ear diagram depicted in .. Figure 96. ·The tri 1 i near diagram shows a 

calcium-magnesium sulfate type of water for all the monitored springs. Wate~ from these 

springs is classified as unsuitable for drinking and poor to unsatisfactory for use as 

irrigation or livestock water (McKee and Wolf 1963). 

Spring water quality is characterized by considerable variability. This is not surprising 

considering that the source aquifer {the Wepo aquifer) also exhibits a high degree. of 

variability. 

High levels of sodium and sulfate noted in water from the springs can be attributed to the 

shale pathway of exit of ~ater from the aquifer. Shale zones often yield water high in 

sodium (Bouwer 1978). The levels of sulfate in spring water may be ascribed to oxidation 

of pyrites and metal sulfides associated with shale (Hem 1983) • 

., 
While the concentrations of the principal ions in water from each spring varies from one 

sampling period to the next, their proportions remain relatively constant. This variation 

in concentration affects the cations primarily and appears to be a function of .the season 
~ . 

during which samples were collect.ed. Since samples are collected from depressions or 

small pending areas, the water is exposed to the environment. Some of the v~riation noted 

in chemical concentrations may be the result of changes in solubilities related to 

seasonal ambient temperatures. 

Navajo Aquifer 

Geohydrologic Setting. Black Mesa is a prominent topographic high that stands from 500 to 

1,000 feet above the surrounding area; the mesa occupies the structural center of Black 

Mesa basin (Figure 57). Triassic and Jurassic rocks dip gently toward the Mesa except 

along the west side, where several monoclines plunge 5° to 30° beneath the Mesa. The 

Navajo Sandstone crops out along the periphery of the mesa and is buried as much as 3,000 

feet below Upper Cretaceous rocks that Grop out on the mesa (Cooley et al. 1969). 

In the Black Mesa area the Navajo Sandstone has a remarkably uniform lithology. The 

formation is composed of very fine to medi urn subrounded quartz grains bonded with a weak 

calcareous cement. Large-scale, high-angle eolian cross-beds are the most conspicuous 

feature of the formation. The Navajo sandstone thins progressively from the northwest to 
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the southeast. The sandstone is about 950 feet thick near Tbhalea and pinches out along a 

line that extends from near Keams Canyon ·to about 10 miles southeast of Rough Rock. 

In the northern part of the area the Navajo Sandstone combines hydraulically with the 

underlying Triassic (?) Kayenta Formation and Triassic Wingate Sandstone to form a 

continuous aquifer system. In the southern part of the area the Kayenta is primarily a 

s.iltstone, which separates the water in the Navajo from that in the Wingate Sandstone. 

The Navajo Sandstone is unconformably overlain by the Jurassic Carmel Formation, which is 

predominantly a siltstone near Black Mesa~ The Carmel acts as a confining bed and creates 

artesian conditions in the Navajo Sandstone beneath Black Mesa. 

Characteristics of the Navajo Sandstone Aquifer at Black Mesa. Ground water in the Navajo 

Sandstone is under confined or artesian conditions in most of the Black Mesa area (Figure 

97). The amount of artesian head ranges from zero in the areaa of outcrop to about 2,000 

feet near the Peabody we 11 fie 1 d. The area where unconfined or water-tab 1 e conditions 
"' prevail coincides approximately with the area of outcrop of the aquifer. 

Recharge to the artesian part of the aquifer takes place only in the area between Black 
~ 

Mesa and Shonto (Figure 97), where .the aquifer crops out at altitudes of between 6,000 and 

7,000 feet above mean sea level. The outcrop area comprises about 100 square miles and 

proyides the only direct recharge to the Navajo Sandstone in the approximately 3,000 

square miles underlying Black Mesa. 

Ground water moves southeastward from the recharge area toward tl:le center of the Mesa; 

there, the flow path diverges toward both the southwest and northeast, where the Navajo 

Sandstone crops out at an altitude of less than 5,500 feet. Ground-water movement toward 

the southeast is retarded by the pinchout of the aquifer. Although some water may move 

. downward through the sandy facies of the Kayenta Formation into the Wingate Sandstone 

along the line o~ pinchout, the contours of the potentiometric surface indicate that the 

pinchout acts as ·a ground-water dam and retards ground-water movement toward the southeast 

(Figure 97). 

Near Black Mesa, natural discharge from the Navajo Sandstone is primarily in the form of 

seeps and small springs a 1 ong the contact of the Navajo Sandstone with the Kayenta 

Formation or as evapotranspiration in the area of outcrop. Near Kayenta, discharge from 

the Navajo Sandstone may maintain the flow in several short perennial reaches of Laguna 
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Creek. 

The amount of water recharged to the Navajo Sandstone is unknown, but the rate of 

. ground-water movement is too slow for recharge to balance the withdrawal in the art~sian 

part of the aquifer. The rate of ground-water movement in the recharge area is calculated 

to be from 2 to 4 feet per year; these rates are supported by an age of about 15,500 years 

for water withdrawn from the aquifer about 40,000 feet. down-gradient from the recharge 

area (William Back, U.S. Geological Survey, written commun., 1972). 

The transmissivity of the Navajo Sandstone from aquifer-test data at 12 wells around Black 

Mesa has been determi nee to range from 75 to 350 square feet per day (Figure 98). The 

transmissivity is governed primari 1 y by the saturated thickness of the aquifer; in the 

Black Mesa area the maximum saturated thickness and transmissivity of the Navajo Sandstone 

are near Tonalea (Figure 99). The hydraulic conductivity ranges from about.0.40 foot per 

day on the northeast side of Black Mesa to about 0.70 foot per day in the southwestern 

part of the area near the Hopi villages. Although there is considerable variation in the 

computed hydraulic conductivity values, the values tend, to increase from northeast to 
I 

southwest. 
,._ 

) The storage coefficient for the Navajo Sandstone has not been determined, but data from 

aquifer tests near Rough Rock and the performance of the Peabody w~llfield on Black Mesa 

indicate that the storage coefficient for the artesian part of the aquifer probably ranges 
-3 ..;4 

from about 10 to 10 • The storage coefficient in the unconfined part of the aquifer is 

virtually equal to the specific yield and is estimated to be between 0.10 and 0.15. 

Ground-Water Development~ The feasibility of developing ground water in the Navajo 

Sandstone is affected by several economic and physical factors, such as well depth, depth 

to water, well yield and the amount of available drawdown from tha static water level to 

the base of the aquifer. Along the periphery of Black Mesa, the well depth required to 

penetrate the entire thickness of the Navajo Sandstone ranges f~om about 500 to 1,000 feet 

below the land surface; on the Mesa, the required depth ranges from about 2,500 to 4,000 · 

feet below the land surface. 

Along the periphery of Black Mesa, the static water levels in most wells that penetrate 

the Navajo Sandstone range from 250 to 750 feet below the land surface; on the Mesa, 

static water levels generally range from 500 to 1,500 feet below the land surface. 
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Based on the factors presented above, the potential well yields from the Navajo sandstone 

aquifer for different parts of Black Mesq· are <shown in ·Figure 100. 

Navajo Aquifer Wells. 

Exploration Well and Testing. In June of 1965, Thomas Stetson Consulting Engineers were 

retained to perform a feaiibility study for the development of a coal slurry water supply 

on the Black Mesa leasehold. Potential water bearing zones to be investigated included 

all the formations shown in Figure 101. To accomplish this, a test well, Navajo #1 

(Figure 102) was drilled to a depth of 5,735 feet below ground surface in October and 
<.:~~·:·,~~;·. '~. ~ 

Nov~,rnber, 1965. The well was completed utilizing grout plugs in the annular space to 

per~'it aquifer testing of specific aquifer zones. Zones selected for testing were the 

Dakota, upper Morrison and Entrada Formations, the Navajo Formation, the Wingate Formation 

and the Coconino Formation. 

"' A series of single well recovery and water quality tests were performed in the above 

referenced isolated aquifer zones to determi~e their potential for development of the well 

field. The results of the aquifer and water quality tests are shown in Tables 52 and 53, 

respectively. Plots of the single well ~ecovery tests are included as Attachment 18. The 

Coconino aquifer was found to have a low permeability, and it was decided to complete 

future wells only through the overlying Wingate Sandstone unit. It was also decided to 

seal off the Dakota Sandstone and Morrison Formation, because the water was of poor 

quality and contained dissolved gases which could cause casing corrosion problems. 

Wellfield Lithologies and Aquifer Testing. Navajo Wells 2 though 6 were drilled in 1967 

and 1968, Navajo #7 in 1972, Navajo #8 in 1980 and Navajo #9 in 1983. Navajo #2 was 

perforated from the lower Morrison through the Wingate Sandstone. Navajo Wells 3 though 7 

were perforated from the Entrada Sandstone through the Wingate Sandstone. Navajo Well 8 

was screened from the Entrada through the Navajo and We 11 9 rwas screened from the Navajo 

through the Wingate. The aquifers comprise parts or all of what are referred to as the D 

and N aquifer systems. The aquifer systems are defined and explained in the regional 

ground-water section. Well construction and completion details···are shown in Attachment 19 

and Table 54. Tables 55 and 56 and Attachment 20 list and describe the lithologic units 

and formations penetrated by each well and their approximate elevations below ground 

surface. Time-drawdown tests were performed on Wells 2 through 7 to determine 

transmissivity and specific capacity values (Table 55). Plots of the time-drawdown tests 

278 

0 



KAYENTA 

36"00' 

45' 

30' 

0 10 20 

fiGURE 100 

Potential Well Yields From the 
Navajo Sandstone 

Black Mesa Area, Arizona 

279 

30 MILES 

EXPLANATION 

POTENTIAL WELL YIELD. IN 
GALLONS PER l\Ul'WTE 

~.:=:{:~::·:·:~::::~ 
75-500 

f::'.(·:::::\:.:·:=:. .. :) 
More than 500 

• 
Well 



I' 

\ \i 

. \ 
I 

SYSTEM SERIES 
RECENT 

(/) 
;::, 
0 

"' 0 
<( 
t-

"' a: 
u 

-n.. 

(f) 0 ~ 
C/) z fT) 
<( <( (I) 

~ <( 
.., a: 

t-

UPPER 

ALLUVIUM 

·MESAVERDE 

GROUP 

MANCOS 

UPPER a DAKOTA 
LOWER SANDSTONE 

MORRISON· 

FORMATION 

·UPPER COW SPRINGS 

SANDSTONE 

ENTRADA 
AND STONE 

~. 

NAVAJO 

SANDSTONE 

TRIASSIC C? UPPER KAYENTA 
FORMATION 

u 
en 
(/) 
<( 

a: .... 

z 
<( 

2 
a: 
w 
CL 

UPPER 

WINGATE 

FORMATION 

CHINLE 

FORMATION 

- MOENKOPI FORMATION 

KIABAB LIMESTONE 

COCONINO 

SANDSTONE 

SUPAI FORMATION 

AFTER: AKERS AND HARSHBARGER, 1958, p. 173-183 

AND WATER BEARING PROPERTIES 

MEDIUM TO COARSE GRAINED SANDSTONE 
INTERBEDDED WITH SHALE. YIELDS SMALL 
QUANTITIES OF WATER TO WELLS ON THE MESA. 

BLACK SHALE WtT~ SEAMS OF BENTONITIC CLAY. 

EFFECTIVE AQUICLUDE. 

FINE TO COARSE GRAINED SANDSTONE. 
LOW TO MODERATE YIELDS. 

RED SILTSTONE AND FINE SANDSTONE 

MEDIUM GRAINED SANDSTONE HAVING LOW 
PERMEABILITIES AND LIMITED RECHARGE 
RESULTING IN LOW YIELDS. 

REO SHALY SILTSTONE AND MASSIVE MUDSTONE 

~ORLYcEMENTio tNE To MED...LU.M 

"'· GRAINED ffi.LL-.S.O.B..IfJL§_A N 0 STONE. 
'--~~ 

PRINCIP,4f.. AQUIFER IN MANY AREAS. 

INTERBEDDED MUDSTONE AND SANDSTONE. 

VERY FINE GRAINED, WELL CEMENTED SANDSTONE. 

LIMITED RECHARGE AND LOW YIELDS. 

SHALY SILTSTONE 

VARIEGATED SILTSTONE, MUDSTONE AND 

CLAYSTONE. EFFECTIVE AQUICLUDE. 

CONGLOMERATIC SANDSTONE. POOR AQUIFER 

SILTSTONE 

LIMESTONE 
FINE TO MEDIUM GRAINED WELL SORTED 
SANDSTONE. EXCELLENT AQUIFER IN SOME 
LOCATIONS, 'YIELDS ARE VARIABLE. 

LEGEND 

~ POTENTIAL WATER 

~ BEARING ZONES r-------------.,.----------=::::.::.:....,_ ______ ~.;~ 
FIGURE 101 ~.). 

COOLEY et. al., 1964, p. 5-6. 

THOMAS M. STETSON 
CIVIL. AND CONSULTING ENGINEERS 

LOS ANGELES, CALf~ORNIA 

POTENTIAL WATER BEARING ZONES 

. Of BLACK MESA BASIN 

280 



CONSTRUCTION DIAGRAM DRILLING PROGRESS GENERALIZED LITHOLOGIC LOG 

DRILLING RATE 
- DATE FEET/HOUR 

•no1•s 
SHALl, Rlll 1100 OII.W WitH' "'"' COIL iEDS 

il 11111lllt'IIEOOID LtO"T Glt11' !&NDSTOIII &NO GRAY SHALl 
I 

¥ ~~.:-: 
SMAA..E. DAtt• Gllt'.1' 

1!0·101 
.. 

-~~ i .TIIfiBt:DtJI:O SAIJCISfOIII, IHALIE AMQ COAt. 

~0/ ,J /6'! 

: 
tlt0-170) SHALE, IL&CK Wl1 M lrtiT'Ofltfl SlAMS 

1000-

GlltOUT£0 PLUG (IASI·IIIO'l 

••o• 4 "OI..U·I~ FT. (IJ90'·•220'1 
!IIIIOSTO~, LtGMf liR'A1' ... elltOWff, Vfllt'Y FUll( .. &PCO 

4 MOL[S IT 426;,' AND 1251' lUI 
•ITH SCFf LIGHt GillE Ell SMALE &NO tiiACI$ Of'. COM. 

• 0 •• 
4 HOL..lS/!.'FT. (12SO'~n.z:o't 

SANO!TOMI., WMnll, FIN! VAIN(D IIITEIIIIOCI!:O W11M 

YARI~GATED IENTOliiTtC CLATS10NI 

"00 
.. MOL..[S/5 FT tl4?0'·1·80") 

MUOSTOJI!. va•rt:G&fiD 

ISO•IOOJ !~ 

!: 

H IJitE•IfDOlD IAftDSTotd:~t..tGMT ~l'f Glt((JI,·Ga&'f, 

ANO H"TOtlllfl' CLA,.110111. 

