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ABSTRACT 

The spoil resul ting from contour surface mining of coa l  in the 

moun tainous New River Basin of Tennessee was examined to determine its 

extent of saturation and the water qua l ity associated with this sa tur

ated zone. Two wel l study sites were establ ished on the mining spoil 

in two sma l l watersheds of the upper New River Basin .  At each a set 

of permanent we l l s  running in a l ine from the bench to the toe of the 

spoil was insta l l ed and periodica l l y  mo nitored for groundwater e l eva

tions  and water qual ity. The extent and qual ity of the spoil saturated 

zone throughout each watershed was examined with a series of  temporary, 

hand-driven observation we l l s. The spoil bank investigation covered a 

period of six years between 1975 and 1981 and was part of a l arger 

comprehensive study in the New River Area examining environmenta l 

changes associated with the surface mining of coa l .  Principl e support 

for this work came from the United States Department of Energy a nd its 

predecessor, the Energy Research and Development Administration. 

Severa l l a rge hydrol ogic and groundwater qua l ity data bases 

were devel oped and are summarized with descriptive statistics. 

Spatial and tempora l variations in the data are examined as wel l as 

chemica l re l ationships between water qua l ity constituents. Storage 

vol umes and minera l  constituent masses mobil ized within the mining 

spoil are quantified. This information and surface hydrol ogic and 

water qua l ity da ta from the l arger comprehensive study are used to 

assess the impact of the surface mining spoil on l ow fl ow hydro l ogy in 

the two study watersheds. 
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The contour surfa ce mining spoil s examined are a heterogeneous, 

apparentl y anisotropic, predominate l y cl ay  materia l interspersed with 

weathering fragments of sandstone and sha l e of various size. They are 

genera l l y  saturated a l ong their l ower boundary . The size of this 

saturated zone, however, is known to vary as a functio n of surface 

conditions. The spoil material represents an  acid soil .  

Concentrations of  dissol ved minera l  constituents found in  the 

saturated zone are moderate compared to spoil s of acid drainage areas 

in the East and those co ntaining gl acia l deposits in the Midwest. 

Overa l l  pH is acidic with a median va l ue of 6 . 3. Ca l cium a n d  

magnesium are the major cations; bicarbona te the major anion . Acid 

and reducing conditions were found to be associated. Constituent 

co ncentrations show negative correl ation with redox potentia l and 

positive associations with a l ka l inity and sul fate. An attempt was 

made to quantify the co ntribution of a l uminosil icate minera l s to 

cal cium, magnesium and al ka l inity found in spoil subsurface waters. 

The resul ts were inco ncl usive; however, indirect evidence suggests 

this contribution is smal l compared to the dissol utio n of  carbonate 

material s. 

The contour surface mining spoil was shown to store a sub

stantial vol ume of water and mobil ized minera l  constituent mass a nd 

to have a significant impact on the l ow fl ow hydro l ogy of mining 

disturbed basins. The degree of saturation within the spoil s 

exa mined was found to be increasing with time, apparentl y independent 

of short term annua l  trends in  rainfa l l .  This raises question as 

to the l ong-term stabil ity of these embankments. 



Constituent concentrations in the spoil subsurface water are 

significantl y e l evated abo ve those found in the sha l l ow, undisturbed 

groundwater system of  the watersheds examined .  However, heavy metal 

concentrations in the spoil drainage are l ow. Except for iso l ated 

point sources of acid mine drainage, this water appea rs suitabl e for 

l ivestock, irrigation, and, with conventional  treatme nt techno l ogy, 

water suppl y purposes. No overa l l ,  l ong term decreasing trend in 

subsurface constituent co ncentrations, suggestive of recovery, were 

observed in the spoil qua l ity data. However, short-term variations 

with hydrol ogic co ndition in the spoil are noted. 
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CHAPTER I 

INTRODUCTION 

The surface mining of coa l  in the mountainou s eastern coa l  

fields has the recognized poten tia l  for adverse environmental effects . 

Many  researchers have documented a cha nge of hydro l ogic character and  

a deteriora tion  of wa ter qua l ity in  watersheds disturbed by surface 

mining activity. These environmental changes have proven to be l ong

term effects. 

In 1972, research interest in the environmen tal  impacts of coa l  

surface mining began in the Depa rtmen t  of  Civil Engineering of  The 

University of Te nnessee,  Knoxvil l e  with a study of hydro l ogic changes 

brou ght abou t by this activity in the New River Basin of East 

Tennessee. The work was sponsored by the Nationa l  Science Fou ndation  

and found  tha t extensive su rface mining of coa l  had increased both 

fl ood stage and base fl ow at the mou th of the New River Basin (66). 

As the National  Science Fou ndation  project drew to an  end in 

1974, it became obvious that cha nges seen in the New River were 

symptoms of the changes tha t  occurred in subbasins of the New River 

directl y  affected by surface mining . With this u nderstanding, a six 

year  comprehensive study, fu nded primaril y by the United Sta tes 

Department of Energy and its predecessor, the Energy Research a nd 

Deve l opment Administration, was u ndertaken to investiga te the impact 

of surface mining on hydrol ogy and wa ter qua l ity in six sma l l  

watersheds of the New River Basin . A detail ed investigation  in the 
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New River area was considered additiona l l y  importa nt  because no 

stu dies of this type had been conducted for the coa l  fiel ds of 

Tennessee. The New River work has examined stream hydro l ogy and water 

qu al ity. The mining spoil has been examined with studies of geo

chemistry, surface runoff, sediment yiel d,  subsurface hydrol ogy, and 

subsurface water qua l ity. This thesis focuses on  the l ast two of  

these studies and  wil l attempt to characterize the sa tu ra ted zone 

associa ted with the contou r surfa ce mining spoil in the New River 

Basin of East Ten nessee . 

When a contour su rface mining cu t is made, original l y  

consol ida ted overbu rden ma teria l is fractured, removed, and then 

backfil l ed in a heterogeneous mixture commonl y known as the mining  

spoil . The resu l t is a mass of  u nconso l ida ted, permeabl e materia l 

overl ying the intact, rel a tivel y impermeabl e rock structure of the fl o or 

of the mining cut and of t he mountain sl ope bel ow.  In  the humid 

Appa l achian coa l fiel ds the spoil , initia l l y  composed of mudstones, 

sandst ones and sha l e, wea thers rapid l y  and  in many  cases becomes 

satura ted a l ong the boundary with the u ndistu rbed strata beneath it. 

As a groundwa ter system forms in the mining spoil , l ea ching and 

wea thering processes mobil ize dissol ved minera l constituents from the 

original overburden materia l .  As a resu l t, the qual ity of the water 

intercepted by the spoil bank may deteriorate. A typical surface 

mining opera tion in the Appa l achian coa l  fiel d s  wil l produce several 

hu ndred thousa nd to several mil l ion cubic yards of spoil . This spoil 

is capabl e of storing a tremendou s vol ume of water and  mobil ized 



pol l utant mass which, as it moves downgradient of the spoil ba nk, has 

a potential for affecting grou nd and surface water qual ity . 

Scope 
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The spoil bank investigation of the New River Study  was initiated to 

determine the extent and water quality of the satu rated zone associated with 

the contour surface mining spoil . To this end, two wel l study sites were 

establ ished on the mining spoil in two smal l watersheds of the upper New River 

Basin . These were periodical l y monitored for groundwater e l evations and 

water qua 1 i ty. The extent and qu a 1 i ty of the spoi 1 saturated zone throughout 

each watershed was examined with a series of temporary, hand-driven observa

tion we 11 s. The spoi 1 bank investigation covered a period of six years 

between 1975 and 1981. 

Objectives 

The objectives of this thesis are threefol d. First, the 

hydrol ogic and water qual ity data devel oped at the two wel l study  

sites wil l be characterized and examined for spatial and temporal 

variations. Chemical re l ationships between water qual ity constitu ents 

wil l al so be examined. The end resu l t wil l be determinations of the 

water vol ume and mobil ized pol l u tant mass present at each we l l stu dy 

site, hereafter to be cal l ed study spoil banks. Second, the 

observation wel l  data wil l be examined to determine the extent and 

water qual ity of the spoil saturated zone in the two study watersheds. 

Observation wel l  qual ity wil l be compared with that fou nd at the 

study spoil banks. Third, the above resu l ts wil l be used to discu ss 

the rel ation of the spoil saturated zone to l ow fl ow basin hydrol ogy 

and surface water quality. 



CHAPTER II 

L ITERATURE REVIEW 

Environmental Changes Associated with the Surface Min ing of Coal 

The first comprehensive study of environmen tal changes associ

ated with contou r surface mining in smal l watersheds o f  the 

Appal achian coal producing region was the Beaver Creek Study in 

Eastern Ken tu cky (8 , 9,43 ) . Three watersheds of  l ess than one square 

mil e area with moderate to steep sl opes were examined; one experiencing 

minin g distu rbance, one experien cing prospecting disturbance midway 

through the study, and the third watershed remaining u ndisturbed, 

serving as a control . These watersheds were geographical l y  proximate 

with simil ar topography, geo l ogy and vegetative soil cover .  

Coordinated by the United States Geo l ogical Survey, the research 

spanned an 11-year period from 1955-1966 and documents hydro l ogic, 

biol ogical , and water qual ity changes that accompanied and fol l o wed 

surface mining disturbance. 

Col l ier and the o ther Beaver Creek investigators (8, 9) found 

that surface minin g  had significan tl y changed the chemical qual ity 

of surface and grou ndwaters in the disturbed watershed. The pH in 

affected surface water was depressed to a range of 2 . 5 to 4 . 2  from a 

range of 5. 0 to 7.6 observed in the undisturbed watersheds. Dissol ved

sol ids co ncentrations were e l evated 10 to 15 times those represen ting 

undisturbed conditions.  These changes occurred at the onset of 

mining and remained throu gh the end of the stu dy period. Al uminum, 
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iron, manganese, cal cium, magnesium and su l fate were found to be the 

principl e d issol ved co nstituents in mining disturbed waters. Principl e 

ions found  in u ndisturbed waters were cal cium, magnesium, bicarbonate, 

su l fate and sil icon with sil icon accounting for 25 percent of the total . 

Curtis (13, 14), and Dyer and Curtis (17) have al so examined 

hydrol ogic and chemical changes associated with su rface mining in smal l 

watersheds of Eastern Ken tucky . Their research invo l ved six, adjacen t, 

first-order watersheds of one-hal f square mil e or l ess over a 9-year 

period between 1967 and 1975 . Minin g activity progressed in stages 

during this pe riod. u l timatel y  distu rbing five of  the six watersheds.  

A smal l amou nt of mining disturbance was found to significantl y reduce 

watershed time of concentration and to increase both peak storm ru noff 

and sediment yie l d .  The change in these quantities was found to be 

proportional to the area of disturbance (14). 