8 
,......; 
,......; 

~ E 2000-
~ttQIIII.,'SAttO'I,IIIO•" 

"" 
LL tiUDS1'Cflll· St\.TITOiilr, MDOtSM .JIG ... , KN:TtMIII'fiC. 

"'0 . 
4 HOL!S/5 FT. (21!0'· 2255') tOO! SAIIICSTCNI • WHIT[ ·LtGH1 GIII[(M, '111111' FIIC GR&ti!CD !::: 0 

ro = 
O"l 0 

GAOUT[D ftLUG t8&5t • 2:!!0') $+4AL£, R[00tSH .ROWM AIIIO GA£[" WITH . 
fi'AC'It£1111 U!oiO't 1401 Tt41N BEDS Of .HITIE: S.&NOSTOitl 

0 'I} 

"' _.I ro 
> 

u ro 2~00- .... 
N •i-1 = :·.- ........ 
0 O"l ...... 

"" 0 "- ' ·-··· 
......... 0 120-10) ! 

-.-::-
....... 0 4-
0:: .s= 4 HOL(S/!j.FT tz410' .. 3090'1 

0 
... 

S.U.OSTOtt!. 111EDDISN IIIIIOd, ..,ERY FIN[ ... &lfl£0 = +' E ·.-:.·;· 
(.!:) ........ ro ,. i .... 1-1 _.I "-
L.... O"l 

:~::\:~:< "'0 ro • 0. 0 

Q) ·.-< 
3000- 3000-N ·= ........ ·-.·· 

i\ 

......... c 
GlltOUTlD PL.UG IBAS(•)I4•'t ro 0 

"- •i-1 PACU['R CUJO't 

Q) +' ~ 
.NOL[S/'5FT l'ZOO'·SI2'0') 

I, c u I' 10/T I•S 
·I Q) :::l tiiiiTI.IEDDI!:O 01• 811~ fUtl MAIN!O U.NOSTONI 

I! 

(.!:) "- • H01..lS/!1 '' ns•o'·33eo·, INC Vllfi1£GAT£D IMAI..£ 
+' 

I 

<f) 

c .a•Ol.ES/!rT. U4!-0'·I••o'J 
0 3500 uc ... .eol 

u 
tii.OSTONI, ueHT 't'[LLOWIIM II'IOW'If 

I! 
PI-tiC(. ()690'1 

10/•/•S 

!! 
U-101 IMTE-DOED -t- AOO SAIIMtCIIll 

ll WITM WHITI AIIIO IA&t' CMlftTS 

II 4000-:- wiloSI"Od, LI•IOT TO REDD<SII -· K•-ttC 
lj 

10/14/IS 

II 
II i COCRT,_...,_ .. _ 

11 

•!o-2.~t 

- IMA\.l AND 11\.TIT-c:.I,Jl'IDOISM .... ,t~Mf~~GD~f,~ 
ICOIII IIOTt~ID er..ur 111&1• IMLI 

11 
:r 

II 
1-

INT!IIHDOED SHAU IIIII S&IIOI-, --P-
11 ~ 4!>00-

I' i[ IMA\..1, .._. .. AIIIIO DAn lftOIIII, 

II 
WITH 8ROW• AIID lllD CjllUI 

I. 
GI'!OUTt:O PlUG CUSE .... , ••• , li 

II 

I! 
ll-111 SHALE. MDOISM UOWII Aile Maaootl WtTM 

I tOll' OP Lllttll~ 4900•1 V(AY FIIIE MAINED UG-.,T IAIIIOITOit£ 

!l 
d 

II 
!>000- 10/19/11 

I, 
li 

~ !! 
[! 

I 
I&MOITC*t: 1 t.IGMT .IE:OOIIM llt.I'Y ..0 IIIIOWII, 

il 10/21115 FINE GltiiiCD filii TO POOR~'t CIIIEIItiD 

li 45~ lOt wttM '"'" lEO$ w son -n c~a., 

h s 
ii 

I 
S500- 10/30/U 

5560---
SAJCIISTOIIl, sa.rv, OAAK arOOtSN M09tl• Fttll. ••••· 

i: ••'" '""' ar:os or M:DO&SH' ewow• tiUOI"fOIII 

It 

il 
11/1/11 

ll -.9R1 

ll ~c 



0 . 

TABLE 52 

Pump Test Data for Various Aquifers 

Penet,rated by Navajo Number 1 We 11 (Stetson, 1969) 

Aquifer 

Dakota, Morrison and Entrada 

Navajo 

Kayenta..;.Wingate 

Coconino 

Static Water Elevation 

(feet) 1 I 

5870 

5820 

5820 

4944 

NOTE: 1/ Ground elevation is 6393 feet above sea level 

2/ Specific capacity values are valid only for the 

indicated pumping rates over a 24-hour period 

Available 

Static Head 

670 

1830 

2570 

3590 

3/ The flow from the Coconino aquifer is from a 6 1/4 

inch diameter hole, all others are from an 8 3/4 

inch diameter hole 

Pumping Rate Drawdown 

(gpm) (feet) 

23 59 

87 119 

15 71 

15 245 

.. 
Specific Capacity Transmissivity 

(gpm/foot of drawdown) (gpd/foot) 

2/ 3/ 

0.390 440 

0.730 1100 

0.210 740 
N 

0.06 70 co 
N 



TABLE 53 

Water Quality Data for Various Aquifers 

Penetrated by Navajo Number 1 Well (Stetson, 1969) 

Dakota-

Kayenta- Morrison-

Constituent Coconino Wingate Navajo Entrada 

pH 9~4 9.4 9.07 7.8 

Calcium, as Caco
3 

6 24 34 24 11· 
Magnesium, as Mg (ppm) 0 14 26 9 

Sodium, Na (ppm) 270 

Potassium, K (ppm) 6.8 

Iron, Fe (ppm) 0 0 0 2.6 

Manganese, Mn (ppm) 0 0 0 0.06 

Bicarbonate, as HC0
3 

(ppm) 204 80 so 295 

Sulfate, so
4 

(ppm) 20 35 0 402 

Chloride, Cl (ppm) 36 27 10 17 
P' 

Fluoride, F (ppm) 1.05 0.70 0.30 0.6 

Nitrate, NO (ppm) 
. 3 

0.02 4.25 2.75 

Carbonate, CO (ppm) 
3 

88 60 20 

Carbon dioxide, CO (ppm) 9 
2 

Hardness, as CaCO 
3 

(ppm) 6 38 60 97 

Silica, as Si (ppm) 27 26 25 15 '];/ 
Boron, 8 (ppm) 0.21 

Total Dissolved Solids (ppm) 740 474 150 913 

Alkalinity, as CaCO (ppm) 292 140 70 
3 . 

11 as Ca 

!:_/ as Si0
2 
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TABLE 54 

Construction Details of Peabody Coal Company Production Wells 

Elevation 

Elevation Elevation Telescopic Telescopic Interval of Elevation Interval Average ... 
of Land of Well Borehole Casing Intermediate of Slotted (St) or Open Area 

Well Surface Bottom Diameters Diameters Casing Screened (Sn) Slot Size of Casing 

Identification (feet AMSL) (feet AMSL) (inches) (inches) (feet AMSL) Casing (feet AMSL) (inches) (Percent) 
2 

* * Navajo 2 6539 2936 36/26/17.5 30/20/9.625 6432 - 4670 4723 ~ 2903 (St) .030 .68 
-:r 
00 
N 

Navajo 2 

* * Rehabilitation 6539 2900 36/26/20 30/20/13.375/7.0 6432 - 4027 4122 - 2900 (Sn) .050 17.0 

* * ~ Navajo 3 6446 2850 26/17.5/12.25 20/13.375/5.5 6323 - 4369 4499 - 2850 (St) .030 2.48 

Navajo 3 

* 
.. 

* Rehabilitation 6446 2940 26/20/17.5 22/13.375/10.75/10.8 6376 - 4120 4189 - 2940 (Sn) .060 11. 

* * Navajo 4 6229 2771 26/17.5/12.25 20/13.375/5.5 6104 - 4286 4336 - 2694 (St) .030 2.19 

* * Navajo 5 6594 2859 26/17.5/12.25 20/13.375/5.5 6470 - 4503 4570 - 2857 (St) .030' 2.19 



TABLE 54 (Cont.) 

Construction Details of Peabody Coal Company Production Wells 

Elevation 

Elevation Elevation Telescopic Telescopic Interval of Elevation Interval ··Average 

of Land of Well Borehole Casing Intermediate of Slotted (St) or Open Area 

Well Surface Bottom Diameters Diameters Casing Screened (Sn) Slot Size of Casing 

Identification (feet AMSL) (feet AMSL) (inches) (inches) (feet AMSL) Casing (feet AMSL) (inches) (Percent) 
2 

, 
Navajo 5 

* * ~ 

N Rehabilitation 6594 2861 26/17.5/17.5 20/13.375/10~75/10.8 6470 - 4564 4498 ,; 2861 (St) .060 11. CXI 
V1 

* * Navajo 6 6674 3180 26/17.5/12.25 20/13.375/5.5 6516 ,; 4546 4627 - 3180 (St) .030 3.80 

Navajo 6 

* * Rehabilitation 6674 3110 26/20/17.5 22/16/13.375/12.8 6519 - 4273 4376 - 3110 {Sn) 10. 

* * 
r Navajo 7 6385 2860 26/17.5/12.25 20/13.375/5.5 6254 - 4202 4374 - 2860 (St) .030 3.37 

4257 - 4039 (St) .030 

* * Navajo 8 6662 3245 26/17.5/12.25 20/14/5.9 6502 - 4195 4039 - .3245 (Sn) .060 22.8 



0 ' 
. 

Elevation 

of Land 

Well Surface 

Identification (feet AMSL) 

Navajo 9 6391 

TABLE 54 (Cont.) 

Construction Details of Peabody Coal Company Production Wells 

Elevation 

of Well 

Bottom 

{feet AMSL) 

2886 

Telescopic 

Borehole 

Diameters 

(inches) 

* 42/26/20 

Telescopic 

Casing 

Diameters 

(inches) 

* 32/16/13 

Elevation 

Interval of Elevation Interval 

Intermediate of Slotted (St) or 

Casing Screened (Sn) 

(feet AMSL) Casing (feet AMSL) 

6323 - 3995 4059 - 2886 (Sn) 

Average 

Open Area 

Slot Size of Casing 

(inches) (Percent) 
2 

.060 10.0 

1
The diameter corresponding to the production zone is denoted with an asterisk (*). 

2· 
Two different types of slotted casing were used to complete the wells; a 128 slot per foot ca~ing with 3.7% open area and a 2 slot per foot 

~ casing with .058% open area. The Johnson well screen used to complete Navajo 8 has a reported 22.8% open area. 
3 . W1 th current we 11 and pump design the intake can only be 1 owered to within 57 feet of the top of the liner. 

Sources: Thomas M. Stetson (1969); Thomas M. Stetson (1972); Peabody Coal Company (1982). 

.. 



TABLE 55 

·Summary of Geologic and Hydraulic Characteristics Associated 
~· 

Wells With Peabody Coal Company's Production 

Elevation of 

Static Water Elevation of Elevation of Initial Most Recently 

Formations Level at Time of Top of D Top of N Ca 1 cul a ted ' Specific Estimated 

Well Open To Well Completion Aquifer 
2 

Aquifer 
3 T . . . 4 c . 4 Specific Capacity 

5 
ransmlsS.lVlty apac1ty 

Identification 
1 

(feet AMSL) (feet AMSL) (.feet AMSL) (g~d/ft) g~m/ft g~m/ft Well xear xear 

* Navajo 2 Jm ,Je,Jca,Jna 5799 5184 4000 1850 1.08 1967 1.4 1985 

* N JTrk,Trw1 en 
-...1 

* Navajo 3 Je ,Jca,Jna, 5716 5311 4130 2250 1.15 1968 1.5 1985 

* JTrk,Trwi,lrch 

* Navajo 4 Je ,Jca,Jna, 5739 5124 3950 2200 1.32 1968 1.16 1985 

* JTrk,Trwi,Trch 

* Navajo 5 Jm ,Je,Jca,Jna 5764 5154 3995 2800 1.15 1968 1.34 1985 

* JTrk,Trwi 

* 
r Navajo 6 Je ,Jca,Jna 5779 5464 4290 2300 1.31 1968 1 • 0 { Est ) 1 985 

* JTrk,Trwi,Trch 

* Navajo 7 Je ,Jca,Jna 5685 5085 3925 510b 1.46 1972 1.57 1985 

* JTrk,Trwi 



Well 

Identification 

Navajo 8 

* Navajo 9 

Formations 

Open To 

Well 
1 

* Je ,Jca,Jna 

JnA, JTrk, Trwi 

Key to Geologic Formations 

~ Jm - Morrison Formation 

Je - Entrada Sandstone 

Jca - Carmel Formation 

Jna - Navajo Sandstone 

TABLE 55 (Cont.) 

Summary of Geologic and Hydraulic Characteristics Associated 

With Peabody Co a 1 Company's Production We 11 s 

Elevation of 

Static Water 

Level at Time of 

Well Completion 

(feet At1SL) 

5612 

5485 

JTrk - Kayenta Formation 

Trwi - Wingate Sandstone 

Trch - Chinle Formation 

Elevation of 

Top of D 

Aquifer 
2 

(feet AHSL) 

5275 

4225 

Elevation of 

Top of N Calculated 

Aquifer 
3 

Transmissivity 

(feet At~SL) (gpd/ft) 

4045 NA 

3991 NA 

Initial Most Recently 

,., Specific Estimated 
4 c . 4 apac1ty Specific c . 5 apac1ty 

gpm/ft year gpm/ft year 

NA NA .69 1985 

NA NA 1.37 1985 

1
see Key forGeologic Formation abbreviations. Asterisk (*) indicates that only a portion of the formation is open to the well. 

2The D aquifer consists of, in ascending order, the Carmel Formation, the Entrada Sandstone, the Morrison Formation and the Dakota Sandstone. 
3The N aquifer consists of, in ascending order, the Wingate Sandstone, the Kayenta Formation and the Navajo Sandstone. 
4 
Source: Stetson 1976 

5Estimated from available water level and pum.ping data. 

co 
co 
N 
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TABLE 56 

Peabody Wellfield Lithologic Information* 

NAVAJO NAVAJO NAVAJO NAVAJO NAVAJO NAVAJO NAVAJO NAVAJO NAVAJO 

2 3 4 5 6 7 8 9 

FORMATION 6393 6539 6446 6229 6594 6674 6385 6662 6391, 

WEPO EXPOSED AT GROUND SURFACE 

TOREVA 6149 6156 5909 6074 6354 6035 6372 6111 

MANCOS 5835 5795 5920 5730 5795 6075 5680 5912 5791 

DAKOTA 5205 5184 5811 5124
1 

5154 5464 5085 5262 5131 

N MORRISON 5045 5030 5185 5010 5010 5270 4965 5122 4991 
()) 

'-0 
ENTRADA 4345 4350 4465 4260 4300 4630 4275 4462 4271 

CARMEL 4160 4160 4290 4100 4145 4440 4080 4202 4131 

NAVAJO 3995 4000 4130 3950 3995 4290 3925 4032 3991 

KAYENTA 3255 3265 3440 3250 3270 3600 3235 3271 

WINGATE 3110 3115 3265 3090 3115 3440 3070 3131 

CHINLE 2795 2980 2775 3165 

!" 
MOENKOPI 1665 

COCONINO 1445 

SUPAI 833 

*Numbers represent the elevation of the top of respective geologic formations in feet above mean sea level. 



are shown in Attachment 21. 

Navajo well transmissivities ranged from 1,800 to 5,100 gpd/ft. and specific capacity 

values were initially between .78 and 1.46 gpm/ft. Specific capacities of all wells have 

shown a decrease with time. This is probably due to both scale buildup and a reduction in 

potentiometric head. The observed hydrogen ion concentrations are above the saturation 

hydrogen ion concentration, so there will be deposition of calcium scale on the casing 

with time. 

Wellfield Pumpage. Prior to 1969 only limited pumpage for aquifer testing was conducted. 

In ,J.969 pumpage for the coal slurry line commenced. Pumpage was minimal until 1971 and. 

reached 3,682 acre feet in 1972 with the addition of Navajo #7. Total wellfield pumpage 

has been in excess of 4,000 acre feet four of the last five years and has averaged 4,185 

acre feet/year for the same time period. A summary of the wellfield pumpage from 1969 to 

1985 is presented in Table 57. 

Static Water Levels and Drawdowns. Static water level refers to the depth to or elevation 

of ground water either before pumpage began or between periods of pumpage. Static water 

level elevations prior to pumpage- in Wells 2 through 7 ranged from elevation 5685 (700 

feet below ground surface) in Well 7 to elevation 5799 (740 feet below ground surface) in 

Well 2. Static water levels between periods of pumpage in 1984 ranged from elevation 5284 

{1310 feet below ground surface} in Well 5 to elevation 5532 {1130 feet below ground 

surface} in Well 8. 

The change in static water level elevations with time is an indication of the decline in 

artesian head (pressure head that lifts the water level above the top of the aquifer in a 

well bore} since pumpage began. It must be reported as an indication only, since well 

efficiency, well interference and .length of time the wells were off also effect the 

readings. Static head declines in those wells pumped since 1971 range from 295 to 560 

feet. 

Drawdown in a well is the difference between the static water level and the water level 

when the pump is on. Plots of daily drawdown and static head values for each well by year 

are presented in Attachment 22. Gaps in the record for an individual well are the result 

of transducer malfunctions. 
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I 
J 

Year 

1969 

1970 

1971 

1..972 

1973 

1974 

Quarter 

- 2 

3 - 4 

Total 

Total 

2 

3 

4 

Total 

2 

3 

4 

Total 

2 

3 

4 

Total 

2 

3 

4 

Total 

2 

175.8 

24.8 

200.6 

185.1 

81.4 

119.4 

110.4 

116.5 

427.7 

169.6 

176.0 

171.7 

50.1 

567.4 

107.7 

142.5 

193 ~ 1 

188.7 

632.0 

183.4 

168.6 

203.1 

198.5 

753.6 

TABLE 57 

Summary of Quantity of Ground Water Pumped 

At the Peabody Well Field Since 1969 

Well Number~ (Acre Feet) 

3 4 5 6 7 8 9 Totals 

42.3 50.0 45.5 42.4 356.9 

118.0 29~8 23.5 22.9 219.0 

160.3 79.8 69.0 65.3 575.0 

120.4 83.5 196.8 155.9 741.7 

62.7 38.1 83.7 89.3 355.2 

73.5 120.3 121.0 122.7 556.9 

93.1 ?9.7 79.2 85.0 457.4 

100.9 69.5 140.0 105.2 532.1 

330.2 317.6 423.9 402.2 12901.6 

173.3 138.8 196.3 191.1 869.1 

205.3 208.9 200.2 225.7 1,016.1 

213.7 206.6 162.2 204.2 125.3 1,083.7 

100.7 140.2 169.0 92.4 160.9 713.3 

693.0 694.5 727.7 713.4 286.2 32682.2 

117.9 166.4 181.4 41.0 207.1 821.5 

166.4 183.1 146.4 51.2 167.9 857.5 

55.7 190.5 175.5 164.2 223.4 1,002.4 

114.1 161.8 144.5 . 59.9 171.5 840.5 

454.1 701.8 647.8 316.3 769.9 32521.9 

142.0 184.2 134.3 25.7 183.5 853.1 .. 

174.9 170.9 120.8 114.7 202.3 952.2 

124.9 169.5 162.4 171.5 173.9 1,005.3 

183.1 219.9 167.1 67.3 183.0 12018.9 

624.9 744.5 584.6 379.2 742.7 32829.5 
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Year Quarter 2 

1975 97.1 

2 171o0 

3 197.4 

4 189o8 

Total 655o3 

1976 179o7 

2 197.8 

3 186.9 

4 206.9 

Total 771.3 

1977 182o6 

2 177o6 

3 174o1 

4 197.3 

Total 731o6 

1978 133o4 

2 172.3 

3 185.3 

4 177o8 

Total 668o8 

1979 138o1 

2 199o9 

3 193o0 

4 185o8 

Total 716o8 

1980 193o8 

2 196.6 

3 165.7 

TABLE 57 (Cont.} 

Summary of Quantity of Ground Water Pumped 

At the Peabody Well Field Si nee 1969 

Well Numbers (Acre Feet) 

3 4 5 6 7 

77.9 104.1 74.0 4.8 96.4 

114.4 187.8 163.1 114o9 212.9 

199.7 217.1 136o3 94o8 217.3 

188.7 219o9 166.4 109.2 198.4 

580.7 728.9 539o8 323.7 725.0 

106.3 143.3 133.3 81.6 171.4 

209.6 213.0 171.5 159.9 232.7 

214.0 213.7 124.1 167.9 205.7 

214.8 210.4 112o7 106.1 219.3 

744o7 780o4 541o6 515o5 829.1 

203.5 203o9 142o3 '40o5 235o7 

192.5 192o9 149o0 162.1 209o5 

209.0 207o8 171.7 180o4 225o1 

158o2 148o8 84o3 119o 9 199.8 

763o2 753o4 547o3 502o9 790o1 

68o9 30.2 48o4 28o4 83o8 

102o9 116o0 82o1 129.5 122o7 

170o5 170o8 140.0 163.6 176o6 

166o5 174o9 96o7 89.7 174o7 

508.8 491o9 367o2 411.2 557o8 

149o1 148o6 98o2 27o9 145o4 

145o3 134o0 132o9 110o 7 157 o1 

180o0 185o6 154o4 173o7 2~5o5 

117o4 153o0 98o3 119o2 135o5 

591.8 621.2 483.8 431.5 653o5 

100o1 106.6 106.5 59.0 92.1 

172.0 186.5 165.8 159o7 195.9 

178o1 180.5 132.4 138.5 161.7 
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0 

8 9 Totals 

454.3 

964o1 

1,062.6 

12072o4 

3 2553.4 

815.6 

1,184.5 

1,112.3 

1 2070o2 

4 2182 o 6 

1,008o5 

1,083o6 

1 '168 01 

828.3 

4 2088o5 

393o1 

725.5 

1,006.8 

880.3 

3 2005o7 

707o3 

879o9 

1,102o2 

809o2 

3 2498o6 

658.1 

1,076.5 

"73.5 1,030.4 



. Year 

1980 

1981 

1982 

1983 

1984 

1985 

Total 

Quarter 

4 

Total 

2 

3 

4 

Total 

2 

3 

4 

Total 

2 

3 

4 

Total 

2 

3 

4 

Total 

2 

3 

2 

TABLE 57 {Cont.)-. 

Summary of Quantity of Ground Water Pumped 

At the Peabody Well Field Since 1969 

Well Numbers (Acre Feet) 

3 4 5 6 7 8 

199.4 129.6 131.6 95.4 38.0 162.9 ~ 

755.5 579.8 605.2 500.1 395.2 612.6 94.8 

73.7 119.6 114.5 69.5 47.9 144.9 109.6 

209.2 183.4 182.4 123.0 118.7 206.0 115.4 

201.9 186.0 184.0 95.2 171.8 225.8 169.4 

194.2 151.7 153.9 95.8 1U2.8 184.1 74.3 

679.0 640.7 634.8 383.5 441.2 760.8 468.7 

191.3 133.0 181.9 102.1 137.0 219.2 56.0 

186.3 196.6 171.4 64.2 168.8 233.8 174.7 

203.6 196.7 180.1 161.0 183.2 254.3 234.9 

163.6 173.2 162.3 106.2 161.8 201.8 145.3 

744.8 699.5 695.7 433.5 650.8 909.1 610.9 

199.2 167.0 165.2 97.8 126.7 187.6 40.0 

193.1 145.5 184.3 132.4 135.2 192.2 130.9 

9 Totals 

778.2 

3,543.2 

679.7 

1 '138. 1 

1,234.1 

956.8 

4,008.7 

1,020.5 

1,195.8 

1,413.8 

1,114.2 

4,744.3 

983.5 

1,113.6 

79.5 151.6 195.3 96.7 164.4 211.3 221.4 137.1 1,257.3 

128.6 53.1 198.0 182.6 77.7 194.2 107.6 158.4 1,100.7 

600.4 517.2 742.8 509.5 504.0 785~3 499.9 296.0 4,455.1 

194.7 174.1 196.9 107.2 145.3 28.0 8.0 212.3 1,066.5 

198.3 91.1 193.5 157.5 156.5 105.2 145.0 193.2 1,240.3 

179.1 52.0 17.0.5 100.0 139.0 187.5 131.1 187.3 1,146.5 
~ . .; 

198.2 97.4 128.7 55.4 44.2 92.7 21.9 81.8 720.3 

770.3 414.6 689.6 420.1 485.0 413.4 306.0 674.6 4,173.6 

216.2 218.2 184.5 108.4 105.1 217.1 0.1 15.5 1,065.1 

204.0 153.9 157.8 139.6 53.6 161.0 53.2 0.0 923.1 

180.8 0.0 17.9 0.0 0.0 ~ 22.0 0.0 220.7 

601.0 372.1 360.2 248.0 158.7 378.1 .75.3 15.5 2,208.9 

293 



Static head values included in the drawdown plots presented in Attachment 22 were used to 

estimate the amount of aquifer water level decline in the vicinity of each well since 

pumping began. 

A six-month shutdown of the Mohave Power Plant in the latter half of 1985 provided an 

opportunity to assess the response of the N-~quifer to the absence of we11fie1d pumpage 

stress. Although Well 2 pumpage and limited pumpage at Wells 8, 7 and 4 occurred during 

this period, positiv~ aquifer responses were determined suggesting that we11field pumpage 

has not damaged the structural integrity of the aquifers. 

Tota1 amounts of artesian head decline prior to the wellfield shutdown were determined by 

subtracting the difference between 1968 and 1984 or 1985 static water levels. Total 

amounts of artesian head recovery following the wellfield shutdown were determined by 

subtracting pre-shutdown static water levels from static levels as of October, 1985. 

Percent water level recoveries were determined by dividing the static water level 

"" recoveries for each well by the total artesian head declines at each well. 

Table 58 presents estimates of water level recoveries, artesian head declines and the 
,. 

percent of total drawdown recovery. for each well. Percent recoveries ranged between 9.1 

and 24.7 percent. Considering these recoveries only represent a four month period, the 

rates of water 1 eve 1 recovery appear to be we 11 within those s i mu 1 a ted in the USGS 2 -D 

model following the conclusion of mining. 

Analytfcal and Computer Model Drawdown Projections Beneath the Leasehold. Three 

organizations have investigated drawdowns immediately beneath the leasehold versus time. 

They are the USGS, Thomas Stetson Consultants and Dames and Moore. The USGS investigation 

employed a regional, 2-D finite difference model. Unfortunately, because of the scale of 

the model, no resolution could be obtained at the individual Peabody N-aquifer well sites 

for comparison with our transducer values. Drawdown projections through the year 2001 

indicate 200~ feet of drawdown within~ 2-mile radius of the leasehold. 

Thomas Stetson Consultants and Dames and Moore performed site specific analytical and 

digital computer simulations of future drawdowns at the production wells. Thomas Stetson 

Consultants used an analytical approach to project drawdowns at the we 11 bores for the 

first 27 years of pumping. Principal assumptions were: (1) there was no recharge to the 
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Well # 

3 

4 

5 

6 

7 

8 

9 
* total declines 

** total decline 

*** total decline 

**** total decline 

TABLE 58 

Water Level Recoveries, Artesian Head Declines 

and Percent of Drawdown Recoveries in Navajo We 11 s 

Water Artesian 

Level Head 

Recoveries (ft) Declines (ft) 

* 90 650 

* 75 405 

* 105 425 

* 40 420 

* 55 340 

** 60 395 

*** 5 55 

**** 15 75 

since 1968 

since 1972 
~ . 

since 1980 

since 1983 
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Drawdown 

Recoveries (%) 

13.8 

18.5 

24.7 

9.5 

16.2 

15.2 

9.1 

2o~o 



system; (2) no barrier boundaries were intercepted with prolonged pumpage; (3) a 

transmissivity value of 2,000 gpd/foot was representative of the wellfield; (4) pumpage 
-4 

from Wells 7, 8 and 9 did not occur; (5} a storage coefficient value of 3 x 10 was 

representative; and (6) an average overall pumping rate of 400 gpm occurred at each well. 

Dr,awdown plotsversus time for wells 2 through 6 are shown in Figure 103. 