As in the Beaver Creek Study  changes in the qual ity of surface 

waters were observed to accompany the onset of mining . However, 

stream pH was not depressed, but actu al l y  increased from an u ndistu rbed 

watershed average of 6. 8 to 7 . 4 in disturbed streams . The overal l 

resu l ts indicate that the surface mining of coal may resu l t  in 

chemical pol l u tion of streams even  in areas where acid drainage is 

not a probl em . Qual ity co nstitu ents showing greatest increase with 

mining were su l fate, cal cium and magnesium . Bicarbonate, al uminum, 

iron,  manganese, and zinc concentrations were al so significantl y 

e l evated (13, 17). 

Bicarbonate, cal cium and magnesium concentrations were observed 

to increase immediatel y  with mining activity to l evel s  proportional 



with the degree of mining disturba nce. The time lag between  mining 

a nd the full stream-water chemistry response of these constituents 
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was on the ord er of 6 to 12 months. Su l fate co ncentrations contin ued 

to increase up to 2 years after  mining disturba nce. Whereas aluminum, 

iron and manganese were observed to retu rn to undisturbed l evel s within 

about one yea r of the cessation of minin g, bicarbonate, calcium, 

magnesium, and sulfate concentrations showed no evidence of recovery by 

the end of  the study period. 

In discussion of their resul ts, Dyer and Curtis (17) note a 

seaso nal cyclic pattern in magnesium and bicarbonate concentratio ns 

with l ows occurring in winter months and peaks in early fa l l .  Other 

constituents demonstra ted similar patterns. With the exception of 

suspended solids, the highest stream constituent concentrations were 

found to be associated with l ow flows. Althou gh mean concentrations 

were l ower, the l argest total l oad of dissolved constituents was 

a ssociated with storm fl ow. 

The impacts of coal surface mining on the water qua l ity and 

hydrology of sma l l mountain drainage basins in Eastern Ten nessee has 

been  examined by Rose (51), Minea r and Tschantz (42), and  Rose, 

Va l entine and Minear ( 53 ) . The experimental design for this research 

was similar to that of the Eastern Kentucky work in that sma l l  

geographically proximate watersheds representing different degrees 

of  surface mining disturbance a nd different reclamation practices 

were monitored for both flow  and water qual ity. This work was part 

of a l arger, comprehensive stu dy of the environmental impacts 



associated with coal prod uction in the New River Basin of E ast 

Tennessee begun in 1 97 5  and o f  which this thesis is al so a part. 
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The resul ts paral l e l those of  Dyer and Curtis. An increase in 

stream concentrations of su l fate, cal cium, magnesium, al kal inity, 

iron, manganese and additional trace me tal s was fou nd to accompany 

and fo l l ow surface mining disturbance. Simil ar seasonal and fl ow 

rel ated variatio ns in constituent concentrations were observed. The 

magnitude of stream qual ity changes associated  with mining disturbance 

varied widel y  among the study watersheds and was found to be rel ated 

not on l y to  the area of disturbance, bu t al so to the coal seam mined 

and type of recl amation practiced. As in the Kentucky studies, no 

improvement  in disturbed water qual ity was indicated over the period 

of avail abl e qual ity record. 

Undisturbed streams examined in the New River work were fou nd 

to be poorl y buffered and weakl y acidic with l ow disso l ved sal t 

concentrations indicating very l ittl e constituent contribu tion to the 

stream from weathering of geol ogic material s within the u ndisturbed 

watershed. The e l evated sal t concentrations fou nd in mining disturbed 

streams poin t to the unco nsol idated mining spoil as the primary 

source of additional chemical constituents. With the exception of  

pH, constituent concentrations in u ndisturbed streams were rel ativel y 

stabl e over time and thus l arge l y independent of rainfal l and 

seaso nal temperature changes. The fl ow and seasonal variation observed 

for constituent  concentrations in disturbed streams was rel ated to the 

kine tics of weathering at the mining spoil and to the l ength of 

con tact water has with this material ( 53 ) .  
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During l ate summer a nd earl y fal l streams in undisturbed water

sheds were observed to go dry whil e disturbed streams of simil ar  

watershed area main tained a measura bl e l eve l of  fl ow. This was at

tribu ted to  the grad ual  re l ease of water stored in the mining spoil ( 42 , 53 ) .  

Curtis ( 1 5 ) , in a discu ssion of  his earl y research efforts, makes note 

of simil ar  observa tions in Eastern Kentucky . Maximum disturbed 

stream concentrations occur at this time and were attribu ted to 

tempera tures favorabl e for increased chemical weathering and the 

l engthy time afforded groundwater in the mining spoil . The l ower 

chemica l concentrations observed during winter and spring were 

rel ated to l ess favorabl e temperatures for chemical wea thering and a 

predominance of surface ru noff ( 5 1 , 53 ) .  

There have been other genera l studies of water qua l ity 

associated with surface mining disturbance in the Ea stern coa l  fie l ds 

of the United States. Pl ass (47 ) has examined the surface qua l ity of  

sma l l wa tersheds affected by strip mining in  West Virginia. Hopkins 

( 31 ) , and  Gru bb and Ryder ( 2 7 )  have examined effects o f  coa l mining  

on the qu al ity of surface water suppl ies in Western Maryl and  and  the 

Tradewater River Basin of Kentucky . Gang a nd La ngmu rr ( 2 2 ) have 

examined both surface and groundwa ters affected by surface mining 

in Northwestern Pen nsyl va nia . This work was part of  research 

examining geochemica l contro l s on  heavy meta l s .  In an  earl ier 

Pennsyl vania study, Emrich and Merritt ( 1 8 )  examined the groundwater 

system of a l arge drainage basin affected by surface mine waters . 

Simil ar, more recen t  genera l studies have been  condu cted for 

the Western coa l fie l ds .  Dettma nn, Ol sen, and Vinikou r  ( 1 6 )  have 



exami ned both su rface water and b i o l og i cal  qual i ty i n  t he Ponder 

Ri ver Ba s i n  of Wyomi ng and Montana . McWhorte r ,  et a l . ( 3 8 )  have 

exam i n ed su rface and subsu rface water qual i ty i n  surface mi ned 

watersheds of Northwestern Col orado . The effects of coa l surface 

m i n i ng on wa ter qual i ty i n  Al berta , Canada has been stud i ed by 

Hac kbarth ( 28 ) . 

Storage Potenti a l  of the Mi n i ng Spoi l 

9 

The Beaver Creek study documented the storage of  wa ter i n  the 

contour su rface m i n i ng spo i l wi th a set of 1 4  mo n i tori ng wel l s  p l aced 

i n  th i s materi a l  ( 8 , 9 ) . Sea sonal  f l u ctuat ions  i n  the amou nt of thi s 

storage were observed and were rel a ted to the su rface s torage of 

wa ter i n  pi t s  a l ong the m i n i ng spo i l and to prec i p i ta t i on . The spoi l 

mater ia l  removed dur i ng the i nsta l l at ion  of mon i tori ng wel l s  wa s 

fou nd to cons i st predomi nate l y  of c l ay i ntermi xed wi th sma l l er amounts  

of sand ,  s i l t ,  coal , and s hal e .  Spoi l profi l es constr�cted for each 

we l l  s i te i nd i ca ted the s po i l bank  was a he terogeneou s m i x tu re va ry i n g  

bo th vert i cal l y  and l a teral l y .  Overa l l  d i scharge from the mi ni ng 

spo i l was estimated from storage depl eti on computa t ions  to be 265 

ga l /acre spo i l -day ( 2 . 48 m3/hectare spo i l -day ) . Thi s  represented both 

evapotransp i rati o n  and drai nage at the base of the s po i l  embankment . 

Cal cu l a ti on s  of  spo i l  transm i s s i bi l i ty wi th Da rcy's equat ion  and fi e l d 

val ues  of permea bi l i ty suggested fl ow ra tes of 1 . 0 to 1 6  gal /day per 

acre of spoi l ( 9 . 3 5  to 1 50 l i ters/day per hectare s po i l ) .  No 

s i g n i f i cant  c ha nges in spo i l groundwater storage were observed 

duri ng the 1 1 -year per i od of the Beaver Creek Study . 
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Tung (66 ) ha s exam i ned the rel ati onshi p between observed 

changes i n  pea k  and mean da il y fl ows and the prog ress of co ntou r 

surface mi n i ng i n  the New Ri ver Bas i n  of East Tennessee . Thi s case 

study cov e red 32  yea rs of stream fl ow record from the New R iver  

between 1 943 and 1 974 , a peri od representi ng the  onset  and  subsequent  

wi despread devel opment of  su rface mi n i ng .  By the end of the study 

peri od 5 pe rcent of the 382 square mi l e  ( 989 sq . km) waters hed had 

been d i s tu rbed . Associ ated wi th thi s d i sturbance was a 30 percent 

i ncrease i n  l ow fl ow vol ume observed at  the mou th  of t he ba s i n .  

Tu ng a ttri buted thi s i nc rease to the i ntercepti on  and storage of 

surfa ce wa ter by the mi n i ng spo i l .  The stored water was g radu a l ly  

rel ea sed as  seepage ,  thu s i ncreas i ng the  observed l ow fl ow duri ng 

dry per iod s .  Later New Ri ver i nvesti gators exami n i ng primary water

s heds wi th i n  the bas i n  have made s i mi l ar sta tements regard i ng the 

susta i ned base fl ows observed i n  d i s turbed streams duri ng  periods  of 

drou g ht ( 42 , 53 ) .  

An exami nati on of the storage potenti a l  of area m i n i ng spoi l s  

ha s been made by researchers assoc i a ted wi th the Un i vers i ty of 

Ind i ana Water Resou rces Resea rch Center i n  a study of the Patoka 

Ri ver and Bu sseron Creek  Bas i ns of Sou thwestern I nd i a na ( 1 , 1 0 , 6 5 } . 

Traux (65 ) and Ag new ( 1 ) i ntrodu ced the i dea that  u nconso l i dated 

spoi l ,  wi th  i ts i ncrea sed vo i d  vol ume , can i ntercept and  store muc h  

more water tha n i ts undi sturbed pa rent materi a l . They state that th i s 

storage potenti a l i s  an  often overl ooked wa ter resource benefi t of 

areal m i n i ng act i v i ty .  The actua l storage at  the m i ne s i te i s  sp l i t  
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between  surface water tra pped by the topography of the area and sub

surfa ce water i n  the spoi l materi al . Corbett ( 1 0 ) , when estima t i ng 

storage vol umes i n  the Patoka R iver  Bas i n ,  attri bu ted 70  percent to 

the l atte r . The major f i nd i ng of the I nd i ana researchers was that 

exten s i ve areal su rface m i n i ng d i s tu rbance had s i g n i fi cant ly  redu ced 

storm fl ows a nd i ncreased l ow fl ow through the d i rect i ntercept ion  

and  s torage of  prec i p i tati on ( 1 0 , 65 ) . Herri ng ( 29 ) , i n  a l a ter 

l i terature rev i ew o f  hydrol ogy associ ated w i th area mi n i ng in the 

M i dwes t , confi rms that thi s  s torage i s  wi despread i n  mi n i ng spo i l s  of 

tha t  reg i o n .  H e  a l so  s tates that th i s wate r ,  a l though  h i g h  i n  d i s

sol ved sol i ds ,  i s  typ ica l l y  not ac i d  owi ng to a neutra l i z i ng ca paci ty 

i n  the overburden greater than i ts capaci ty for ac i d  genera tion . 

Water Qual i ty of the Mi n i ng Spo i l 

The Beaver Creek Study exami ned the qual i ty of water i n  a nd on  

t he contou r surface mi n i ng spo i l .  I n  general , thi s wa ter wa s of l ow 

pH , wi th d i sso l ved sol i d  concentrations  i n  excess of  400 ppm .  I t s  

c hemi cal  characteri s tics  were found to vary both l atera l l y  across  the 

mi ne s i te a nd vert ical l y  wi thi n  the spoi l prof i l e  ( 8 ,9 ) . A summary o f  

the Beaver Creek data i s  presented i n  Tabl e 1 .  No  add i t i onal  s tu d i e s  

documen t i ng the subsu rface water qual i ty o f  eastern co ntou r surface 

mi ni ng s poi l s  were found i n  t h i s  l i terature rev i ew .  However,  several 

i nvesti gati o n s  by soi l sc i ent i sts i nto the percol ate qual i ty of thi s 

ma ter ia l  were uncovered . 

V immerstedt and Stru thers ( 73 ) report the resu l ts of a 9-year 

l eachi ng/weatheri ng stu dy of spoi l taken from Oh io  coa l  str i pm i nes . 
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Tab l e  1 .  Water  Qua l i ty As soc i ated wi th the Contour  Surface M i n i ng 
Spo i l ,  Beaver Creek  Study , Eastern Kentucky (8 , 9 )  

Consti tuent ( Tota l 
Concentrati o ns  M i n i ng P i ts Spo i l We l l s  

Reported as mg/ 1 , 
Except pH ) Range Mean Range Mean 

pH 2 . 9 - 6 . 9  3 . 45 2 . 4  - 6 . 8  2 . 93 

A 1 ka 1 i n i ty as Caco3 0 - 30 0 . 8 0 - 541 15 . 6  

Ac i d i ty as CaC03 5 . 0 - 420 104 40 - 1450 401 

Hardnes s  a s  CaC03 7 - 852 157 24 - 2060 492 

S u l fate 13 - 1260 251  11 - 3320 859 

Fe  0 . 10 - 70 4 . 7 0.10 - 299 94 . 7 

Mn 0 . 03 - 32 5 . 9 0 . 10 - 115 26 . 6  

A l  0 . 0 - 42 10 . 5  0 . 0 -226 3 1 . 8 
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N i neteen bu l k  spo i l  sampl es d i stri bu ted by coa l seam , overbu rden geol ogy , 

and geograph i c  l ocati on  pl u s  one sampl e of agri cu l tural soi l were a l 

l owed to weather u nder natural cl i mati c cond i t i ons  i n  pl a st i c  l ys i meters 

1 foo t i n  d i ameter and 4 feet deep ( 0 . 3  by 1 .2 m ) . Leachate perco l a ti ng 

through  the so i l  col umn s was col l ected on an  annual  bas i s  and a na l yz ed 

for tota l content of sol ubl e sal ts , su l fa te , cal c i um ,  mag nes i um ,  i ro n ,  

al umi num ,  and ma nganese . The sampl es had been c l a ss i f i ed at t he 

beg i n n i ng of the research a s  tox i c ,  ma rg i nal , aci d ,  and cal cereou s 

based on mea surements of su rface materi al  pH and i ts area l d i str i bution  

at  the m i ne s i te . I n  ge nera l , the pH of tox i c  and marg i na l  spo i l s  wa s 

l es s  than 4 . 0 ,  of ac id  s po i l between 4 . 0 a nd 7 . 0 , and of ca l cereou s 

spoi l greater than 7 .0 .  I n  the i r  paper the au thors exam i ne re l a t i on

s h i p s  be tween  l eachate qua l i ty ,  ra i nfa l l ,  time ,  a nd the spo i l 

c l a s s i fi ca ti ons . 

The vo l ume of l eachate and y ie l d of sol ub l e sal t s  wa s found 

d i rectly proporti onal  to the amount of annu a l  ra i nfa l l .  Total l eachate 

sa l t  concen trati ons ra nged from 2000 to 4000 mg /1 . V immerstedt and 

Struthers note that in su bsequent yea rs of equal  ra i n fal l the y i e l d of 

so l u bl e sal ts decreased i nd i ca t i ng pyr i te oxi da tion  and concomi ta nt 

weatheri ng of other mi nera l s wa s decrea s i ng wi th t ime . Mul t i pl e 

regres s i on analys i s  of sal t y i e l d  wi th time and a nnua l  prec i pi ta t i on 

confi rmed th i s resu l t .  Cons ti tuent  y ie lds  from the tox i c  a nd 

ma rg i na l  spoi l s  were l a rger than from those c l a s s i f i ed as  a c i d  or 

cal careou s .  However , these spo i l s  exh i b i ted a l eachi ng hal f- l i fe 

( i . e . , t ime to one-ha l f  of the i n i ti a l  concentrati on ) on the order of 



3 to 4 years  whereas tha t  for ac i d  and cal careous spo i l s  wa s 8 years 

or more . 

Su l fa te const i tuted the bu l k of the total sa l ts l eached from 
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t he tox i c  a nd marg i nal  s po i l s  ( approx ima te l y  70 percent )  and rema i ned 

constant as a percen tage or ac tua l l y  i n creased wi th durat i on of 

wea theri ng .  Su l fate made u p  a l es ser percen tage ( 5 0  percent ) o f  the 

l eacha te from a c i d  and cal careou s spoi l s ,  and th i s  percentage was 

fou nd to decrease wi th ti me i nd i ca t i ng a rel at ive  i ncrea se i n  

bi carbona te and s i g nal i ng an  improvemen t  i n  the qual i ty of dra i nage 

from these s po i l s .  The tox i c  and ma rg i nal s po i l s  mobi l i zed su bstan t i a l  

amou nts o f  i ron , a l umi num ,  and manganese wherea s the ac id  and cal careou s 

spo i l s  d i d  not . Cal c i um and mag nes i um yie l ds were l arge for a l l the 

spoi l s  compared to that of the ag ri cu l tural  soi l . Aga i n ,  the tox i c  

and ma rg i na l  s po i l s  generated the greatest amou nts o f  these const i tu 

ents . V i mme rstedt a nd Stru thers concl ude from t he i r work  tha t the 

surface pH c l a s s i f i ca t i on of spoi l materi al s i s  useful  for asses s i ng 

the impact of  surface mi n i ng on wa ter resou rce qual i ty .  They a l so 

sta te the grea ter potenti a l  for water pol l u ti on of tox i c  s po i l  

ma ter ia l s s hou l d b e  recogni zed on  rec l amat i on practi ce . 

Mas sey a nd Barnh i sel ( 3 7 ) exami ned meta l s rel eased from seven 

sampl es of ac id  spo i l ma teri a l  associ ated wi th surface mi nes i n  

Eas tern Kentucky .  Thi s 1 1 Spo i l ma teri al 1 1  i nc l uded both roof sha l es  

taken from mi n i ng h i ghwal l s  and sampl es of fres h ly  compl eted spoi l . 

The sampl es were subj ected to success i ve pressu re extracti ons of  

soi l  so l ut i o n  for l ,  4 , 7 ,  1 6  and 3 5  week equ i l i brat ion peri od s  
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fol l owing  mo i sten i ng to a wate r vapor pressure of 0 . 1 0  atmosphere . 

After the 3 5  wee k  ex tract ion , 1 0  gram su bsampl es of  the s po i l materi a l  

were l eached w i t h  200 m l  water . Ana l yses for pH ,  n i c ke l , coppe r ,  z i nc ,  

i ron , manga nese , ca l c i um ,  mag nes i um ,  sod i um ,  a l um i num , a nd pota s s i um 

were performed on each success i ve extrac tion  and the fi na l l eachate .  

Max imum sal t concentrations  were general ly  found to  be 

assoc i ated wi th  t he l owest evol ved sol ut ion  pH i n  the seri es of 

extracti o n s .  Thi s was especi a l l y  tru e  for i ron a n d  t o  a l esser 

extent for the rema i n i ng cations . Apprec iabl e amou nts of  z i nc ,  

copper and n i c ke l  were mobi l i zed i nd i ca ti ng the potentia l  of ac i d  

spoi l s  for heavy meta l p l ant toxi c i ty and water pol l ut i o n . 

Ma ssey and Barnh i se l  • s  overa l l resul ts i nd i cate the weatheri ng 

of spoi l bank ma teri al s can resu l t  i n  so l u bi l i za t i on of an  apprec i abl e 

porti on of the spo i l  ma s s  at  a rate orders of magn i tude h i g her than 

normal so i l  weatheri ng processes . Total ma s s  l os s  by sol ub i l i zat ion  

ranged from 3 . 8 percent  of  t he sampl e wei g ht for a mi n i mum extracti on 

pH of 1 . 0 to 0 . 35 percent at  pH 5 . 2 .  The resu l ts a l so i nd i cate the 

amou nt and nature of  sol u b l e  cation  product ion depends on the 

severi ty of ac id  product ion  i n  the s poi l . For sol u ti on pH l ess than 

2 . 2  i ro n ,  the primary cati on produced by pyri te ox i dat ion , was fou nd 

to domi nate . U nder l es s  severe ac i d  condi t ions  cati ons  produced by 

secondary reactions  domi nated , wi th domi nance of a l umi n um i ndi cati ng 

more severe condi ti ons than domi nance of cal c i um and mag nesi um .  

Rogowski  { 49 , 50 )  and P io nke , Rogowski , and Montgomery {46 ) 

have exam i ned water movement and perco l ate qual i ty i n  reco nstructed 



profi l es of Pen nsyl vani a s tri p mi ne s po i l .  A s i x  me ter section of 

spo i l mater ia l  was removed i n  l ayers from the fi e l d  a nd reassemb l ed 

1 6  

i n  two l arge cai sson s .  Ra i nwater was appl ied to these a t  u n i form ra tes 

with  mechan ica l  equ i pment after varyi ng  i ncubati o n  per·iod s  of  exposu re 

to atmospheri c a i r  and ambi ent  tempera tu res . Perco l a te was captured 

i n  l ys i meters p l aced wi t h i n  the spoi l co l umn and i n  a sand wel l  at 

the base of each cai sson . I n  conjunc tion  wi th the cai s son work ,  

sampl e s  of each spoi l l ayer were l eached wi th a n  equ al  wei g ht of 

water to assess  i ts abi l i ty to affec t  q ua l i ty i n  the overa l l prof i l e. 

Analyses  for pH , tota l aci d i ty ,  su l fa te , common a nd trace meta l s were 

made ( 46 , 49 ) .  I t  shoul d be noted that Rogows ki 1s spoi l mater i a l  

con s i sted predomi nate ly  o f  coarse fragmen ts and sand wi t h  a c l ay 

content l es s  than 4 percent ( 50 ) . 