As a check on the va 1i di ty of their assumptions, Stetson compared their theoreti ca 1 

drawdowns against actual wellfield measurements. The results were very close (Table 59) 

suggesting that the necessary assumptions that were ~ade for the theoretical calculations 

wer,~;·l!~reasonable. Since Well 7 was operational by this time and Well 8 was planned, new 35 

yec:ri~;;i,:drawdown projections were made with and without We 11 8. Assumptions for the two 
.; ~~~~-"~~·> '. 

scen~rios were the same as those previously discussed with the exception that the maximum 

pumpage rates and total withdrawals were higher. Maximum pumpage rates and total 

withdrawals ~ere 1,150 gpm and 4,000 acre feet and 3,675 gpm and 4,650 acre feet for the 

scenario with Wells 2 through 7 an~ Wells 2 through 8, respectively. The results of the 
.... 

35 year drawdown computations are presented in Table 60. 

With the addition of Well 8, all of the existing well bore water levels would be below the 
~ 

lowest pump bowl settings before the term of the mining lease was completed. Based on 

this information and drawdown measurements in 1982, a well rehabilitation program was 

undertaken in 1983 and 1984. The rehabilitation program focused on enlarging the 

production zones to accommodate the pumps if necessary and increasing the percent open 

area of the production zone well screen to minimize well losses. Navajo Wel.l 9 was 

drilled. primarily to provide a back-up water ~upply should one of the reworked wells have 

be~ .. ~/;,Jost or significantly damaged during the rehabilitation work. Well 9 is now being 

ut+.,f:fzed to a 11 ow other we 11 s in the we 11 fie 1 d to recover 1 onger. Future considerations 

have Well 9 being used to allow the other wells to be pumped at lower or variable rates. 

This is addressed further in the Dames and Moore modeling discussion. 

In 1983 Dames and Moore was retained to perform finite difference ground water level 

simulations for the purpose of assisting in locating new well . #9 and evaluating 

rehabilitated Wells 2, 3, 5 and 6, and local and adjacent area drawdown variations as a 

function of varying pumpage rates at the different wells. In all, 15 different pumpage 

rate scenarios, in combination with 9 alternate, new well locations, were investigated 

(Table 61 and Figures 104 and 117}. Total pumpage rates assumed in all scenarios exceeded 

any annual pumpage to date, thus the results should represent a worst case situation. The 
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Well No. 

2 

3 

4 

5 

6 

7 

.... 

TABLE 59 

Measured and Theoretical Pumping Water Levels 

In the Peabody We 11 Fie 1 d 

Measured or 

Estimated Depth to 

Pumping Water Level 

(Feet) 

1,570 

1,510 

1,290 

1 ,610 

1,620 

298 

Theoretical 

Depth to Pumping 

Water Level 

(Feet) 

1,580 

1,550 

1,350 

1,590 

1,630 

1,490 



Well No. 

2 

3 

4 

5 

6 

7 

8 

TABLE 60 

Projected Water Levels in the Peabody 

Well Field After 35 Years of Pumpage 

Projected Depth to Pumping 

Water Level After 35 Years 

Maximum Depth of (Feet) 

Pumping Water Level Without With 

(Feet) New Well New Well 

1,694 1,950 2,000 

1,884 1,950 2,030 

1,830 1,760 1,840 

1 ,961 2,000 2,060 

1,984 2,000 2,050 

1,948 1,870 1,980 

2,100 (est) 2,080 .. 
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------------------=~~=======~~--~-~~---------------------

TABLE 61 

Well Pumping Rates, Scenarios 1 - 15 

Pumping Rate (GPM) 0 
0 

Well ID Scenarios 3 4 5 6 7 8 9 10 11 12 13 14 15 "" 
Navajo #2 500 250 350 400 400 250 325 300 

Navajo #3 500 350 350 400 300 " 400 350 350 400 300 500 500 500 

Navajo #4 500 350 350 400 300 400 350 350 400 300 500 500 500 

Navajo #5 500 300 350 400 300 400 300 350 300 300 500 500 500 

Navajo #6 500 350 350 400 300 450 350 350 400 300 500 500 500 

Navajo #7 600 450 350 400 300 550 450 350 400 300 600 600 600 

Navajo #8 500 350 350 400 300 400 350 350 400 300 500 500 500 

New Well #1 600 575 400 600 600 - 600 400 600 600 

New Well #2 ' 600 575 400 600 ., 600 575 600 600 

New Well #3 600 600 600 

New Well #4 600 

New Well #5 600 600 

New Well #6 600 600 

New We,ll #7 500 

New Well #8 500 

New Well #9 500 

TOTAL 3600 3600 3600 3600 3600 3600 3000 3000 3000 3000 3000 3000 3600 3600 3600 



drawdown results for each pumpage scenario are presented in Figures 1 OS through 120. 

Figures 104 and 117 are intluded with Figures 105 to 116 and 118 to 120, respectivelyJ to 

provide well location references for the 1S drawdown scenarios. Varying the pumpage rates 

at the different wells appears to hav& no effect on the drawdowns and shape rif the cone of 

depression at a distance of one to two miles out from the leasehold. Within the 

leasehold, cone of depression changes can be significantly affected by both pumpage rates 

and well location. Based on these projections, the east tract of the leasehold was found 

to be a poor location for any new Navajo wells. 

Navajo Aquifer Water Quality. The sha 11 ow ground water types present in the Black Mesa 

drainage area have been described in the previous sections of this chapter. Cooley's 

observations on the relationship between TDS and water type have been referenced in the 

Wepo aquifer discussion. These observations also hold true for the Navajo water quality. 

The average TDS value for each well is presented in Table 62. 

Well Number 

Concentration 

Av. 2-9 = 158 mg/1 

TABLE 62 

Average TDS Concentratio~s in mg/1 for Navajo Wells 

2 

148 

3 

152 

4 

157 

5 

175 

6 

169 

7 

167 

8 

404 

9 

140 

Figure 121 is a summarization of the Navajo water quality, as gathered by the USGS and 

Peabody Coal. Individual trilinear plots for each well based on samples collected by the 

USGS and PCC are found in Figures 122 through 136. 

As Figure 121 shows, there are two distinct water types present. The first type 

represented by Wells 1-7 and 9 is a sodium-bicarbonate water. The average TDS 

concentration for these wells is 158 mg/1. This relationship of water type to TDS 

corresponds we 11 to those documented previous 1 y. The second water type present is that of 

Well 8, a sodium sulfate water, with a~ average TDS concentration of 404 mg/1. 

The most obvious explanation for this difference in water types is that Well 8 is not 

completed in the Wingate Sandstone. The other Peabody N-aquifer wells are. Based on 

isolated aquifer tests performed in test well Navajo No. 1, the Wingate Sandstone yields 
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LOCAL MODEL SCENARio· 1. DRAW-DOWNS ·[FT •. l: YEAR 2014 
PCC 'TOTAL PUMPFIGE = 3600. OPM 

CONTClJR INTERVA.. = 26 .• 

~--

FIGURE 105 

Drawdowns for Pumpage 
Scenario No. 1 
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LOCAL MODEL- SCENARIO 2 DRAWDOWNS (FT. l : YEAR 2 
PCC TOTRL PUMPfiOE ::: 3600 OPM 

CONTCIJR INTERVFL = 26. 

FIGURE 106 

Drawdowns for Pumpage 
Scenario No. 2 
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LOCAL -MODEL SCENARI-O 3 DRAWDOWNS -( FT. l : YEAR 2014 
PCC TOTAL PUMPRGE = 3600 OPM· 

CONTCI.JR INTERVA.. = 26. 
~rawdowns for Pumpage 

Scenario No. 3 
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L·OCAL MODEL ,SCENARI 0 4 DRAWDOWNS ( FT. J : YEAR 20 
PCC TOTAL PUMPAGE = 3800 OPM 

CONTCIJR INTERVFL = 26 • 

FIGURE 108 

Drawdowns for Pumpage 
Scenario No. 4 
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0 

LOCFIL MODEL SCENARI-O 5 DRAWDOWNS ( FT .l : 
PCC TDTRL PUMPAGE = :3600 OPM 

CCNTtl.JR INTERVFL = 

0 4oo 

26. 
Drawdowns for Pumpage 

Scenario. No. 5 
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LOCAL MODEL-SCENARIO 6 DRAWOCJ..JNS CFT.l: YEAR 20 ·21-
PCC TOTAL PUMP!=IGE = 3800 OPM 

FIGURE 110 

CONTCl.JR INTERV
N __ ZS Drawdowns for Pumpage 
~ • Scenario No. 6 
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. LOCAL MODEL SCEf\JAR I 0 7 DRAW DOWNS ( FT • J : . YEAF~ 20 14 
·. PCC TOTAL PUMP~OE : 3000 OPN 

CONTOUR INTERVAL • 25. 

FIGURE 111 

Drawdowns for Pumpage 
. Scenario No. 7 
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LOCAL MODEL SCENARIO 8 ORAWDOWNS ·lFT.): . YEAR 2014 0 . i 
FCC TOT~L PUMF~OE: 3000 OPM 

CONTOUR INTERVAL • 25. 

FIGURE 112 

Drawdowns for Pumpage 
Scenario No. 8 
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· LOCAL MODEL SCENARIO 9 DRAWDOWNS (.FT. l: YEAR 2014 
FCC TOT~L FUMPAOE: 3000 OPN 

Q350 
350 0. ··p. 

CONTOUR INTERvAL • 25. 

FIGURE 113 

Drawdowns for Pumpage 
Scenario No. 9 
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LOCAL MODEL SCENARIO 10 DRAWDOWNS (FJ.): YEAR 20·. 
PUMPAGE: 3000 GPN 

CONTOUR INTERVAL • 25. 

FIGURE 114 

Drawdowns for Pumpage 
Scenario No. 10 
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LOCAL MODEL SCEl'JAR ID 11 DRAWDOWNS .. (FT. l : YEBR 2014 
FCC TOTAL FUMP~OE: 3000 GPN , · ·. 

CONTOUR l NTERVAL • 2S. 

fiGURE 115 

Drawdowns for Pumpage 
.· •. Scenario No. 11 
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LOCAL MODEL SCENARIO 12 DRAWDOWNS f FT • 1 .: YEAR 201 
FCC TOT~L PUMPAOE: 3000 GPN 

~----~------------------~------~------~--~~0. 

CONTOUR INTERVAL • 25 • 
Drawdowns for Pumpage 

Scenario No. 12 
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Well Locations for Pumpage Rate 
Scenarios 13 through 15 
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LOCAL MODEL SCENARIO 13 DRAYDOWNS CFT) YEAR 2014 
PCC TOTAL PUMPAGE: 3600 GPM 13-FEB-63 

FIGURE 118 

Drawdowns for Pumpage 
Scenario No. 13 TIME = 12775.00 STEP = 700 
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LOCAL MODEL SCENARIO 14 DRAWDOWNS CFT) YEAR 2014 
PCC TOTAL PUMPAGE: 3600 GPM 14-FEB~~s 

Drawdowns for Pumpage 
Scenario No. 14 TIME = 12775.00 STEP = 700 



LOCAL MODEL SCENARIO 15 DRAWDOWNS CFT) YEAR 2014 
PCC TOTAL PUMPAGE: 3600 GPM 14-FEB-83 

FIGURE 120 

Drawdowns for Pumpage 
·Scenario No. 15 

TIME = 12775.00 STEP ~ 7e0 
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FIGURE 121 

Comparison of Averaged Water Chemistry 
Collected by Peabody and the USGS from 
the Peabody N-Aquifer Wells 

P = Peabody 
U = USGS 
1 = P20 

- U20 
1P28 

4 = U28 
5 = P24 
6 = U24 
7 = P22 

8 = U22 

9 = P21 
10 = U21 
11 = P30 
12 = U30 
1'3 = P115 
14 = U115 
15 = P156 

0 
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fiGURE 122 

Trilinear Plot of Water Quality for 
Navajo Well 20 Using Peabody Data 

1980 to 1985 
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fiGURE 123 

Trilinear Plot of Water Quality for 
Navajo Well 20 Using USGS Data 

1979 to 1980 
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Trilinear Plot of Water Quality for 
Navaj~ ~ell 28 Using Peabody Data 

.'1980 to 1985 
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fiGURE 125 

Trilinear Plot of Water Quality for 
Navajo Well 28 Using USGS Data 

1968 to 1980 
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FIGURE 126 

Trilinear Plot of Water Quality for 
Navajo Well 28 Using Peabody Data 

1980 to 1985 
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fiGURE 127 

Trilirrear Plot of Water Quality Data 
Navajo Well 24 Using USGS Data 

1973 to 1980 
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FIGURE 128 

Trilinear Plot of Water Quality for 
Navajo Well 22 Using Peabody Data 

1980 to 1985 
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FIGURE 129 

Trilinear Plot of Water Quality for 
Navajo Well 22 Using USGS Data 

1968 to 1980 
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Trilinear 'lot of Water Quality for 
'Navajo Well 21 Using Peabody Data 

1980 to 1985 

~ 
0 
0 



0 
0 
~ 

fiGURE 131 

Trilinear Plot of Water Quality for 
Navajo Well 21 Using USGS Data 

1968 to 1980 
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FIGURE 132 

Trilinear Plot of Water Quality for 
Navajo Well 30 Using Peabody Data 

1980 to 1985 
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FIGURE 133 

Trilinear Plot of Water Ou.ai ty for 
Navajo Well 30 Using USGS Data 

1972 to 1980 
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FIGURE 134 

Trilirre~r Plot of Water Quality for 
Navajo Well 115 Using Peabody Data 

1980 to 1985 
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FIGURE 135 

Trilinear Plot of Water Quaity for 
Navajo Well 115 Using USGS Data 

1980 to 1984 
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FIGURE 136 

Trilinear Plot of Water Ouailty for 
Navajo Well 156 Using Peabody Data 

1983 to 1985 -



significant amounts of good qua 1 i ty water in comparison to the Navajo Sandstone. We 11 8 

appears to be completed ina tighter zone of the Navajo aquifer (more highly cemented and 

affected by local impermeable boundaries). These factors most likely account for the TDS 

difference;. Further documentation for. this is based on Well 8 1 s poor well perform~nce to 

date. Well 8 was completed with 22 perqen~ ~pen area in its production tone as compar~d 

to 1 percent - 4 percent in the original Wells 2 through 7. Yet Navajo 8's specific 

capacity_ {gallons per minute for each foot of drawdown) is one of the poorest in the 

wellfield. Although the calcium levels observed at Well 8 are higher than those of the 

other we 11 s, they are believed to be a function of the formation perforated and not 

related to distance from recharge area. 

There is no evidence of any seasonal change in water quality in the Navajo aquifer. This 

is to be expected because of the depth to the aquifer and its low permeability. 

Statistical summaries of the principal ions and trace metals in the Peabody N..;aqu1fer 

wells are presented in Attachment 23. 