P i on ke , Rogows ki , and Mon tgomery ( 46 )  fou nd that wa ter q ua l i ty 

genera l l y  deteriorated wi t h  depth i n  the spoi l profi l e .  A fl u s hi n g  

effect o f  total ac i d i ty wa s noted t o  accompany the s tart of wa ter 

appl i cat ion . However , t he chemi cal  properti es of the spo i l and not 

hydrol ogi c condi t i o ns were found to control  the qua l i ty of percol ate 

over the series of ru ns . Tota l aci di ty was fou nd to prov i d e  a 

reasonabl e estimate of other majo r  chemi cal parameters i n  the spoi l 

dra i nage . Corre l at i o ns were bes t  wi th a l umi num, tota l i ron , 

magnes i um and su l fa te and l ess  prec i se wi th cal ci um ,  ferrou s i ro n ,  

manganese and pH . The negati ve correl at ion  of metal cati ons  wi th  pH 

s hown by Massey and Barnh i sel  ( 3 7 )  was repeated . Trace metal concen

trations  i n  the spoi l l eachate sampl es agreed c l ose ly  wi th those 
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observed i n  s poi l perco l a te .  Thi s l ed the authors to conc l u de that  

reduct ion  i n  trace meta l concentra t i ons  achi eved by d i l ut i o n  or other 

proces ses  occurs primari l y  after entry i n to the g roundwate r  tabl e or  

s tream, rat her than in  the spo i l profi l e. Observed concentrati ons of  

cadm i um and z i nc were on the same order of  magn i tude as Envi ronmenta l 

Protec tion  Agency dri nki ng water sta nda rds for those e l ements . 

Chromium, coppe r ,  and l ead were typ i ca l ly bel ow the se l eve l s .  

Mercury wa s for the most  part bel ow ana lytical  detect i on l im i ts of 

20  ppb . 

P i etz, Peterson , and Lue-H i ng (45 ) have exam i ned grou ndwa ter 

qual i ty associated wi th area mi n i ng spoi l s  i n  West centra l I l l i noi s .  

Thi s wor k  i nvo l v ed monthl y c hemi cal  mon i tori ng of wel l s  p l a ced i n  

both nondi s tu rbed and  stri p-mi ned so i l  profi l es for a period of two 

years . Groundwater data from s i x  l and pl aced a nd s i x  s po i l  moni tori ng 

wel l s  were u ti l i zed for s tat i st ica l  a na l ys i s  of water qual i ty .  The 

m i ne s i tes i nvo l ved had been abandoned 1 2  to 1 4  years pri or to the 

resea rc h .  Both the u ndi s tu rbed soi l and m i ne spoi l ma teri a l s were 

c l ass i f i ed a s  ca l careou s and poorly dra i ned wi th tex tu res  rang i ng 

from l oam to s i l ty-c l ay .  

A stati s ti cal l y  s i g n i fi cant d i fference was fou nd between the 

c hemi ca l qual i ty observed i n  the l and p l aced and spo i l  mon i tori ng 

wel l s. Both waters were hard , wel l buffered w ith  near neu tral pH . 

However , e l ectri cal conducti v i ty, al kal i n i ty, a nd concentrat ions  of 

chl ori de, su l fa te ,  Kje l dah l  n i trogen,  ammon i a  n i trogen, pota s s i um, 

sod i um, cal c i um, mag nesi um, z i nc,  cadmi um, n i c ke l ,  manganese , l ead, 
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and i ron  were s i g ni fi cantly  e l eva ted ( 0 . 0 1 l eve l ) i n  t he mi ne spoi l 

groundwaters . The frequ ency of trace metal detect ion  i n  spoi l wa ters 

was a l so h i g her .  I ron , manganese ,  l ead a nd z i nc concentrati ons were 

found to exceed l eve l s descri bed by dri n ki ng wa ter standard s  i n  bo th 

l a nd pl aced and spo i l mon i tori ng wel l s .  

Spat i a l  a nd temporal  var iat ions  i n  the water qua l i ty data were 

exami ned a nd found amo ng a l l the mon i toring we l l s .  However , the m i ne

spo i l  g roundwaters were cha racteri zed by a greater number of  s i g n i fi cant 

monthl y ,  seasonal , a nd wel l to wel l va r iati ons than observed i n  the 

l and pl aced wel l s .  The au thors a ttri bu ted thi s a nd the h i gher 

con sti tuent concentrations of spoi l gro undwater to the a l te red and 

heterogeneous phys i ca l -c hemi ca l  compo s i t i on of the m i n i ng spoi l . A 

summary of the I l l i noi s researcher • s  qu a l i ty resu l ts i s  presented i n  

Tabl e 2 .  

There have been severa l  i nvestigatio n s  of grou ndwater qua l i ty 

a ssoci a ted wi th the surface mi n i ng of Western coal s .  McWhorter ,  et  a l . 

(38 ) , and McWhorter ,  Skogerboe , and Skogerboe ( 3 9 )  exami ned the wa ter 

pol l u ti on potenti a l  of m i n i ng spoi l s  i n  Col orado and New Mex i co .  

Houns l ow , et a l . { 32 )  have devel oped a l a rge groundwa ter qual i ty data 

base for the Western coal fi e l d s  as  a part of geochemi ca l  research 

rel a ti ng ove rbu rden mi nera l ogy to grou ndwater chemi cal changes 

a ssoc i a ted wi th mi n i ng .  Ra hn ( 48 )  reports the resu l ts of a ground

water s tudy exami n i ng coal s tri p-m i ne spoi l s  i n  the Powder Ri ver Ba s i n  

of Wyomi ng .  A s  i n  the I l l i noi s study of Pi etz , Peterson , and 

Lue-Hi ng , a s i gn i ficant d i fference i n  the chemi ca l  qual i ty of spo i l  
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Tab l e 2 .  S ub s urface Water Qua l i ty Res u l ts , P i etz , Peterson , and Lue
H i ng ,  We st  Central I l l i no i s  Area M i n i ng (45 )  

Const i tuent ( Total 
Concentrat i ons  

Reported as  mg/ 1 
Except pH and 
Conduct i v i ty )  

p H  

Tota l P 

C h l or i de 

S u l fate 

Kje l dah l N i trogen 

NH3- N i trogen 

N03+N02- N  N i trogen 

A l ka l i n i ty as  Caco3 
E l ectr i cal  Conduct i v i ty 

K 

Na 

Ca  

Mg 

Zn 

Cd  

Cu  

Cr  

N i  

M n  

P b  

Fe 

A l  

Hg  

( J.Jmhos/cm) 

Land P l aced We l l s  

Range Mean 

6 . 4 - 8 . 9 

D L  - 2 . 10 

D L - 87 . 0  

D L  - 1253 

D L - 6 . 50 

D L  - 4 . 80 

D L - 30 . 5  

llO - 700 

200 - 1500 

DL - 20 

7 . 0 - 131 

38 . 5 - 226 

23  - 102 

DL - 140 

DL - 0 . 03 

D L  - 0 . 82 

D L - 0 . 04 

D L - 0 . 30 

0 . 21 - 279 

DL - 0 . 44 

D L  - 78 . 8  

D L - 5 . 8 

D L  - 1 .  40 

7 . 5 

0 . 14 

l l . 9 

127 

1 .  22 

1.  04 

0 . 82 

363 

786 

1 . 5 

3 0 . 4 

103 

57 

8 . 2 

D L  

0 . 04 

D L  

0 . 02 

0 . 86 

0 . 08 

18 . 3  

0 . 8 

0 . 17 

M i ne Spo i l We l l s  

Range Mean  

6 . 2 - 8 . 9 

D L  - 0 . 41 

2 . 0 - 44 . 0  

2 1 . 0 - 1812 

DL - 730 

D L - 6 . 90 

D L  - 0 . 43 

100 - 1600 

1000 - 4000 

2 . 0 - 18 . 7  

19 . 0  - 657 

35 . 0  - 707 

86 - 625 

0 . 4 - 100 

D L  - 0 . 20 

D L - 0 . 52 

D L  - 0 . 05 

D L  - 1 .  10 

0 . 39 - 9 . 00 

D L - 0 . 66 

2 . 70 - 193 

D L - 8 . 20 

DL - 2 . 40 

7 . 2 

0 . 08 

17 . 5  

609 

1 .  65 

1 .  25  

0 . 05 

661  

2406 

8 . 3 

247 

260 

207 

14 . 5 

0 . 01 

0 . 06 

D L  

0 . 08 

2 . 53  

0 . 15 

52 . 1 

0 . 8 

0 . 22 

11 0 L11 denotes concentrat i o n s  be l ow ana lyti cal  detect i o n  l i m i ts 



and natu ra l grou ndwaters was found; wi th el eva ted concentrat ions of 

su l fate , ca l c i u m ,  magne s i um ,  and d i s so l v ed sol i d s  occurr i ng i n  the 

m i n i ng s po i l .  

Geochemi ca l  Factors Associated w i th Su rface Mi ne Dra i nage 

20  

The sou rce of  the  e l evated chem i ca l  consti tu ents observed i n  

streams dra i n i ng surface mi n i ng d i s turbed ba s i n s  i s  the mi n i ng s po i l .  

Upon mi n i ng ,  overbu rden materi al s i sol ated from the surface env i ro n 

ment for m i l l i on s  o f  yea rs become exposed t o  the atmosphere a n d  water . 

Fres h surfaces  of the d i srupted strata weather ra p i d l y  form i ng 

sediments a nd c l ay a nd rel ea s i ng m i neral consti tuents . Waters 

i nc i dent on the s po i l and perco l a t i ng through  i t  mo bi l i z e  these 

const i tuents a nd u l t imately transport them from the m i ne s i te .  The 

surface m i n i ng spo i l represents a compl ex phys i ca l  and chemical 

env i ronment whi ch  i s  not compl etel y understood . The qua l i ty of  spo i l 

dra i nage i s  a funct i on of many i nterre l a ted factors i nc l ud i ng the 

spo i l ' s  ac i d  produc i ng pote nt i a l  and neutra l i z i ng capac i ty ,  the 

k i neti c s  of these reacti ons , the geochem i stry of the ori g i na l  over

burden ma teri al s ,  the phys i ca l  p l acement of these  mater i a l s i n  the 

fi l l , and the hydrol ogy of the s po i l  embankment ( 3 , 5 ,6 ,8 , 2 1 , 24 ) . 

The degraded water q ua l i ty associ a ted wi th the surface  mi n i ng 

of coa l i s  genera l l y  attri bu ted to oxi dation  of i ron su l f ides ( pyri te 

and marcas i te ) present i n  the overbu rden ma teri al  ( 4 , 5 7 , 60 ) . Th i s  

ox i dat ion  re l eases mi nera l ac i d i ty whi ch accel era tes the wea theri ng 

of c l ays and other spoi l ma ter i a l s .  Al thou g h  the overa l l  qual i ty 

of dra i nage from the mi ne s i te wi l l  be a funct i o n  of the s po i l  •s 
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m i nera l  compo s i t ion  and aci d neutra l i z i ng capac i ty , the amount of 

su l f ide  present i n  the overbu rden and i ts rate of  ox i dati on upon 

expo sure to the atmosphere and wa ter wi l l  i n  l arge part determi ne the 

l evel of sal t s  mobi l i zed i n  t he m i ne wa ters (4 , 6 ) .  The env i ronmental  

probl ems  presen ted by mi ne dra i nage ha s l ed to mu c h  research on the  

i ron pyri tes and on  factors wh i c h  contro l  the  u l ti ma te qual i ty o f  

these waters . 