USGS N-Aguifer Monitoring and Modeling. 

Region a 1 Water Quantity and Quality Monitoring. Si nee 1971, the USGS has been jointly 

funded by Peabody and the Navajo and Hopi Tribes to perform monitoring.of off-lease wells 

completed in the D-aquifer and the N-aquifer, springs supplied by water from the Mesa 

Verde Formations, the o~aquifer system and the N-aquifer system, and stream baseflows fed 

by the N-aquifer. In addition, the USGS periodically monitored the water quality of the 

Peabody production wells. The thrust of the USGS monitoring program is to monitor the 

effects of Peabody and Tri ba 1 pumpage on the quantity and qua 1 i ty of water in the 

N-aquifer, any quantity and quality changes in springs fed by the D and ·N-aquifer systems, 

and any reductions in N-aquifer fed stream baseflows. 

A more detailed description of the USGS monitoring program, modeling and types of 

monitoring is given in Chapter 16 "Hydro 1 ogi ca 1 Monitoring Program". The fo 11 owing 

discussion will summarize ~he data presented in the 1977, 1982, 1983 and 1984 Progress 

Reports submitted by the USGS to the cooperators in this program. Copies of the Progress 

Reports are included as Attachment 24. 

Total Peabody (industrial} and Triba 1 (noni ndustri a 1) pumpage has been monitored by the 

USGS since 1965. Table 63 summarizes each of the types of pumpage by year. The highest 
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TABLE 63 

Withdrawls From theN-aquifer, 1965.,..84 

(Measurements are in acre-feet. Data for 1965-79 from Eychaner ,: 1983) 

Nonindustria1
2 

Year 

Year 

1965 

1966 

196i. 

196~"' 

1969'' 
1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

1979 

1980 

1981 

198'~· 
::\(');·;-; 

1983 

1984 

lndustria1
1 

0 

0 

0 

95 

43 

740 

3,680 

3,520 

.3 ,830 

3,550 

4,180 

4,090 

3,000 

3,500 

3,540 

4,010 

4,740 

4,460 

4 170 

Company at their 
1 
Metered pumpage by Peabody Coal 

Conffned
3 

Uhconfined
4 

50 20 

110 30 

120 50 

150 100 

200 100 

280 150 

340 150 

370 . 250 

530 300 

580 362 

600 508 

690 645 

750 726 

830 930 

860 930 

910 880 

960 1,000 

870 965 

1,360 1,280 

,. 070 1 400 

mine on Black Mesa. 
2 

Does not include withdrawals from wells equipped with windmills. 
3 

Includes metered pumpage at Kayenta and estimated pumpage at Chilchinbito, Rough Rock, 

Pinon, Keams Canyon and Oraibi prior to 1980; metered and estimated pumpage furnished by 

the Navajo Tribal Utility Authority and the u~s. Bureau of Indian Affairs and collected 

by the U.S. Geological Survey, 1980-84• 
4

1ncludes estimated pumpage, 1965-73, and metered pumpage, 1974-79, at Tuba City; metered 

and estimated data furnished by the Navajo Tribal Utility Authority and the U.S. Bureau 

of Indian Affairs, 1980-84. 
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Peabody pumpage (4,740 acre-feet) occurred in 1982. Pumpage from 1980 through 1984 has 

averaged 4,184 acre-feet/year. The highest Tribal pumpage (2,640 acre-feet) occurred in 

1983 and Tribal pumpage from 1980 through 1984 has averaged 2,139 acre-feet/year. 

The water quality from Peabody and Tri ba 1 wells comp 1 eted in the N-aqui fer has been 

periodically monitored by the USGS since 1967~ The thrust of the N-aquifer water quality 

monitoring effort has been towards assessing if vertical leakage from the overlying 

D..;.aquifer system is significant. The concentrations of dissolved solids, chloride and 

sulfate ions in the D-aquifer is 7 times, 11 times and 30 times greater~ respectively, 

than in the N-aquifer. If. N-aquifer water level declines are inducing large amounts of 

vertical leakage from the D-aquifer system, there should be marked changes with time in 

these parameter concentrations. Comparisons of these concentration levels over a period 

of several years are presented for the Peabody wells in Table 64 and the.Tribal wells in 

Table 65. There is no evidence to suggest that significant vertical leakage is occurring 

from the D-aquifer system into the N~aquifer system. 

Springs fed by the D and N-aquifers have b~en periodically monitored by the USGS since 

1948. Monitoring has been oriented towards determining if Peabody and/or Tribal pumpage 

from the N and D-aquifers has caused significant reductions in flow or deterioration of 

spring water quality. Table 66 is a summary of the flow and water quality parameters 

monitored at D and N-aqui fer springs by the USGS. For the water qua 1 i ty deterioration 

analysis, the same cr~teria and chemical parameters were used as was described previously~ 

Spring flow reductions at Pasture Canyon, Chilchinbito and Shonto are most probably a 

function .of local irrigation and stock water use in addition to Tribal pumpage from wells 

in the vicinity. Spring flows at Rough Rock, Nasjo Toh and Dinnebito have shown increases 

since 1954. A review of the spring water chemistry indi.cates that deterioration of spring 

.water quality is not occurring. The few cases where a chemical constituent has increased 

has in no wc.y affected the potential use of the water. Springs from the alluvia 1, Wepo 

and Toreva aquifers are not discussed here as they can in no way be affected by the D and 

N-aquifer pumpage. The potential of pit pumpage from the Wepo aquifer as it affects local 

water uses will be discussed in Chapter 18, "Probable Hydrologic Consequences". 

The USGS has mo~itored baseflows on three washes (Moenkopi Wash, Laguna Creek and Chinle 

Creek} to determine if Peabody and Tribal pumpage from the N-aqui fer is si gni fi cantly 

reducing natural discharge from the N-aquifer. Comparisons of past average baseflows with 

current basef1ows are ·shown in Table 67. Moenkopi Wash and Laguna Creek have shown 
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TABLE 64 

Selected Parameters from Chemical Analysis of Water 

Wellss Black Mesa Area, 1967-74 and 

Specific Di~solved Solids 

Well Year Conductance Residue at 180°C 

Number (umhos) (mg/L) 

2 1967 221 144
1 

1980 225 144 

3 1968 236 154
1 

1980 230 151 

4 1974 -200 140 

1980 230 139 

5 1968 224 149
1 

1980 210 -134 

6 1968 201 333
1 

1980 260 160 

7 1972 222 141
1 

1980 210 136 

8 1980 420 283 

1983 440 278 

1984 436 264 

1 . 
Dlssolved-solids data from 1974. 
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From Peabody N-Aquifer 

1980-84 

Chloride, 

Dissolved 

(mg/L as Cl ) 

5.0 

11 

4.0 

3.5 

3.8 

.4.3 

3.5 

2.9 

3.0 

3.5 

2.5 

3.7 

4.8 

4.8 

4.7 

' ...... 

Sulfate, 

Dissolved 

(mg/L as SO ) 
. 4 

21 

20 

17 

. 14 

13 

13 

16 

9.5 

13 

15 

20 

11 

100 

100 

100 



TABLE 65 

Selected Parameters From Chemical Analysis of Water From Nonindustrial Wells 

That Tap the N-aquifer, Black Mesa Area, 1982-84 

Specific Dissolved Solids Chloride, Sulfate, 

Site Year Conductance Residue at 180°C Dissolved Dissolved 

. Name (umhos) (mg/L) (mg/L as Cl} (mg/L as so
4

) 

Keams 1982 1;010 592 94 35 

Canyon 2 1983 1,120 636 120 42 

1984 1,040 578 96 36 

Rough Rock 1983 1,090 628 130 110 

PM 5 1984 1,090 613 130 99 

Rocky Ridge 1982 255 1. 4 6.0 

PM 3 

New Oraibi 1982 385 228 4.0 10 

PM 4 
,. 

New Oraibi 1983 400 235 4.1 9.8 

PM 3 1984 395 216 4.0 9.9 

Kayenta 1982 360 228 4.5 58 

PM 2 1983 375 230 60 

1984 365 209 4.2 51 

Forest Lake 1982 470 281 11 67 

Kitsillie 1982 580 365 5.4 84 

1983 505 291 4.4 37 

1984 460 258 5.2 20 

Pinon 1982 485 3.7 5.0 

PM 6 1983 505 293 3.6 5.3 

1984 495 273 3.7 5.4 
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TABLE 66 

Flow and Selected Parameters From Chemical Analyses of Water Samples From Springs 

In The Black Mesa Area 1948-1984. 
''\ 

(From Hill 1983 and 1985· and Davis et al. 1963) -· 
Date Specific Dissolved Dissolved 

Spring BIA Flow Flow Date Conductance Chloride Sulfate Water ,. 

Name No. Formation Measured (gem) Same led (umhos) (mg/L) .:(mg/L) Use 

Pasture Canyon 3A-5 Navajo 10/8/54 174 2/27/48 199 5.0 13 Stock, 

9/18/82 135 9/18/82 240 5.1 18 Irrigation 

Chilchinbito 8A-122 Morrison 2/10/55 2.5-3 6/12/54 2,750 30 1,520 Domestic, 

7/20/83 0.68 7/20/83 1,980 31 990 Stock 0 
~ 
1'1"'\ 

Near Rough Rock 10R-158A Dakota 8/4/54 0.1 est. 7i28/49 362 27 39 Domestic, 
" 

7/20/83 0.15 7/20/83 290 6 25 Stock 

Near Steamboat 17M-261 Dakota No Measurement 7/10/49 222 3 11 Domestic, 

6/26/84 Seeping 6/26/84 280 4 15 Stock, 

'· (Could not measure) Irrigation 

Nasjo Toh 8A-109 Dakota 10/13/54 1.0 est. 8/15/84 470 10 100 Domestic, 

8/15/84 1.0 est. Stock 

Shonto 6M-54 Navajo 8/26/53 2-3 7/09/52 1,080 82 281 Domestic, j 
6/26/84 0.67 6/26/84 989 64 260 Stock 

Near Dinnehotso 8A,;.224 Navajo 10/6/54 1.0 est. 6/27/84 187 2.8 7.1 Domestic, 

6/27/84 2.0 Stock 



Monitoring 

Site 

Moenkopi Wash 

Chinle Creek 

Laguna Creek 

TABLE 67 

Summary of USGS N-Aquifer Baseflow Monitoring 

At Moenkopi Wash, Chinle Wash and Laguna Creek 

Aquifer Pre-1984 

Discharge Average (cfs} 

Navajo 3.2 

Navajo 5.5 

Navajo 3.9 
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1984 

Average (cfs} 

3.0 

9.1 

3.3 



average baseflow discharge declines of six and fifteen percent, respectively. Whether 

these decreases are totally a function-of N-aquifer purripage or are partly affected by 

climatic variations is hot completely clear. The Moenkopi, site has been monitored for 

approximately nine years and the Laguna Creek site for four years~ If continued declines 

in baseflow persist; the N-aquifer pumpage by all users is most likely the principal. 

cause~ 

Chinle Creek has shown a 65 percent increase in baseflow in 1984. Because Chinle Creek 

receives baseflow from other sources besides Laguna Creek, it is probably a less reliable 

indicator of N~aquifer losses~ 

Regi.onal N-Aquifer Flow Model. The cooperators have also retained the USGS to model the 

N-aqui fer to predict future ·water 1 eve 1 drawdowns for four different Peabody and Triba 1 

pumpage scenarios. The four model scenarios are described in more detail in Chapter 16; 

"Hydrological Monitoring Program". The N-aquifer modeling effort was completed in 1981 

and the results have been published as Open..,File Report 81-911 and Water Supply Paper 

2201. 

Following the completion of the modeling, it was determined that future ~eabody pumpage 

estimates and initial and future Tribal pumpage figures were somewhat low. The 

cooperators requested that the USGS rerun the .mode 1 through 1984 with the corrected 

pumpage figures. This work was performed and the results were distributed to the 

cooperators in September, 1985. 

As a check on the accuracy of the model, simulated versus measured drawdowns at t~e six 

principal N-aquifer observation wells (BM1-BM6) are presented in Figures 137 and 138. 

Circles have been used to allow comparison of the new simulated trends with the former 

trends. There is good agreement. between measured and simulated drawdowns at all 

observation wells but BM2 and 8M3. In both cases, the simulated drawdowns are less than 

the measured values. The USGS allows that the prediction differences can be attributed to 

the scale of the model grid blocks (two miles on each side). Multiple pumpage is 

occurring in one block of the model as a result of the completion of new wells at Kayenta. 

If pumpage from the new wells were moved to adjacent grid blocks, the model would predict 

different water levels for both 8M2 and 8M3. 

For assessing the regional N-aquifer water level drawdowns attributable to Peabody, Model 
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Scenarios l and 4 have been uti Hzed. The Peabody pumpage projections are assumed to be 

zero after the year 2001 when in reality_ the current contractual agreements call for coal 

to be supplied to the Navajo and Mojave Power Plants until 2011 and 2007, respectively. 

This discrepancy in the model should be of minor significance, however, since over 80 

percent of the total pumpage dfawdown has already occurred. Future declines assotiated 

wfth Peabody pumpage wi 11 ·be at a considerably reduced rate. 

Scenario 1 assumes Peabody and Tribal pumpage rates bas'ed on historic pumpage values. 

Peabody pumpage continues unti 1 2001, whereas Tribal pumpage continues through 2014. 

Scenario 4 assumes no Peabody pumpage and Tribal pumpage is at the same rate ~s that used 

in Scenario 1. The difference between simulated drawdowns at the various communities for 

the two scenarios would represent that portion of the total drawdown caused by Peabody 

pumpage alone. Table 68 presents a summary of the drawdown differences for 19 different 

Tribal communities. The maxi mum drawdown attri butab 1 e to Peabody pump age is 122 feet at 

the community of Forest Lake.· Other drawdowns attributable to Peabody pumpage range from 

2 to 58 feet. Based on prepumpage (1964), Navajo aquifer water levels at each of these 

communities, the above-referenced drawdowns_account for 0.2 to 5.4 percent of the total 

available feet of water in theN-aquifer wells at these locations (Table 69). 

Other conclusions from Model Scenario are as follows. Approximately 94 percent of the 

210~000 acre-feet of water pumped would be from aquifer storage. Total aquifer storage 

would decrease about 0.1 percent to the year 2001~ The rest of the aquifer withdrawal 

would be accounted for in reduction of stream baseflows and discharge to springs, 

reduction of evapotranspiration from the aquifer and increased leakage from the D-aquifer. 