The generati on of ac id  m i ne dra i nage from the ox i da t i on of 

pyri t i c  i ro n  (genera l form Fe52 ) ha s been  cha racteri zed by the 

fol l owi ng reacti ons ( 5 7 ) : 

Fe52 ( s )  + 7/2 02 + H20 = Fe 2+ + 2504
2- + 2H+ ( 2 .  1 )  

Fe3+ + 3H2o = Fe ( OH ) 3 ( s )  + 3H+ ( 2 . 3 )  

Fe52 ( s )  + 1 4Fe3+ + 8H20 = 1 5 Fe2+ + 2504
2- + 1 6 H+ . ( 2 . 4 )  

The ox i dati on  of su l fi de to su l fate (eq 2 . 1 )  i s  ra pi d ,  rel ea s i ng 

ferrou s i ron and aci d i ty .  The ferrou s i ron subs equentl y u ndergoes 

ox i dat ion  to ferri c i ron  ( eq 2 . 2 )  whi ch then hydro l yzes to form 

i nsol ub l e  ferri c hydrox i de rel eas i ng add i ti onal  aci d i ty ( eq 2 . 3 ) . 

Ferr i c  i ro n  can reac t  d i rectl y wi t h  pyri te ( eq 2 . 4 ) . Aga i n ,  the 

su l f i de i s  ox i di zed and ac i d i ty re l ea sed al ong wi th ferrou s i ron 

whi ch may re-en ter the reacti on cyc l e  v i a  equa tion  2 . 2 .  A schemat i c  

of pyr i te ox i dat ion i s  s hown i n  Fi gu re 1 .  As can b e  seen , the 

concentrations  of su l fa te and ac i di ty i n  mi ne d ra i nage are d i rectl y 
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F igure 1 .  Pyri te Ox i dation , Reactio n s  and Ki net ics  ( 60 ) . 
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correl ated wi th  t he amou nt of pyr i te ox i d i zed . The d i ssol ut ion  of  
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one mo l e  of pyri te l eads u l t imate l y  to the rel ease of fou r equ i val ents 

o f  ac i d i ty ,  two equ i val ents from the ox i dati on  of su l f ide  and two from 

the ox i dat i on of ferrou s i ron . 

F i gure 1 i nd i cates the rate of  oxidation  of ferrou s i ron i s  

con s i derab ly  s l ower than the ox i dat ion  of pyri te by ferri c i ro n .  A s  a 

resu l t ,  ferri c i ron can not ex i st i n  con tact wi th pyri t i c  materi a l s 

for i t  i s  reduced faster than i t  i s  formed . Owi ng a l so to the s l ow 

ox i da ti on ra te of ferrou s i ron , the u l timate aci d i ty of m i ne dra i nage 

may not be expressed unt i l far remov ed from the m i ne s i te .  I ron 

bacteri a ,  howeve r ,  can catalyze th i s  rea ct i on s i gn i f i cant ly  in a c i d  

waters ( 60 ) . 

From the precedi ng d i s cu s s i on ac id  produc tion  i n  the m i n i ng 

s po i l  s hou l d  be proportiona l  to the pyri t i c  content of  the m i ne ov er

burden . Ca ru cc i o  ( 3 ,4 ) , however , i n  a study of mi ne d ra i nage i n  

Centra l  Pennsyl va n i a ,  found tha t  a c i d i ty was a fu nc t i on of pyri te 

morpho l ogy ra ther than s imply to ta l pyri t i c  conten t .  He su ccessfu l l y  

i denti f ied  fi ne gra i ned (approx i mate ly  0 . 25 �m ) o r  framboi da l  pyr i te 

a s  the reacti ve pyri te i n  coa l and as soci ated strata . Thi s su l f i de  

i s  of primary ori g i n  ( i . e . , formed at the  time of  geol og i c  

depos i t ion ) and exi st s  i n  gobu l ar c l u sters of approx imate l y  25 �m 

d i ameter throug hout both coa l s and roof sha l es . Coarse grai ned 

pyri te s  of seconda ry ori g i n were found to be very s tabl e ,  suggesti ng 

a d i fferent crysta l l i ne s tructure from that of framboi dal  pyr i te .  

Therefore , from Carucci o ' s work aci d cond i ti on s  are rel a ted to the 

occurrence of framboida l  pyri te . 



I n  add i tion  to pyri tes , the ove rbu rden may conta i n  ca l careou s 

materi a l  whi c h  serves to neutral i ze the ac i d i ty produ ced . The 

u l timate pH of mi ne dra i nage depends upon the rel at ive  proporti o n  of  

these in  so l u ti on ( 6 » 24 ) .  Whi l e  to ta l  carbonate a l kal i n i ty in  

sol u ti on i n  the  spo i l  i s  fi xed by cal c i te sol u bi l i ty a nd the  part i a l 

pressure of carbon  dioxide  ( pc02 ) i n  fi l tra ti ng wa ters , poten t ia l  

aci d i ty from pyri te oxidation  i s  un l im i ted . Thu s »  the pH of mi ne 

wa ter i s  not on l y  a funct ion  of the amou nt of carbona te and reacti ve 

pyr i t e ,  but a l so the amount  of time pyri te i s  a l l owed to react 
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between fl u s h i ng s  of the spo i l  profi l e  by perco l at i o n . Th i s  rel a t i on

sh i p has been demons trated in l a boratory stud i es by Gei del  a nd 

Carucc i o  ( 24 ) .  Shou l d the tota l aci di ty mobi l i zed exceed the to ta l 

a l ka l i n i ty fixed by carbonate sol ubi l i ty »  the dra i nage wi l l  be 

ac i d i c .  I f  a l ka l i ni ty exceeds ac id i ty ,  a neutra l  o r  bas i c  dra i nage 

wi l l  resu l t .  

Al thou g h  usefu l for genera l  predi ctions  of where ac i d  probl ems 

wi l l  resu l t  from surface m i n i ng act i v i ty ,  the idea of a s i mpl e ac i d  

potent i a l /neutra l i z i ng capaci ty bal ance i s  m i s l ea d i ng a nd h i des t he 

compl exi ty of reacti on s occurri ng i n  mi n i ng spoi l ( 6 , 24 ) . Work by 

Temp l e  and Koeh l e r  ( 6 1 ) has shown that cal ci um and mag nes i um ( pre

sumably a s  carbonates ) are present i n  s tabl e pyri te nodu l es and 

absent i n  react ive  ones . Wa s h i ng t he nodu l es wi th m i l d  hydrochl o ri c 

aci d cau sed i nert sampl es to become reactive suggesti ng t ha t  once 

ac i d  condi t ions  are formed in the spo i l ,  pyr i te s  may be l eached of 

the i r  protect ive carbonates and thus perpetuate aci d produc i ng 



react ions . A c hange from neutra l to ac id  dra i nage wi th t ime due to 

thi s mec ha n i sm ha s been observed i n  l a boratory weatheri ng stud i e s  

by Carucc i o ,  Gei del , and Pel l et i er (6 ) .  

2 5  

I n  the absence of cal ca reou s mate ri a l s ,  a l umi num s i l i cate 

m i nera l s may contro l aci d i ty by the i r  reacti o n  wi th carbon d i ox i de to 

produce a l ka l i n i ty a nd cl ays . A ge neral equa t i on for th i s reacti on 

i s  g i ven  ( 60 ) : 

Cat i o n  Al  s i l i cate ( s )  + C02 + H20 = 

HC03
-

+ H4 Si04 + Cati on + Al  s i l i cate ( s )  ( 2 . 5 ) 

Note that i n  addi ti on to a l kal i n i ty the i ncongruent wea theri ng 

react i on rel eases cati ons a nd s i l i c i c  a c i d .  The presence o f  severa l 

a l um i nosi l i cate sol i d  phases i n  the spo i l ca n theoret i ca l l y  prov i d e  a 

near i nfi n i te pH bu ffer capac i ty .  For exampl e ,  the i ncongruent 

di sso l ut i o n  equ i l i br i a  between anorth i te and kaol i n i te ,  

has a bu ffer i ntens i ty many orders of magn i tu de grea ter than tha t of  

the carbonate system i n  equ i l i bri um with  atmospher i c carbon d i ox i de 

at  pH l ess  than 8 . 0  ( 60 ) . S imi l a r ,  bu t weaker , i ncong ru en t equ i l i br i a  

exi s t  for other c l ays suc h  as  Na-montmori l l on i te ,  

3 Na0 • 33 Al 2 • 33  S i 3 . 67o1 0 (0H ) 2 ( s )  + H+ + l l -l /2 H20 = 

3 . 5  Al 2 S i 205 ( 0H ) 4 ( s )  + 4H4Si 04 + Na+ 

Ca - montmori l l on i te ,  

( 2 . 7 )  
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3 Cao . 33 Al 4 . 67 S i 7 . 33o20 (0H ) 4 ( s )  + 2H+ + 23H2o = 

7Al 2s i 205 (0H ) 4 ( s )  + 8H4Si 04 + ca2+ ( 2 . 9 ) 

a nd i l l i te ( 21 , 60 ) ,  

l OK0 • 6 Mg0 . 25 Al 2 . 30 S i 3 . 5  o1 0 ( 0H ) 2 ( s )  + l l H+ + 1 0-1 /2 H20 = 

l l -l /2 Al 2 S i 2 Os (OH ) 4 ( s )  + 1 2H4S i 04 + 6 K+ + 2-l /2 Mg+ 

( 2 . 1 0 )  

I t  s hou l d  be noted , however , that  reacti on of the sol i d  p ha se s i l i cates 

i s  s l ow compared to so l i d  phase  carbonate equ i l i br i a  a nd ion exc ha nge 

processes . The co ntrol  of pH i n  the spo i l i s  dependent upon the 

k i net i c s  of these heterogeneou s reacti ons ( 60 ) . Unl ess  the res i dence 

time of  mobi l i zed cons ti tu ents i s  ex tremely l ong , thermo dynam i c  

equ i l i bri um contro l s o n  p H  i n  the m i n i ng spo i l probab ly  do not ex i st .  

I on exchange become s i mportant  when the ori g i nal  overburden i s  

composed of sha l es and mud stones . The assoc i ated c l ay materi a l s can 

exc hange i nterl ayer and surface cat i o ns wi th  cation s , i nc l ud i ng H+ , 

mob i l i zed wi th i n the  spo i l .  Thi s  enhances the wea theri ng of c l ay 

mi nera l s a nd ca n neu tra l i ze m i nera l ac i d i ty ( 24 ) .  Trace metal concen

trat ions  may be grea tly a ttenuated by cat ion  exchang e  ( 21 ) . 