Discharge from theN-aquifer to streams and springs would be S.percent less in 2001 than 

in 1964. Most of the red.uction would occur along Laguna Creek. Evapotranspiration would 

be 5 percent less and leakage through overlying confining layers would be approximately 

260 acre-feet/year. This increased leakage would not cause significant water level 

declines in the overlying aquifers comprising the D-aquifer system. 

In comparison, conclusions from Scenario 4 {Tribal pumpage only) are that two~thirds of 

the discharge losses to streams, springs and alluvium will be as a result of Tribal 

pumpage. About one-third of the simulated decrease in evapotranspiration and increase in 

vertical leakage from overlying aquifers would be caused by Tribal pumpage. 
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TABLE 68 

· Drawdowns Projected at Year 2001 from 

Tribal and PeabodyWellfield Pumpage 

Combined Drawdown Drawdown 

Tribal-Peabody Attributable Drawdown Attributable Drawdown 

Pumpage to Tribal % of to Peabody % of 

Communitl Drawdowns (ft) Pum~age · ( ft) Total ·Pum~age (ft} Total 

Forest Lake 130.0 8.1 6.;2 121.9 93.8 

Cottonwood 4.0 1.6 40.0 2.4 60.0 

KeaTJ}s.Canyon 100.0 80.6 81.0 19.4 19.0 

Polacca 55.0 36.1 66.0 18.9 34.0 

Mishongovi 35.0 20.3 58.0 14.7 42.0 

Second Mesa 30.0 19.2 64.0 10.8 36.0 

Shongopovi 30.0 20.3 68.0 9.7 32.0 

Ora i bi 50.0 42.0 84.0 8.0 16.0 

Hotevi 11 a 30.0 16.1 54.0 13.9 46.0 

Tuba City 115.0 115.0 100.0 

Red Lake 2.0 .2 10.0 1.8 90.0 

-Shonto • 1 

Kayenta 110.0 110.3 100.0 50.0 45.3 

Rough Rock 20.0 9.7 49.0 10.3 51.0 

Kitsllle 65.0 6.9 11.0 58.1 89.0 

Chilchinbito 60.0 12.7 21.0 47.3 79.0 

Dennehotso 

Low Mountain 60.0 25.3 42.0 34.7 58.0 

Pinon 79.0 22.8 29.0 46.2 71.0 
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TABLE 69 

Percent of Available Water Height in Tri ba 1 Wells 

Lost Because of Peabody Pumpage Through 2001 

Elevation of Saturated Elevation of Water Level Total lni ti al % of Total 

Top of N- Thickness of Bottom of Elevations in Heightof Water Available Water 

Community Aquifer N-Aquifer ( ft) N-Aquifer Wells In N- In Wells in Height Lost to 

Aquifer,· ·1964 1964 (ft) Peabody Pumpage 

as of 2001 

Forest Lake 4,250 800 3 ,~450 5,700 2,250 ··5.4% 

\...N Cottonwood 5,600 300 5,300 5,680 380 0.6% 
-+:-
-...) 

Keams Canyon 5,000 15 4,985 5,540 555 3.5% 

Polacca 4,820 280 4,540 5,460 920 2.1% 
"'!' 

Mishongovi 5,000 260 4,740 5,415 675 2.2% 

Second Mesa 5,080 240 4,840 5,400 560 1.9% 

Shongopovi 5,040 270 4,770 5,404 634 l.S% 

Orai bi 4,930 350 4,580 5,409 829 1.0% 

Hotevilla r 4,950 410 4,540 5,400 860 1.6% 

Tuba City 5,000 300 4,700 5~000· 300 0% 

Red Lake 5,250 930 4,320 5,445 1,125 .2% 

Shonto 6,625 sao 6,045 6,320 275 0% 



Elevation of 

Top of N-

Community Aquifer 

Kayenta 5,500 

Rough Rock 5,230 

Kitsi 11 i.e 4,740 

Chilchinbito 4,960 

Dennehotso 5,465 

Lovv Mountain 4,960 

Pinon 4,500 

TABLE 69 (Cont.) 

Percent of Available Water Height in Tribal Wells 

Lost Because cif Peabody Pumpage Through 2001 

Saturated Elevation of Water Level 

Thickness of Bottom of Elevations in 

N~Aquifer (ft) N-Aquifer Wells In N-

Aquifer, 1964 

850 4,650 5,570 

610 4,620 5,525 

700 4,0~0 5,584 
' 

800 4,160 5,490 

700 4,765 5,025 

180 4,780 5,620 

500 '4,000 5,653 

_.. 

Total Initial % of Total 

Height of Water Available Water 

In Wells in Height Lost to 

1964 (ft) Peabody Pumpage 

as of 2001 

920 5.4% 
co 
-:t-

905 1.1% N"'\ 

1,544 3.8% 

1,330 3.6% 

260 0% 

840 4.1% 

1,653 2.8% 



Literature Cited 

Akers, J.P. and Harshbarger, J.W~ "Ground Water In Black Mesa Basin and Adjacent Areas". 

In: Cui debook of the Black Mesa Basin, Northeastern Arizona, 1958, New Mexico 

Geological Society 9th Field Conference~ (1958): 173~183. 

Back, 'William. Written Communication, (1972) in "Ground Water in the Navajo Sandstone in 

the Black Mesa Area, Arizona by E.H. McGavock and G.W. Levings". In: Guidebook of 

Monument Valley and Vicinity, Arizona and Utah, New Mexico Geological Society 24th Field 

Conference (1973): 150~155. 

Bouwer, H. Ground Water Hydrology. McGraw-Hill Publishing Company, (1978): 480. 

Busby, M.W. "Annual Runoff in the Conterminous United States". U.S. Geological Survey 

Hydrologic Inventory Atlas HA-212, (1966). 

Cooley, M.E., et al. "Regional Hydrogeology of the Navajo and Hopi Indian Reservations, 

Arizona, New Mexico and Utah, with a section on Vegetation by O.N. Hicks". U .• S. 
p 

Geological Survey Professional Paper 521-A, (1969): 60. 

Cooper, H.H., Jr.; Bredehoeft, J.D~; and Papadapulos, I.S. '~esponse of a Finite-Diameter 

Well to an Instantaneous Change of Water". Water Resources Research, Vo 1. 3, No. 1, 

( 1967) : 263-269. 

Davis, G.E., et al. "Geohydrologic Data in the Navajo and Hopi Indian Reservations, 

Arizona, New Mexico and Utah- Part I, Records of Ground Water Supplies". Arizona State 

Land Department Water-Resources Report 12-A,. (1963): 159. 

Dawdy, D. R. ''Depth-Discharge Re 1 ati ons of Alluvial Streams-Di scant i nuous Rating Curves". 

U.S. Geological Survey Water Supply Paper 1498-C. (1961): 16. 

Environmental Protection Agency. National Secondary Drinking Water Regulations. 1n: 

Federal Register, Vol. 44, No. 140, Thursday, July 19, 1979 , (1979): 42195-42202. 

Euler, R.C., et al. "The Colorado Plateaus: Cultural Dynamics and Paleoenvironmentu. 

Science, Vol. 205, No. 4411, (1979): 1089-1101. 

349 

' .. ~ 



Eychaner, J .H. "Geohydrology and Effects of Water Use .in the Black Mesa Area, Navajo and 

Hopi Indian Reservations, Arizona". l).S. Geological··survey.Water Supply Paper 2201, 

(1983}: 26. 

Harshbarger, J.W.; Repenning, C.A~; and Irwin, J.H. ''Stratigraphy of the Uppermost 

Triassic and Jurassic Rocks ofthe Navajo Country". U.S. Geological Survey Professional 

Paper 291, (1957): 71. 

Hem, J.D. "Study and Interpretation of the Chemical Characteristics of Natural Water". 

U~S.; Geological Survey Water Supply Paper 1473, Fifth Printing, (1983): 363. 

Hi 11, G. W. "Progress Report on Black Mesa Monitoring Program - 1983". U.S. Geological 

Survey Basic Data Report, Tucson, Arizona, (1983): 21. 

Hill, G.W. "Progress Report on Black Mesa Monitoring Program - 1984". U.S. Geological 

Survey Open File R~port 85-483, Tucson, Arizona, (1985): 24. 

Irwin, J.H.; Stevens, P.R.; and Cooley, M.E. "Geology of the Paleozoic Rocks, Navajo and 

Hopi Indian Reservations, Arizona, New Mexico and Utah". U.S. Geological Survey 

Professional Paper 521-C, (1971): 30. 

Jencsok, E.l. "Hydrologic Design for Highway Drainage in Arizona". Arizona Highway 

Department, Bridge Division, Arizona Department of Highways, (1968): 53. 

Johq~9n, Inc., E.E. Ground Water and Wells: Edward E. Johnson, (1972): 69. 

Lane, L.J. "Transmission Losses". USDA-SCS National Engineering Handbook, Chapter 19, 

Section 4, ( 1983} : 21 • 

Leopold, L.B., and Maddock, T., Jr. The Hydraulic Geometry of Steam Channels and Some 

Physiographic Implications". U.S. Geological Survey Professional Paper 252, (1953): 

53. 

Leopold, L.B., and Miller, J.P. "Ephemeral Streams - Hydraulic Factors and Their Relation 

to the Drainage Net''· U.S. Geological Survey Professional P~per 282-A, (1956): 37. 

350 

~-



'G,,"r '~ l 

0 > 

Levings, G.W., and Farrar, C.D. "Maps Showing Ground Water Conditions in the Monument 

Valley and Northern Part:of the Black Mesa Areas, Navajo, Apache and Coconino Counties, 

Arizona -- 11 U.S. Geological Survey Water-Resources Investigations 77-44, Open File 

Report, 3 Maps, (1977): 31~ 

McGavock, E.H., et al. "Geohydrologic Data in the Navajo and Hopi Indian Reservations, 

Ari~ona, New Mexico and Utah - Part 1-A, Supplemental Records of Ground Water Supplies11
• 

Arizona State Land Department Water~Resources Report 12-E (1966 ): 55. 

McKee, J.E.,' and Wolf, H.W. "Water Quality Criteria". The, Resources Agency of 

California, State Water Resources Control Board Publicatio~ No. 3~A (1963): 548. 

McWhorter, D.B. 11Produces For Predictive Analysis of Selected Hydrologic Impacts of 

Surface Mining 11
• U~S. Environmental Protection Agency, Industrial Research Laboratory, 

Cincinnati, Ohio, (1982): 99. 

Neuman, S.P. 11Anal ysi s of Pumping Test , Data From Anisotropic Unconfined Aquifers 

Considering Delayed Gravity Response 11
• Water Resources Research, Vol. 2, No. 2, (1975): 

329..;342. 

O'Sullivan; R.B~ et al. "Stratigraphy of the Cretaceous Rocks and the Tertiary Ojo Alamo 

Sandstone, Navajo and Hopi Indian Reservations, Arizona, New Mexico and Utahlf. U.S. 

Geological Survey Professional Paper 521-E, (1972): 65. 

Papadopulos, S.S.; Bredehoeft, J.D.; and Cooper, H.H., Jr. "On the Analysis of Slug Test 

Data". Water Resources Research, Vol. 9, No. 4, (1973): 1087.;.1089. 

Piper, A.M. 11A graphic Procedure ~n the Geochemical, Interpretation of Water-Analyses". 

Transactions of the American Geophysical Union, Vol. 25, (1944): 914-923. 

Prakash, A. 11Deterministic and Probabilistic Perspectives of the PMF". Proceedings of 

the Conference on Frontiers in Hydraulic Engineering. August 9-12, 1983 A.S.C.E/M.I.T. 

Cambridge, Massachusetts, (1983): 6. 

351 



Repenning, C.A., and Page, H.G. "Late Cretaceous Stratigraphy of Black Mesa, Navajo and 

Hopi Indian Reservations; Arizona". Bulletin of the American Association of Petroleum 

Robinson, T.W. "Phreatophytes". U.S. Geological Survey Water Supply Paper 1423, (1958): 

84. 

Simons, D.B~ and Richardson, E.V. "The Effect of Bed Roughness on Depth-Discharge 

Relation in Alluvial Channels". U.S. Geological Survey Water Supply Paper 1498-E, 

{ 19,62). 

so·i 1 Conservation Service. "Travel Time, Time of Concentration and Lag". USDA-SCS, 

National Engineeririg Handbook, Ch~pter 15, Section 4, {1972)~ 16. 

Stetson, Thomas M. ''Engineering Report For Peabody Coal Company on Black Mesa Well Field, 

Arizona". Report: Prepared for Peabody Coal Company by Thomas Stetson Engineers, Los 

Angeles, CA {1969): 93 pages, 7 appendices. 

,.~ 

Todd, D.K. Ground Water Hydrology: John Wiley and Sons, Inc., (1959}: 336. 

USGS. "Progress Report on Black ~~esa Monitoring Program 1977". U.S. Geological Survey, 

Tucson, Arizona, (1977): 36. 

Warner, R.C., et al. 11A Hydrology and Sedimentology Watershed Model. Part II: User's 

Manual 11
• Department of Agricultural Engineering, University of Kentucky, (1981): 207. 

Water, Waste and Land, Inc. "Hydrologic and Engineering Studies at the Peabody Coal 

Company Mines Near Kayenta, Arizona, Vol s, I and II". Report: Prepared for Peabody 

Coal Company by Water, Waste and Land, Inc., Fort Collins, CO (1981): 61 pages, 8 

appendices. 

White, R.B. "Salt Production From Micro-Channels in the Price River Basin, Utah". M.S. 

Thesis, Utah State University, Logan, Utah, {1977): 121. 

Williams, J.R., and Berndt, H.D. "Determining the Universal Soil Loss Equation's 

Length-Slope Factor for Watersheds". Proceedings of the National Soil Erosion 

Conference, May 25-26, 1976 Ankeny, Iowa {1976): 219-225. 

352 

' ·~ 

(~ u 



G' . . 

Wilson, B.N., Barfield, B~J., and Moore, 1.0. "A Hydrology and Sedimentolog~ Watershed 

Model. Part I: Modeling Techni quesn. Department of Ag r i cu 1 tur a 1 Engineering, 

University of Kentucky, (1981): 302. 

Wischmeir, W.H. and Smith, D.D. "Predicting Rainfall Erosion Losses - A Guide to 

Conservation Planning". U.S. Department of Agriculture, Agriculture Handbook No. 53 7, 

{1978): 58. 