The type and di stri bu ti on of ac i d  produc i ng mater i a l s and the 

depo s i t i onal  or  pal eoenv i ronment of coal seam s  ha s been correl ated 

by researchers at  the Uni v ers i ty of South  Caro l i na .  I n  a study of 

dra i nage qual i ty from coal beari ng stra ta i n  Eastern Ken tucky , 



Caru cc i o ,  et a l . ( 5 ) , and Carucci o ,  Ge idel , and Sewe l l ( 7 )  fou nd 

ac id  m i ne dra i nage to be associ ated wi th ma ri ne and bracki sh  water 

depos i t iona l  envi ro nments . Neu tral , h igh ly  buffered dra i nage was 

a ssoc i a ted wi th  fres h  water coal s .  Al though  reac ti ve  pyri te was 
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fou nd i n  a l l the strata , the mari ne coa l s were fou nd to con ta i n  the 

h i g hest  percentag e .  The neu tral dra i nag e of fres h  water coa l s was 

attri buted to an abundance of cementi ti ou s carbo na te i n  the i r s trata 

whi ch mar i ne s ha l e s  genera l ly  l ac k .  The drai nage from tran s i t i onal  

env i ronments ( i . e . ,  between bracki s h  a nd fre sh  water ) wa s very 

dependent u po n  the amou nt of thi s ca l careous materi a l . I n  terms of 

geomorphol ogy , l ower del ta pl a i n  and bay f i l l pal eoenvi ro nments 

general l y  produced acid form i ng coal s .  Upper del ta p l a i n  a nd a l l uv i a l  

coa l s form neu tra l  drai nage upo n  mi n i n g .  These re l a ti on s h i ps may 

serve a s  a rou g h  gu i de for predi cti ng dra i nage qual i ty from a g i ven 

coa l seam if i ts geol og i c  seque nce i s  known . 



CHAPTER I I I  

BAC KGROUND 

Stu dy Area Location  

The s tudy areas are pa rt of the New Ri ver Ba s i n ,  a 382  square 

mi l e  (955  km2 ) watershed s hared by Anderson , Campbel l ,  Morga n ,  and 

Scott Counti es of East Tennessee . The commu ni ty of Smokey Junc t i on l i es  

approx imate ly  a t  the  cente r  of  the New Ri ver Bas i n  and i s  l ocated 1 9  

mi l es ( 30 km )  northwest of Oak Ri dge , Tennessee , and 1 40 m i l es ( 2 24 km )  

eas t  o f  Nashv i l l e .  

The New River  ori g i nates al ong the Tennes see Val l ey Di v i de i n  a 

dra i nage area a bu tti ng the ea s tern port ion  of the Frozen Head State 

Env i ronmental  Educat ion  Area . I t  fl ows northward 55  mi l es to i ts 

conf l u ence wi th the Cl ear Fork  R i ver northwest  of commun i ty of New 

Ri ver . There i t  forms the B i g  Sou th Fork of the Cumberl a nd Ri ver wh i c h  

conti nues north through the B i g  Sou th Fork Nat i onal  Rec reat i onal Area 

i n to Kentucky . 

Coal rel ated research co nduc ted by The Un i vers i ty of Ten nes see , 

Knoxv i l l e , has exam i ned severa l subas i ns of the New Ri ver . The 

pri nc i p l e study areas for th i s  thes i s  l i e wi thi n the two sma l l er 

wa tershed s of I nd i an Fork and B i l l s  B ranch . The I nd ian  Fork Study 

Bas i n  i s  l oca ted i n  the sou thern port ion  of the New Ri ver Bas i n .  

Coveri ng a n  area of 276 5  acres ( 1 1 1 9  ha ) , i t  dra i n s east i n to the 

New R iver .  The B i l l s Branch Study Ba s i n l i es 2 mi l es north of I nd i an 

For k .  I t  covers 4 2 9  acres ( 1 74 ha ) and dra i ns west  i nto Smokey Creek 
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whi ch  joi n s  the New River at the  commu n i ty of Smokey Ju nc tion . Both 

I nd i a n  Fork and Bi l l s  Bra nch are l oca ted wi thi n the Fork Mounta i n 

Quadrang l e  of Tennessee , GM&MRS 1 29-NW . The l ocati on of the New R i ver 

area wi thi n the state of  Tennessee and l oca tions  of the two study 

bas i n s  wi thi n the l arger watershed are presented i n  F i gure 2 .  

Cl ima te . The New Ri ver Bas i n  i s  typ i ca l  of the humi d  Appa l ach ian  

reg i on wi th moderate temperatures and a h i gh  annual  rai nfal l .  Thi rty

three years of recorded temperature i nformation  ( 1 948-1 980 ) ava i l abl e 

from the Nati onal  Ocean i c  and Atmospheri c Admi n i stra t i on for Oak R idge , 

Tennessee , i nd i cates a mean  annu a l  temperature of  57 . 6 ° F  ( 1 4 . 2° C )  for 

the area . The col dest month i s  usua l ly  January wi th a monthly mean of 

3 7 . 3 °F ( 2 . 9 ° C ) . However , t he di fference observed between the months 

of December ,  January ,  and Februa ry i s  comparative ly  sma l l .  July i s  

u su a l l y  the hottest month wi th a n  average tempera tu re of 76 . 6 ° F  

( 24 .8 ° C ) . As wi t h  the wi nter months , June ,  J u l y ,  a n d  Aug u s t  s how 

l i ttl e d i fference wi th respect to mea n mo nthl y temperatu re . The record 

l ow tempera ture occu rred i n  Janu ary ,  1 976 wi th -9°F  ( -22 . 8 ° C ) , and the 

record h i g h  was recorded in Ju l y ,  1 95 2  at 1 05 ° F  ( 40°C ) .  I n  genera l , 

temperatures bel ow 0°F ( -l 8° C )  and above 1 00°F  ( 38°C )  are rare ( 69 ) .  

Whi l e  a good i nd i ca tor of c l imati c condi tio n s  for the reg i o n ,  the Oak 

Ridge recordi ng s tati on i s  approximate ly  1 500 ft (460 m )  be l ow the 

average el eva ti on of the New Ri ver S tudy Area . As a resu l t , wi nter 

and summer temperature extremes i n  the u pper reaches of the New Ri ver 

Basi n are more severe . 
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A 45-year record of ra i nfa l l ( 1 935-1 979 ) i s  ava i l a bl e from a 

Tennessee Val l ey Author i ty record i ng sta ti on i n  Petro s ,  Ten nessee , 

whi c h  l i es  a t  the sou thern edg e  of the New R i ver Bas i n .  Thi s record 

i nd i ca tes a mea n  annual  prec i pi tat ion  of 6 1 . 9  i n  ( 1 57 em ) wi th a 

recorded h i g h  of 87 . 2  i n  ( 22 1  em ) i n  1 973 and a l ow of 44 . 5  i n  ( 1 1 3  

3 1 

em ) i n  1 958 ( 62 ) . Cl imato l og i ca l  data from Oak R i dge  i nd i ca tes wi nter 

and ear ly  spri ng are the season s of heav i es t  prec i pi ta ti o n  wi th a 

monthly  max imum occurri ng du r i ng the peri od of January to March . A 

secondary max imum occurs i n  Ju l y ,  due primari l y  to afternoo n and eve n i n g  

thu nderstorms . September and October are the dri est month s . However , 

peri od s of 1 0  days or more w i thou t mea surabl e prec i pi ta t i on are 

reported to be rare ( 69 ) .  A somewha t i ncompl ete record of da i ly 

rai nfa l l  coveri ng the per iod  of research acti v i ty i s  ava i l abl e for 

t he Ind ian  Fork and Bi l l s  Branch  Study Bas i ns . An annua l  summary of 

thi s i nforma tion  i s  presented in  Tab l e  3 al ong wi t h  comparat i ve yea rly 

val ues from Petros and Oa k Ri dge . 

L i g ht snowfa l l  occurs i n  a l l months from Nov ember t hrough  Marc h .  

A 1 0-year record of snowfa l l  from Petro s ,  Ten nessee ( 1 970-1 979 ) 

i nd i cates  a yearl y mea n of 1 5  i n  ( 38 em ) . The h i g h  yea r wa s 1 978 wi th 

29  i n  ( 74 em ) ,  and 1 976 the l ow year wi th 3 i n  ( 7 . 6  em ) ( 6 2 ) . The 

research s i tes i n  the New Ri ver stu dy area are approx i mate ly  1 000 ft 

( 300 m) h i g her than the Petros record i ng stat ion  a nd experi ence hea v i er 

s nowfal l  and occa s i onal  severe i c i ng cond i t ions  i n  the w inter  months . 

T he u pper reaches of the New Ri ver Bas i n  conta i n  t he h i g hest  

mou nta i n s  of  the Cumberl and P l a teau . As  a resu l t ,  mou nta i n  tops are 



Tab l e 3 .  Annual  Rai nfal l ,  New 
reported i n  i nche s )  

Year I nd i an Fork  

1975 6 5 . 64 
( 22 days-NR)  

1976 5 5 . 65 
(5 days-NR)  

1977 
( 138 days-NR )  

1978 stati on 
d i sconti nued i n  

February 1978 

1979 

1980 

1 1 NR 1 1 i nd i cates per i ods of  1 1 no 
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R i ver Area , 1975- 1979 ( 62 , 69 )  ( va l ues 

Record i ng Stat i on 

B i l l s  Branch Petros Oak  R i dge 

44 . 37 6 7 . 50 60 . 68 
(71 days-NR)  

49 . 63 54 . 52 5 3 . 33 
( 24 days-NR )  

70 . 15 62 . 77 
( 102 days-NR )  

40 . 59 55 . 67 48 . 41 
( 52 days-NR )  

56 . 26 83 . 14 6 7 . 30 
(0 days-NR )  

46 . 72 40 . 12 
( 119 days-NR )  

record 1 1  
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buffeted by strong wes terl y wi nd s ,  especi a l l y  duri ng the  wi n ter months . 

Loca l weather condi tion s are strong ly  affected by topog rap hy wi th 

preva i l i ng winds  channe l i zed a l ong stream val l eys (69 ) .  

Te rra i n .  The New R i ver Ba s i n  i s  characteri zed by rugged terra i n  

wi th  e l evati ons from 1 090 ft (332  m )  to more than 3000 ft ( 1 006 m )  

above mean sea l evel  and a n  average sl ope of 1 3  percent . El evati on 

changes are more pronou nced i n  the sma l l er watershed s .  The Ind i an Fork 

Study Bas i n  ri ses from 1 400 ft (425 m) to an e l eva ti on of 3000 ft 

( 1 006 m )  around  i ts rim wi th  an average s l ope of 38 percent . B i l l s  

Branch r i ses  from 1 500 ft (457 m )  to 2900 ft ( 885 m )  a nd a l so has an 

average s l ope of 38 percent . 

Refl ec ti ng the hum i d  c l imate and moderate tempera tu re of the 

reg i o n ,  mo st  of the New Ri ver Ba s i n  i s  heavi l y  fores ted . Areas c l eared 

by ma n revegetate natural l y  wi th i n  severa l years where soi l stabi l i ty 

prob l ems do not occur .  

Land use . The mou ntai nou s New R i ver Bas i n  ha s a l ways been 

ra ther spa rse l y  popu l a ted . Settl ed i n  the earl y 1 9th  century ,  i t  

contai n s  severa l  i so l ated mounta i n  communi ti es . A depres sed area , 

economi c and soc i a l  changes occurri ng s i nce the l 940 1 s have destroyed 

the i ndependent i denti ty of these commu n i t i es , and the few that rema i n  

are dependent  o n  out s i de areas for bas i c  commodi ti es and soc i a l 

serv i ces . The i nhabi tants of the bas i n  are spread ou t a l ong the 

val l eys a s soci ated wi th t he New Ri ver and i ts major tri bu tari es . 

Homesteads i n  remote hol l ows have been abandoned . Most of the l and i n  

the New Ri ver Ba s i n  i s  owned by l arge l and and mi ni ng compan i es .  
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Bec au se of i ts rugged terra i n  and poor soi l cond i t ion s ,  agri 

cul ture i n  the New Ri ver area ha s been l imi ted to stream va l l eys and 

fl oodp l a i ns .  Never extens ive , mu ch  of the agri cu l tura l l and i n  upper 

reaches  of  the basi n ha s been abando ned in the past two decade s . 

Fami l y  farms cont i nue  to operate nea r the mouth  of the ba s i n where the 

wi der fl oodpl a i n and gentl er  topog ra phy a l l ow a g reater chance for 

eco nomi c succes s . The New River Comprehens ive  Study ,  prepared for the 

Army Corps of  Engi neers and pub l i s hed i n  Apri l , 1 979 , a s s i g ned 5 . 9 

percen t  of the l and i n  the New Ri ver Ba s i n  to agri cu l tu ra l  use ( 68 ) . 

H i stor i cal l y ,  the economy of thi s secti on  of the Cumberl and 

P l a teau has re l i ed chi efl y on i ts reserves of timber and coal . As i de 

from these , no other i ndustr i es have been deve l oped i n  the New Ri ver 

Basi n . Ser ious  efforts at  o i l  and gas  expl orat i o n  have on ly  rece nt ly  

begun . 

Large sca l e  timber ha rves t i ng occurred i n  the fi rs t three 

decades of thi s cen tury and i nvol ved the enti re New River Basi n .  An 

extens ive  rai l system was bu i l t  to su pport thi s and m i n i ng act i v i t i es 

( 25 ) . The Uni ted States Forest  Serv i ce i n  conj unct ion  wi th  the New 

Ri ver Comprehens i ve Study found that forest present ly  covers 88 

percen t o f  the bas i n ' s  a rea . The predomi na nt type i s  oak-hi ckory 

wi th  sma l l amou nts of oa k-p ine  and l obl o l l y-shortl eaf pi ne forest . 

Al l fores ted l and i s  cl ass i fi ed as  commerci a l . Present l ogg i ng  

operati on s  are smal l ,  di sturbi ng a rel ative ly  mi nor amou nt of  the 

New Ri ver Basi n at  any one time . The Forest  Serv i ce a l so fou nd that 

du e to poor management practi ces timber yi e l ds  i n  the bas i n  were 

on l y  62 percent  of thei r po tenti a l  ( 68 ) . 
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Coa l product ion i s  t he primary i ndu stry in  the  New R iver Ba s i n 

and has accou nted for the majori ty of the coal produ ced i n  Tennes see 

(33 ) . Large scal e deep mi n i ng act i v i ty began  arou nd the turn of  t he 

century and ha s conti nued to the present ( 2 5 ,33 ) .  Beg i nn i ng i n  1 944 

contou r stri p and auger mi n i ng have become an i ncrea s i ng l y  empl oyed 

method of coa l produ cti on accou nti ng  for over 50 percent by 1 973 . 

Average ann ua l producti on for thi s per i od was approxima te l y  7 . 5  m i l l i on 

ton s  ( 68 ) . Surface coal  produc ti on l agged du ri ng the mi d-1 970 ' s  due to 

uncerta i nt i es cau sed by the Federa l C l ean A i r  and Su rface M i n i ng Acts 

but has experi enced a boom i n  the yea rs s i nc e  1 978 as permanent 

regu l atory programs have come i nto effec t  and the i ncrea sed pri c e  of  

coal  has  made i t  economical  to  remove greater amounts  of overbu rden 

ma teri a l . The Koppers Corporation , Sou thern Ra i l road a nd others have 

recently i nvested i n  improved transportat ion and coal  hand l i ng 

fac i l i t i es for the New Ri ver Bas i n .  As a resu l t ,  i ncrea sed l eve l s of 

production are expected to be ma i ntai ned i nto the fu tu re . 

Accordi ng to Tu ng ( 6 6 ) , 1 2 , 000 acres or 5 percent of the total 

New R i ver waters hed had been  affected by su rface mi n i ng by the end o f  

1 974 . The 1 97 9  New Ri ver Comprehen s i ve Study pu t thi s fi gure at 

approxima te ly  7 percent (68 ) . Thi s di s tu rbance i s  expected to 

i ncrease  as coa l produc tion  i n  the bas i n  cont i nues at i ts renewed pace . 

Geol ogy . The New Ri ver fl uv i a l  system dra i n s  the Northern 

Cumberl a nd P l a teau of  Eas t  Tennessee and i s  conta i ned i n  the Wartburg 

Bas i n , a physi ographi c subprov i nce of the p l a teau . The geol ogy o f  

thi s area ha s been descri bed by Luther ( 36 ) , Garman , Fergu son ,  and 
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Jones ( 23 ) ,  Johnson and Lu ther (33 ) ,  Mi l i c i  (40 ) , Mi l i c i ,  et  a l . ( 4 1 ) ,  

Ru l e  and Br iggs  ( 54 ) ,  and Br iggs  ( 2 ) .  The Cumberl and P l a teau , pa rt o f  

the Appa l ac h i a n  Mou nta i n chai n ,  i s  a broad , rel at ive ly  fl a t-topped 

tabl el a nd that ri ses 1 000 ft ( 300 m )  or more above the Ten nessee 

Va l l ey on the east and the Na s hv i l l e  Bas i n  on  the west .  I t  i s  ca pped 

wi th ha rd , res i stan t  rocks of Pennsyl van i an ori g i n  wh i c h  protect the 

l e s s  res i stant Mi ss i ss i pp i a n  carbona tes tha t underl i ne the reg i o n  

( 3 3 , 36 ) . 

Rocks i n  the northern Cumberl and Pl ateau are of mi ddl e 

Pennsyl van ian  age and have a n  agg regate thi ckness of  more than 

4000 ft ( 1 400 m ) . The l ower u n i ts of  thi s sequence conta i n  a pre

domi nance of thi c k  sandstone l ayers wi th smal l amounts  of coal . The 

upper u n i ts conta i n numerou s coa l seams wi th an  i ncreas i ng abundance 

of s ha l e  rel a ti ve to the thi ckness of sandstone . Thi n  a nd sporad i c  

beds  of l imestone are present i n  the overa l l sequence bu t compose a 

m i nor percen tage of the who l e ( 36 ) . Most m i n i ng d i s tu rbance occu rs  

i n  the u pper Penn syi van i a n  un i ts ,  pa rti cu l arl y i n  the  Redoak Mou n ta i n ,  

Vowe l l Mou ntai n ,  and Cross  Mounta i n  format i ons . F i g ure 3 i s  a cross  

secti o n  of the Pennsyl va n i a n  l i thol ogy exposed i n  the  Fork Mou nta i n 

Quadrang l e  of Tennessee ( 23 ) . 

Fern ( 1 9 )  hypothesi zed tha t Pennsyl van i an sediments i n  the 

Appa l achi an reg i on were depos i ted i n  a huge del ta i c  compl ex .  Mi l i c i  

s tated that the Pennsyl van ian  strata i n  Tennessee s how a g radua l  

trans i t ion  upward from ba rri er i sl and , tidal  i n l et ,  a nd l ag oon 

depo s i ts  to channel , l evee , crevasse sp l ay ,  and i nterd i str i bu tary 
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depos i t s  i nd i cat ive  of an advanc i ng s hore l i ne and del ta ( 40 ) . Ru l e  a nd 

Br igg s , a nd Briggs  have exami ned the depos i ti onal  h i s tory of a 1 000 ft 

( 300 m) sequence of midd l e  Pennsyl van ian  strata that i nc l udes the 

Redoa k , Vowel l ,  and Cross Mounta i n  formati ons . Thi s work  i nvol ved the 

geo l og i c  mapping  of h i ghwa l l s  exposed by m i n i n g  opera ti on s  i n  the 

I nd i an Fork and B i l l s  Branc h su bbas i n s  of the New R iver . The resu l ti ng 

col umnar secti on  i s  s hown i n  F igure 4 (4 1 ) .  Thei r work su pports the 

cha racteri zat ions of Fern and M i l i c i a nd c i tes  the ori g i n of the 

sed i mentary s trata wi thi n the New Ri ver  Bas i n  as the depos i ti ona l  

envi ronment of a n  anc ient  prograd i ng ri ver del ta ( 2 ,41 , 54 ) . 

The sequence exami ned by Ru l e  a nd Brigg s ,  and Br iggs  records a t  

l east  seven major cycl es  of del ta growth and destructi on . The overa l l 

sequence s hows the transi ti on from a l ower del ta p l a i n  to an upper 

del ta p l a i n deposi tional  env i ronment . Each cyc l e common l y  beg i ns  a s  

a dark g ray mari ne s ha l e  resu l t i ng from the i ncurs i on o f  mar i ne waters 

i nto the de l ta a nd grades upward i n to coa rser sedime nts tha t  i nc l ude 

l evee , sp l ay and channel depos i ts cha rac teri sti c of del ta expan s i on 

toward the sea . Cappi ng each cyc l e i s  a coal depos i t  who se swamp 

ori g i n i denti f ies  the concl u s i on of del ta growth a nd the immi nence of 

another mari ne i ncurs i on . I n  the upper del ta p l a i n  envi ronment the 

i ncurs i on wou l d be  the formation  of a freshwater l a ke or sea ( 2 , 54 ) .  

Wi thi n the exami ned sequence a re a dozen or more mi nabl e coa l 

seams . The majo r  seams of economi c i nterest i n  the regi o n for mi n i ng 

are the B i g  Mary a nd Pewee coa l �  at  approximately  2250 ft ( 686 m )  and 

2650 ft ( 808 m ) , respecti vel y .  Al so mi ned to a l es ser extent  a re 
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the Wa l nut Mou nta i n  and Gra s sy Spr i ng s  coal s at a pprox imate ly  2570 ft 

( 784 m) and 3000 ft ( 91 5 m ) .  However ,  these coa l s ,  a nd to a greater 

ex tent the rema i ni ng seams i n  the sequ ence , a re often d i scont i nuous  and 

vary more i n  th i c kness than the Big Mary and Pewee coa l s ( 2 ) . 