353 







































































































































































































































































































































































































































































































































































































































































































































PEABODY WESTERN COAL COMPANY 
MONITOR WELL LITHOLOGIC LOG 

Page     1   /    4 
       

Mine: Kayenta Mine 
Monitor Well Name: SPL162 

Geologic Unit Monitored: Spoil 
Ground surface Elevation: 6691.514 ft. above MSL 

 
Location:  Mine Coordinates N   E 57991.237 

 S 18463.261  W  
  ¼  ¼  S  T  R    

       
Drilling Date: Start 9/25/10 

 Finish 9/26/10 
Driller:  D. A. Smith  

Logged by:  J. Ohlman 
Geophysical Log by:  n/a 

Total Depth Drilled:  80 ft. 
 
 

FORMATION RECORD 
DEPTH (ft)  

 
FROM 

 
TO 

Lithographic description of unconsolidated and consolidated units and water 
horizons. 

0.0 15.0 Spoil, mixed lith., w/high clay content 
15.0 23.0 Same as above, dk. chocolate brown w/coal-clay component 
23.0 24.0 Sandstone boulder, med-grained, lt. grey-white 
24.0 30.0 Spoil, mixed lith., w/light grey sandstone, coal & med.-grey siltstone.  Clay-rich 
30.0 32.0 Coal-clay w/little return 
32.0 35.0 Spoil, mixed lith., w/inc. sandstone percentage 
35.0 38.0 Coal-clay 
38.0 40.0 Same as above, w/little chip return 
40.0 42.0 Same as above, water at 42 ft. 
42.0 45.0 Spoil, mixed lith., as at 24-30 ft. 
45.0 46.0 Sandstone boulder, fine-med. grained, pinkish-white (baked ss.), soft 
46.0 60.0 Spoil, mixed lith., as at 24-30 ft. 
60.0 70.0 Spoil, mixed lith., as at 24-30 ft. w/inc. coal fragments 
70.0 72.0 Same as above 
72.0 75.0 Sandstone, lt.-grey, f-med. grained, hard 
75.0 79.0 Mudstone, brown-black, med. grained & carbonaceous shale, lt. to med. grey 
79.0 80.0 Coal 

 80.0 T.D. 
   
 Notes: Stopped drill at 40 ft. on 9/25, w/dry hole.  Hit water at 42 ft. on 9/26.  Water level at 

56.8 fbgs following drilling, but before setting casing.  Water level at 56.9 fbgs on 
9/28 and at 56.3 fbgs on 9/29.  Started development work on 10/8/10. 

   
  Backfilled with bentonite chips from 80 ft. to 70.5 ft. 
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Mine:   Kayenta Mine Monitor Well Name:   SPL162 
 
Type of Drilling: Air-rotary, Dual-wall Lithologic Unit Monitored: Spoil 
Drilling Fluid:  None Completion Date: 09/26/10 
Total Depth: 80 ft.   
 
Borehole Diameter: 
 

Surface: 5-3/4” From: 0 ft. To: 42 ft. 
Intermediate:   From:  To:  
Production Zone: 5-3/4” From: 42 ft. To: 70.5 ft. 

 
 
Casing Specifications:  Blank 
 

1.  Surface: 2-inch schedule 40 PVC, Johnson Casing 
2.  Intermediate:  
3.  Production Zone: 2-inch schedule 40 PVC, Johnson Casing 

 
 
Casing Specifications:  Perforated 
  

1.  Type: 2-inch schedule 40 PVC, Johnson Screen with 0.020-inch slots 
  

2.  Type:  
  
  

Blank Intervals: 
 
From -3 To 0 From 0 To 40 From  To  From  To  

                
From  To  From  To  From  To  From  To  
 
 
Perforated Intervals: 
 
From 40 To 70.5 From  To  From  To  From  To  
                
From  To  From  To  From  To  From  To  
 
Length Per Casing Section That is Not Perforated: 1.0 ft. 
 
 
Cement Seal: 
 
From 0 To 5 From  To  From  To  From  To  
        
Type Portland Type 2 Type  Type  Type  
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Mine:   Kayenta Mine Monitor Well Name: SPL162 
 
Sand Pack: 
 
From 38 To 70.5 From  To  From  To  From  To  
        
Type Silica #8-12 Type  Type  Type  
 
Packers: 
 
Locations: None 
  
Type:  
 
 
Centralizers:   
 
Locations: None 
  
Type:  
 
 
Bentonite Seal:    
 
From 5 To 34 From 34 To 38 From 70.5 To 80 From  To  
        
Type Hydroplug (3/8” chips) Type Enviroplug (coated) Type Hydroplug (3/8” chips) Type  
 
  
Casing Height Above  
Ground Surface 

3.0 ft. (nominal)…finished casing stickup is 2.45 ft. 

     
Protective Casing Housing: Type Steel Dimensions 4”x4” 
  
Additional Details: Used cover retrieved from an older, abandoned well. 
  
Development Summary: Bailed 95 minutes on 10/8 (removed 3.5 gal. in first 20 minutes, then only 0.75 

gal. in the following 75 minutes).  Bailed 10 minutes on 10/11 (removed 0.4 gal. 
to td).  Bailed 2 hours on 11/3 (input 13 gal. & removed 10 gal.) 

  
Type: PVC bailer (1.5 gal. size), SS bailer (0.25 gal. size) 

  
Duration: 95 minutes (10/8), 10 minutes (10/11), 2 hours (11/3) 

  
Dates of Development: 10/8/10, 10/11/10, 11/3/10. 

  
Development Comments: Exceedingly muddy well, w/clay, silt and v. fine sand.  Well produced 0.6 gal/hr. 

on 10/8 following dewatering of entire casing.  Added 13 gal. of water on 11/3, 
then immediately began bailing-out well.  Only recovered 10 gal. in 2 hours of 
bailing, so a net loss of 3 gal. to well-bore.  Additional development needed. 
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Mine: Kayenta Mine Monitor Well Name: SPL162 
 
       

 
Casing Joint 

Number 

 
Blank Casing 

Length (ft) 

 
Screen  

Length (ft) 

 
Cumulative  
Length (ft) 

Depth Interval 
(feet below ground surface) 

From To 
1 3  3.0 -2.5 0.5 
2 10  13.0 0.5 10.5 
3 10  23.0 10.5 20.5 
4 10  33.0 20.5 30.5 
5 10  43.0 30.5 40.5 
6  10 53.0 40.5 50.5 
7  10 63.0 50.5 60.5 
8  10 73.0 60.5 70.5 
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Mine: Kayenta Mine 
Monitor Well Name: SPL163 

Geologic Unit Monitored: Spoil 
Ground surface Elevation: 6705.988 ft. above MSL 

 
Location:  Mine Coordinates N   E 59230.515 

 S 20765.098  W  
  ¼  ¼  S  T  R    

       
Drilling Date: Start 9/24/10 

 Finish 9/25/10 
Driller:  D. A. Smith  

Logged by:  J. Ohlman 
Geophysical Log by:  n/a 

Total Depth Drilled:  80 ft. 
 
 

FORMATION RECORD 
DEPTH (ft)  

 
FROM 

 
TO 

Lithographic description of unconsolidated and consolidated units and water 
horizons. 

0.0 40.0 Spoil, mixed lith., sandstone, siltstone & shale w/coal fragments 
40.0 51.0 As above, bk. shale, med. grey siltstone & sandstone w/coal fragments 
51.0 53.0 Siltstone boulder, lt. grey 
53.0 56.0 Spoil, mixed lith., dk. grey & hard 
56.0 70.5 Spoil, mixed lith., med.-dark grey sandstone/siltstone w/coal fragments 
70.5 71.0 Coal, fresh looking 
71.0 76.0 Siltstone, lt. grey, dry, hard 
76.0 79.0 Sandstone, lt. grey, moderately-hard 
79.0 80.0 Sandstone, whitish-grey, dry, moderately hard 

   
 Notes: Backfilled hole to 70 ft. with Enviroplug (bentonite), then added water to form a 

thick gel.  Set screen & casing after gel set up. 
   
  Drilled hole on 9/24 and let recover 14.5 hours.  Very slight moisture at td at 0800 

on 9/25. 
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Mine:   Kayenta Mine Monitor Well Name:   SPL163 
 
Type of Drilling: Air-rotary, Dual-wall Lithologic Unit Monitored: Spoil 
Drilling Fluid:  None Completion Date: 09/25/10 
Total Depth: 80 ft.   
 
Borehole Diameter: 
 

Surface: 5-3/4” From: 0 ft. To: 80 ft. 
Intermediate:   From:  To:  
Production Zone:  From:  To:  

 
 
Casing Specifications:  Blank 
 

1.  Surface: 2-inch schedule 40 PVC, Johnson Casing 
2.  Intermediate:  
3.  Production Zone:  

 
 
Casing Specifications:  Perforated 
  

1.  Type: 2-inch schedule 40 PVC, Johnson Screen with 0.020-inch slots 
  

2.  Type:  
  
  

Blank Intervals: 
 
From -3 To 0 From 0 To 50 From  To  From  To  

                
From  To  From  To  From  To  From  To  
 
 
Perforated Intervals: 
 
From 50 To 70 From  To  From  To  From  To  
                
From  To  From  To  From  To  From  To  
 
Length Per Casing Section That is Not Perforated: 1.0 ft. 
 
 
Cement Seal: 
 
From 0 To 5 From  To  From  To  From  To  
        
Type Portland Type 2 Type  Type  Type  
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Mine:   Kayenta Mine Monitor Well Name: SPL163 
 
Sand Pack: 
 
From 45 To 70 From  To  From  To  From  To  
        
Type Silica #8-12 Type  Type  Type  
 
Packers: 
 
Locations: None 
  
Type:  
 
 
Centralizers:   
 
Locations: None 
  
Type:  
 
 
Bentonite Seal:    
 
From 5 To 43 From 43 To 45 From 70 To 80 From  To  
        
Type Hydroplug (3/8” chips) Type Enviroplug (coated) Type Hydroplug (3/8” chips) Type  
 
  
Casing Height Above  
Ground Surface 

3.0 ft. (nominal)…finished casing stickup is 2.24 ft. 

     
Protective Casing Housing: Type Steel Dimensions 4”x4” 
  
Additional Details: Cover left over from 1991-92 drilling projects. 
  
Development Summary: No water encountered during drilling. 
  

Type: None 
  

Duration: None 
  

Dates of Development: None 
  

Development Comments: Very slight trace of moisture on 9/25 am. 
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Mine: Kayenta Mine Monitor Well Name: SPL163 
 
       

 
Casing Joint 

Number 

 
Blank Casing 

Length (ft) 

 
Screen  

Length (ft) 

 
Cumulative  
Length (ft) 

Depth Interval 
(feet below ground surface) 

From To 
1 3  3.0 -3.0 0.0 
2 10  13.0 0.0 10.0 
3 10  23.0 10.0 20.0 
4 10  33.0 20.0 30.0 
5 10  43.0 30.0 40.0 
6 10  53.0 40.0 50.0 
7  10 63.0 50.0 60.0 
8  10 73.0 60.0 70.0 
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Mine: Kayenta Mine 
Monitor Well Name: SPL601 

Geologic Unit Monitored: Spoil 
Ground surface Elevation: 6517.111 ft. above MSL 

 
Location:  Mine Coordinates N   E 27013.678 

 S 16420.373  W  
  ¼  ¼  S  T  R    

       
Drilling Date: Start 9/27/10 

 Finish 9/27/10 
Driller:  D. A. Smith  

Logged by:  J. Ohlman 
Geophysical Log by:  n/a 

Total Depth Drilled:  55 ft. 
 
 

FORMATION RECORD 
DEPTH (ft)  

 
FROM 

 
TO 

Lithographic description of unconsolidated and consolidated units and water 
horizons. 

0.0 3.0 Sandy loam, brown, dry 
3.0 5.0 Spoil, mixed lith., sandstone, mudstone, siltstone, med.-dark grey w/coal fragments 
5.0 15.0 Same as above, lt. – dark grey.  Note: broke bit, drill down for 45 minutes 

15.0 21.0 Same as 3.0-5.0 ft., but w/black shale fragments 
21.0 24.0 Same as 3.0-5.0 ft., but w/yellowish-brown sandstone & siltstone 
24.0 27.0 Same as above, damp at 25 ft. 
27.0 29.0 Same as above, damp 
29.0 31.0 Same as above, very damp w/coal fragments & lt. brown-yellow sandstone frags. 
31.0 34.0 Spoil, mixed lith. (as at 3.0-5.0 ft.), grey to brownish-yellow 
34.0 35.0 As above, w/increased sandstone fragments 
35.0 36.0 As above, lt.-med. yellow-brown 
36.0 41.0 As above, mostly sandstone w/some wood chips (!), damp 
41.0 46.0 Sandstone, lt.-med. yellowish-brown, damp 
46.0 47.0 Sandstone & siltstone, dk. grey, w/coal 
47.0 51.0 As above, w/dark shale & coal fragments.  Increased coal w/depth 
51.0 52.0 Clay, sandstone, siltstone, w/coal fragments.  Wet 
52.0 53.0 Coal, dry 
53.0 55.0 Shale, dry, black w/coal stringers.  Sandstone, dry, lt. grey at 55 ft. 

 55.0 T.D. 
   
 Notes: Hole was backfilled with bentonite to 41 ft. 
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Mine:   Kayenta Mine Monitor Well Name:   SPL601 
 
Type of Drilling: Air-rotary, Dual-wall Lithologic Unit Monitored: Spoil 
Drilling Fluid:  None Completion Date: 09/27/10 
Total Depth: 55 ft.   
 
Borehole Diameter: 
 

Surface: 5-3/4” From: 0 ft. To: 55 ft. 
Intermediate:   From:  To:  
Production Zone:  From:  To:  

 
 
Casing Specifications:  Blank 
 

1.  Surface: 2-inch schedule 40 PVC, Johnson Casing 
2.  Intermediate:  
3.  Production Zone: 2-inch schedule 40 PVC, Johnson Casing 

 
 
Casing Specifications:  Perforated 
  

1.  Type: 2-inch schedule 40 PVC, Johnson Screen with 0.020-inch slots 
  

2.  Type:  
  
  

Blank Intervals: 
 
From -3 To 0 From 0 To 31 From  To  From  To  

                
From  To  From  To  From  To  From  To  
 
 
Perforated Intervals: 
 
From 31 To 41 From  To  From  To  From  To  
                
From  To  From  To  From  To  From  To  
 
Length Per Casing Section That is Not Perforated: 1.0 ft. 
 
 
Cement Seal: 
 
From 0 To 5 From  To  From  To  From  To  
        
Type Portland Type 2 Type  Type  Type  
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Mine:   Kayenta Mine Monitor Well Name: SPL601 
 
Sand Pack: 
 
From 29 To 41 From  To  From  To  From  To  
        
Type Silica #8-12 Type  Type  Type  
 
Packers: 
 
Locations: None 
  
Type:  
 
 
Centralizers:   
 
Locations: None 
  
Type:  
 
 
Bentonite Seal:    
 
From 5 To 29 From 41 To 55 From  To  From  To  
        
Type Hydroplug (3/8” chips) Type Hydroplug (3/8” chips) Type  Type  
 
  
Casing Height Above  
Ground Surface 

3.0 ft.  

     
Protective Casing Housing: Type Steel Dimensions 4”x4” 
  
Additional Details: Cover left over from 1991-92 drilling projects. 
  
Development Summary: Hole did not produce any water by 9/30/10, so no development needed at this 

time. 
  

Type: None 
  

Duration: None 
  

Dates of Development: None 
  

Development Comments: Well to be developed once water appears 
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Mine: Kayenta Mine Monitor Well Name: SPL601 
 
       

 
Casing Joint 

Number 

 
Blank Casing 

Length (ft) 

 
Screen  

Length (ft) 

 
Cumulative  
Length (ft) 

Depth Interval 
(feet below ground surface) 

From To 
1 4  3.0 -3 1.0 
2 10   1.0 11.0 
3 10   11.0 21.0 
4 10   21.0 31.0 
5  10  31.0 41.0 
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Mine: Kayenta Mine 
Monitor Well Name: SPL602 

Geologic Unit Monitored: Spoil 
Ground surface Elevation: 6623.38 ft. above MSL 

 
Location:  Mine Coordinates N   E 26227.785 

 S 13118.267  W  
  ¼  ¼  S  T  R    

       
Drilling Date: Start 9/28/10 

 Finish 9/29/10 
Driller:  D. A. Smith  

Logged by:  J. Ohlman 
Geophysical Log by:  n/a 

Total Depth Drilled:  155 ft. 
 
 

FORMATION RECORD 
DEPTH (ft)  

 
FROM 

 
TO 

Lithographic description of unconsolidated and consolidated units and water 
horizons. 

0.0 90.0 Spoil, mixed lith., sandstone, siltstone & mudstone, lt.-med. grey, w/coal fragments, 
bone dry 

90.0 95.0 As above, siltstone is med.-dark grey 
95.0 100.0 As above, few coal fragments, mostly sandstone 

100.0 105.0 As above 
105.0 110.0 As above, hard, no coal fragments 
110.0 115.0 As above, w/coal fragments at 114-115 ft. 
115.0 120.0 As above, w/increased siltstone at 117-120 ft. 
120.0 125.0 As above for 0-90 ft. 
125.0 130.0 As above, w/increased coal fragments 
130.0 135.0 As above, damp at 134.5 ft. 
135.0 140.0 Spoil, mixed lith. (as for 0-90 ft.), siltstone at 136 ft.; top soil (!) at 137-137.5 ft. 
140.0 145.0 Spoil, mixed lith. (as for 0-90 ft.), coal clay (very damp) at 141-141.2; topsoil at 

142.0-142.2 ft.; mixed spoil to 145. 
145.0 150.0 Sandstone, grey, hard, to 146 ft.; coal & siltstone, dark-grey, to 147 ft.; sandstone, 

lt. yellowish-brown, to 149.5; sandstone/siltstone, med. grey w/coal stringers to 
150.0 ft. 

150.0 155.0 Sandstone, dk. grey, fine-grained to 153 ft., sandstone, lt. grey, f.-med. grained to 
155 ft. 

   
 Note: Backfilled hole with bentonite from 155-146 ft., then added water and let set 

overnight.  Next day set screen and casing.  Ran low on bentonite, so used sand 
from 145-80 ft, bentonite from 80-15 ft., drill cuttings from 15-5 ft., & cement from 5-
0 ft. 
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Mine:   Kayenta Mine Monitor Well Name:   SPL602 
 
Type of Drilling: Air-rotary, Dual-wall Lithologic Unit Monitored: Spoil 
Drilling Fluid:  None Completion Date: 09/29/10 
Total Depth: 155 ft.   
 
Borehole Diameter: 
 

Surface: 5-3/4” From: 0 ft. To: 155 ft. 
Intermediate:   From:  To:  
Production Zone:  From:  To:  

 
 
Casing Specifications:  Blank 
 

1.  Surface: 2-inch schedule 40 PVC, Johnson Casing 
2.  Intermediate:  
3.  Production Zone: 2-inch schedule 40 PVC, Johnson Casing 

 
 
Casing Specifications:  Perforated 
  

1.  Type: 2-inch schedule 40 PVC, Johnson Screen with 0.020-inch slots 
  

2.  Type:  
  
  

Blank Intervals: 
 
From -3 To 125 From  To  From  To  From  To  

                
From  To  From  To  From  To  From  To  
 
 
Perforated Intervals: 
 
From 125 To 145 From  To  From  To  From  To  
                
From  To  From  To  From  To  From  To  
 
Length Per Casing Section That is Not Perforated: 1.0 ft. 
 
 
Cement Seal: 
 
From 0 To 5 From  To  From  To  From  To  
        
Type Portland Type 2 Type  Type  Type  
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Mine:   Kayenta Mine Monitor Well Name: SPL602 
 
Sand Pack: 
 
From 80 To 145 From  To  From  To  From  To  
        
Type Silica #8-12 Type  Type  Type  
 
Packers: 
 
Locations: None 
  
Type:  
 
 
Centralizers:   
 
Locations: None 
  
Type:  
 
 
Bentonite Seal/Other:    
 
From 5 To 15 From 15 To 80 From 145 To 155 From  To  
        
Type Drill Cuttings Type Hydroplug (3/8” chips) Type Hydroplug (3/8” chips) Type  
 
  
Casing Height Above  
Ground Surface 

3.0 ft.  

     
Protective Casing Housing: Type Steel Dimensions 4”x4” 
  
Additional Details: Cover left over from 1991-92 drilling projects. 
  
Development Summary: Hole did not produce any water by 9/30/10, so no development needed at this 

time. 
  

Type: None 
  

Duration: None 
  

Dates of Development: None 
  

Development Comments: Well to be developed once water appears 
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Mine: Kayenta Mine Monitor Well Name: SPL602 
 
       

 
Casing Joint 

Number 

 
Blank Casing 

Length (ft) 

 
Screen  

Length (ft) 

 
Cumulative  
Length (ft) 

Depth Interval 
(feet below ground surface) 

From To 
1 8  8.0 -3.0 5.0 
2 10  18.0 5.0 15.0 
3 10  28.0 15.0 25.0 
4 10  38.0 25.0 35.0 
5 10  48.0 35.0 45.0 
6 10  58.0 45.0 55.0 
7 10  68.0 55.0 65.0 
8 10  78.0 65.0 75.0 
9 10  88.0 75.0 85.0 
10 10  98.0 85.0 95.0 
11 10  108.0 95.0 105.0 
12 10  118.0 105.0 115.0 
13 10  128.0 115.0 125.0 
14 10 10 138.0 125.0 135.0 
15 10 10 148.0 135.0 145.0 
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Mine: Kayenta Complex 
Monitor Well Name: WEPO69 

Geologic Unit Monitored: Wepo Formation 
Ground surface Elevation:   

 
Location:  Mine Coordinates N   E  

 S   W  
  ¼  ¼  S  T  R    

       
Drilling Date: Start 4/18/12 

 Finish 4/18/12 (bore),5/1/12 (ream), 5/2/12 (cased) 
Driller:  Reid Drilling (Wyoming) 

Logged by:  Mike Shetley 
Geophysical Log by:  Century Wireline Services 

Total Depth Drilled:  230 ft. (reamed & cased to 205.5) 
 
 

FORMATION RECORD 
DEPTH (ft)  

 
FROM 

 
TO 

Lithographic description of unconsolidated and consolidated units and water 
horizons. 

0 5 Clay, silty, light-brown to tan, weathered 
5 10 Sandstone, tan-orange, weathered 

10 15 Shale, light-brown, weathered, sandy 
15 20 same as above 
20 25 Coal w/sandy grey shale.  M0X 
25 35 Shale, dark-grey w/coal fragments.  M1X 
35 40 Sandstone, light-grey, mixed w/few shale fragments 
40 45 Shale, dark-grey 
45 55 Sandstone, tan, fine-grained, few shale fragments 
55 60 Coal w/dark-grey, soft shale.  M2X? 
60 65 Shale, dark-grey 
65 75 Sandy shale, grey, hard.  Hard band @ 70-72 ft. 
75 80 Coal, w/some dark-grey carbonaceous shale.  Y0X 
80 85 Shale, dark-grey 
85 90 Sandy shale, grey 
90 95 Shale, dark-grey w/coal fragments 
95 100 Coal w/shaly sandstone, light grey.  Y1X 

100 105 Shale, grey, slightly sandy 
105 110 Interbedded sandstone w/dark-grey shale.  Hard band @ 108-110 ft. 
110 115 Shale, dark-grey 
115 120 Coal, burned (?).  NXX 
120 125 Interbedded sandstone, light-grey w/dark-grey shale 
125 130 Shale, dark-grey w/few sandstone fragments 
130 135 Interbedded sandstone, light-grey w/dark-grey shale 
135 140 Shaly sandstone, grey 
140 155 same as above 
155 165 Sandstone, light-grey, very fine-grained 
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FORMATION RECORD (CONTINUED) 

DEPTH (ft)  
 

FROM 
 

TO 
Lithographic description of unconsolidated and consolidated units and water 
horizons. 

165 185 Sandstone, shaly, grey to light grey.  Hard band @ 175-180 ft. 
185 190 Mixed sandy shale w/coal fragments & hard brown mudstone 
190 195 Coal w/sandy shale, grey 
195 200 Interbedded sandy-shale, grey to dark-grey 
200 220 Mixed, Interbedded sandstone w/grey sandy shale and brown mudstone.  Hard 

band @ 209-211 
220 230 Sandstone, grey w/few sandy shale fragments 

   
  Note: this is borehole #30666, drilled as part of N9 Exploratory Drilling Project. 
  Hole was drilled to 5.125” on 4/18/12, reamed out to 8.125” on 5/1/12, and  
  completed as a monitoring well on 5/2/12.  Development work to follow. 
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Mine:   Kayenta Complex Monitor Well Name:   WEPO69 
 
Type of Drilling: Air Rotary Lithologic Unit Monitored: Wepo Formation 
Drilling Fluid:  Foam Completion Date: 4/18/12 (drilled), 5/1/12 

(reamed), 5/2/12 (cased) 
Total Depth: 230 ft. (bore), 205.5 (ream)   
 
Borehole Diameter: 
 

Ream: 8.125 From: 0 To: 205.5 
Borehole:  5.125 From: 205.5 To: 230.0 
Production Zone:  From:  To:  

 
 
Casing Specifications:  Blank 
 

1.  Surface: Johnson Casing, SCH 40 PVC, 4” 
2.  Intermediate: as above 
3.  Production Zone: as above 

 
 
Casing Specifications:  Perforated 
  

1.  Type: Johnson Well Screen, SCH 40, 4”, 0.020” slot 
  

2.  Type:  
  
  

Blank Intervals: 
 
From 0 To 75.5 From 135.5 To 185.5 From  To  From  To  

                
From  To  From  To  From  To  From  To  
 
 
Perforated Intervals: 
 
From 75.5 To 135.5 From 185.5 To 205.5 From  To  From  To  
                
From  To  From  To  From  To  From  To  
 
Length per Casing Section that is not perforated: 1.0 ft. 
 
 
Cement Seal: 
 
From 0 To 5.0 From  To  From  To  From  To  
        
Type Portland Type 2 Type  Type  Type  
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Mine:   Kayenta Complex Monitor Well Name: WEPO69 
 
Sand Pack: 
 
From 181.5 To 205.5 From 73.5 To 137.5 From  To  From  To  
        
Type Silica #8-12 Type Silica #8-12 Type  Type  
 
Packers: 
 
Locations: none 
  
Type:  
 
 
Centralizers:   
 
Locations: none 
  
Type:  
 
 
Bentonite Seal:    
 
From 5.0 To 73.5 From 137.5 To 181.5 From 205.5 To 230.0 From  To  
        
Type Hydro Plug, 3/8” Type Hydro Plug, 3/8” Type Drill cuttings (backfill) Type  
 
  
Casing Height Above  
Ground Surface 

2.5 ft. (nominal) 

     
Protective Casing Housing: Type Steel Dimensions 6”x6” 
  
Additional Details: Cover leftover from 1991-92 drilling projects 
  
  
  
Development Summary: n/a 
  

Type:  
  
  

Duration:  
  

Dates of Development:  
  

Development Comments:  
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Mine: Kayenta Complex Monitor Well Name: WEPO69 
 
       

 
Casing Joint 

Number 

 
Blank Casing 

Length (ft) 

 
Screen  

Length (ft) 

 
Cumulative  
Length (ft) 

Depth Interval 
(feet below ground surface) 

From To 
1 8  8 -2.5 5.5 
2 10  18 5.5 15.5 
3 10  28 15.5 25.5 
4 10  38 25.5 35.5 
5 10  48 35.5 45.5 
6 10  58 45.5 55.5 
7 10  68 55.5 65.5 
8 10  78 65.5 75.5 
9  10 88 75.5 85.5 
10  10 98 85.5 95.5 
11  10 108 95.5 105.5 
12  10 118 105.5 115.5 
13  10 128 115.5 125.5 
14  10 138 125.5 135.5 
15 10  148 135.5 145.5 
16 10  158 145.5 155.5 
17 10  168 155.5 165.5 
18 10  178 165.5 175.5 
19 10  188 175.5 185.5 
20  10 198 185.5 195.5 
21  10 208 195.5 205.5 
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Mine: Kayenta Complex Monitor Well Name: WEPO69 
 
       

    Casing Stickup 2.5 ft. 

5.5    Cement 0-5 ft. 
    

15.5     
    

25.5     
   Bentonite 5.0 – 73.5 ft. 

35.5     
    

45.5     
    

55.5     
    

65.5     
    

75.5     
    

85.5     
    

95.5     
    

105.5    Sand Pack 73.5 – 137.5 ft. 
    

115.5     
    

125.5     
    

135.5     
    

145.5     
    

155.5     
   Bentonite 137.5 – 181.5 ft. 

165.5     
    

175.5     
    

185.5     
    

195.5    Sand Pack 181.5 – 205.5 ft 
    

205.5    Reamed Hole TD @ 205.5 
    

215.5     
    

225.5     
   Borehole TD @ 230.0 ft. 

 Explanation 
   Sand 
 
   Bentonite 
 
   Cement 
 
   Cuttings 
 
   Open Hole (lines indicate screened intervals) 
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