Lu t her estimated i n  1 959 that  there were 1 01 , 274 , 000 shor t tons 

of  recoverab l e reserves i n  the B i g  Ma ry coa l ( 36 ) . The seam vari es i n  

thi ckness from 1 -8 . 5  ft ( 0 . 30-2 . 59 m ) , i nc l u d i ng s p l i ts by s hal e 

pa rti ng s and beds that genera l l y  range from 0 . 1 7-4 ft ( 0 . 95- 1 . 2  m )  

(41 ) .  The seam has been ex tens i ve ly  su rface m i ned , augu red and deep 

mi ned throu g hou t  the reg i on . The mi ned product i s  con s i dered a l ow

grade steam coal because of i ts rel a t i ve ly  h i g h  su l fu r  and a sh  

content ( 33 , 36 , 4 1 ) .  

T he Pewee coa l  l i es approx imatel y  380-400 ft ( 1 1 6- 1 22 m )  

above the B i g  Mary . Luther estimated recoverabl e reserves of  Pewee 

coa l at  32 , 934 , 000 s hort tons i n  1 959 ( 36 ) . Seam thi c kness  ranges 

from ( 1 -7 f t )  ( 0 . 3 -2 . 1  m) i nc l udi ng part ings  of 0 . 1 7 -2 . 5  ft ( 5-76 em ) 

(41 ) .  L i ke the B i g  Mary coal , the Pewee bed has  been exten s i ve ly  

surface m i ned , augured and  deep m i ned i n  Tennes see . The Pewee i s  a 

h ig h-grade s team coa l wi th a l ow to moderate su l fur content (33 , 3 6 ,  

4 1 ) .  

The rock un i ts above the B i g  Mary coa l are fai rl y  homogeneou s 

both vert i ca l l y a nd l a tera l l y .  Overlyi ng the coal i s  1 0- 1 5 ft ( 3 . 0-

4 . 6  m )  of medi um to dark g ray , carbonaceou s ,  mari ne  s ha l es .  Thi s and 

the b road a real  ex tent of the Big  Mary coal wi thi n the Wartburg Bas i n  

test i fy to the abandonment a nd wi de-spread i nu ndat i on of an anc i ent 



4 1  

de l ta p l a i n .  Wi thi n the ma r ine  u n i t  a n d  immed i ately  a bove t he coa l i s  

a 3 -4 i n  ( 1 0-1 5 em )  l aye r of cal careous mudstone c ha racteri zed by a 

concentra t ion  o f  pyriti zed foss i l  ma teri al . Common ly  referred to as  

" roof s ha l e "  thi s un it  i s  h igh ly  reduced and fri ab l e .  Above the roof 

s ha l e a re gray ,  chu nky mudstones whose fos s i l content decreases u pward 

a s  the s i l t co ntent i ncreases . Th i n ,  pers i s tent l ayers of s i deri te 

( FeC03 ) are found throug hou t the un i t  a l ternat i ng between l ayers of 

the g ray , s i l ty shal es ( 2 , 20 , 34 , 72 ) .  

Above the l ower 1 0- 1 5 ft ( 3 . 0-4 . 6  m )  foss i l  rema i n s  v i rtua l l y  

di sappear , a n d  s i de ri te l ayers beg i n  t o  segment i nto d i s k-s haped 

nodu l es a s  the sequence i n  whi ch they are encl osed coarsens  and becomes 

l es s  ma ri ne . At 20-30 ft ( 6 .  1 -9 . 2  m )  above the coa l hori zon are some

times found  l arge ,  dense , l ens -sha ped concretions  of s i der i te and  

l imestone . Known to mi ners a s  " fl yi ng saucers " these have been fou nd 

up  to 8 . 0  ft ( 2 . 5  m )  i n  di ameter a nd 3 ft  ( 1  m )  i n  wi d t h . Al so 

present wi thi n thi s sequence are tabu l a r ,  c l ayey s i l tstone bed s 

i n terpreted a s  represent i ng advanci ng del ta depos i ts ( 2 , 20 , 4 1 , 72 } .  

At a bo u t  70 ft ( 21 m )  a thi n zone of dark gray , carbonaceous  

sha l e i s  found , representat ive  of a trans i ti on i n  depos i tional  

envi ro nments . A major sandstone body overl i es thi s sha l e ,  beg i nn i ng 

wi th  t he depos i t ion  of the fi ne-gra i n ed sands of overba n k  c hanne l s 

and gradi ng i nto coarser materi a l s ma rki ng the ree s tab l i s hment o f  

del ta i c  condi tions  ( 20 , 72 ) .  

The Wal nut  Mou nta i n  coa l seam a nd i ts overlyi ng un i t s  are from 

an i nterdi s tri butary bay area . Some mar i ne fos s i l s  are fou nd and  

cha nne l s are qu i te common .  S ideri te beds are a l so present ( 7 2 ) . 
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The Pewee a nd Wal nut  Mou nta i n  seams were not mi ned i n  t h e  B i l l s  

Bra nch bas i n . At I nd i an Fork the coa l i s  sp l i t  i nto two beds roug h l y  

3 0  ft  (9  m ) apart and i dent if i ed as  the l ower Pewee a n d  u pper Pewee 

coa l s .  The l ower Pewee coal i s  encl osed by rooted mu dstone s .  A 

carbonaceou s un i t  i mmed i a te ly  overl i es the coa l and i s  composed of 

fi ne-gra i ned , bracki sh  a nd terri geneou s cl ast ics  depo s i ted i n  the 

reduc i ng envi ronmen t of an anci ent swamp . Mudstones genera l ly  encl ose 

the u pper Pewee coal as  we l l ,  except i n  areas where a sandstone cap was 

depo s i te d  ( 20 , 72 ) . 

The sequence overlyi ng the Pewee coa l s i s  not a s  u n i form a s  t ha t  

above t he B i g  Mary seam . Contai ned i n  the l i thol ogy are sandstones , 

s i l tstone , rooted mudstones ,  s hal ey mu dstones , s ha l e ,  cong l omera tes ,  

severa l sma l l coal  seams , and s i deri te nodu l es .  These change a bru ptl y  

i n  both t he hori zontal and vert i ca l  p l anes as  a funct i o n  o f  chang i ng 

depo s i t i onal  envi ronment s ( 20 , 72 ) . Wi thi n thi s i nterval i s  an 

abu ndance of fos s i l i zed trees preserved in the growth pos i ti on on 

l evees a nd i n  i nterdi stri butary areas (41 ) .  Thi s i s  i nterpreted a s  

ev i dence o f  a fresh  water swamp and a middl e to upper del ta pl a i n 

depos i ti ona l  env i ronment ( 2 ) . 

Surface Mi n i ng Pra ct i ce a nd Recl amat ion  

Contou r stri p mi n i ng i s  the preva l ent su rface mi n i ng practi ce 

in the  mounta i nou s New Ri ver Bas i n .  The method cons i sts  of remov i ng 

overburden above the coal seam i n  successi ve cu ts a l ong the mi nera l 

outcrop perpend i cu l a r  to the s l ope of the mountai n s i d e . The mi n i ng 

cu t appears a s  a con tour l i ne ,  thu s , the name . Ori g i na l ly ,  the 
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overbu rden ma teri al , or spoi l ,  was s impl y  cast down the mou nta i ns ide  

bel ow the m i n i ng cut . Di ag rams of  cas t  overbu rden m i n i ng practi ce are 

shown i n  F igures 5 a nd 6 .  

Modern mi ni ng prac ti ce i nvo l ves engi neered pl acement of the 

s po i l bac k  a l ong the she l f ,  or benc h ,  created by the m i n i ng cut after 

removal  of the coal . The depth of the cut i nto the mou nta i n s i de i s  a 

fu nc tion  of s l ope , ov erbu rden thi cknes s ,  the p hys i ca l  propert i es of the 

overburden , a nd economi c va l ue of the recovered coal . Where coal beds 

are hori zo nta l or negative to the s l ope of the mou nta i n ,  overburden 

thi ckness  i ncreases rap i dl y  wi th each success i ve  cut ( 26 ) . On the 

steep mou nta i n s l opes of the New Ri ver Ba si n ,  bench wi dths  se l dom 

exceed 500 ft ( 1 50 m ) and the practi cal l im i t  on overbu rden remova l 

ranges 1 00-200 ft (30-60 m ) . Contour  m i n i ng di stu rbance on  a g i ven 

coal seam may extend unbroken for mi l es .  

The o l d m i n i ng practi ce of cast  overbu rden cau sed mass i ve 

erosi ona l  and l a nd sl i de probl ems . These have l ed to improved m i n i ng 

practi ce and stri cter l ega l  requ i rements for the su rface m i n i ng 

i ndustry .  Most of these cha nges occu rr·ed i n  the pas t  decade cu l mi nat ing  

wi th  the Fede ra l  Su rface Mi n i ng Control  and Rec l ama t i on Act of 1 97 7 . 

A h i s tor ica l outl i ne of Federa l and state l aws and regu l at ions  

governi ng su rface m i n i ng i n  the  New R iver  Bas i n i s  g i ven  i n  Tab l e 4 .  

Rec l ama ti on refers primari l y  to the fi nal  confi gu ra tion  of the 

spo i l  after m i n i ng . Reestabl i s hment of vegetat ion , sediment contro l , 

and s l ope stabi l i ty are other components . Lega l  req u i rements for 

recl amat i o n  have in l arg e part di ctated mi n i ng tec hn i ques  empl oyed i n  



1 .  SCAL PED AREA 
2 .  OVERBURDEN REMOVAL 
3. EXPOSED COAL SEAM 
4 .  WORKING FLOOR 
5. CAST OVER BURDEN 
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Figure 5 .  Contour Surface M i n i ng wi th Ca st  Overburden .  
� 
� 
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Fi gure 6 .  Cas t  Overburden , Profi l e . 
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Tab l e  4 .  H i stor i cal  Outl i ne of  Federal and State Laws a n d  Regu l at ions  
Govern i ng Surface M i n i ng i n  the  New R i ver  Bas i n  

Law 

No l aw p r i or  to Sept . , 
196 7 .  

September , 1967 -
Tennes see  Str i p  M i ne 
Law of  1967 .  F i rst  
State p rov i s i on for  
str i p  m i ne regu l at ion  
and  contro l , perm i ts , 
rec l amat i on , enforce
ment . 1 

March , 1972 - The 
Tennessee Surface 
M i n i ng Law , Amend
ments to 1967 Law , 
estab l i shed  the D i v i 
s i on o f  S urface M i n i ng 
wi th i n the Dept o f  
Conservat i on 

March , 1972 - Federal 
Water Po l l ut i on 
Control  Act and Ammend
ments , i nc reased the 
scope and author i ty of 
the Federal Government 
over pol l utant d i s 
charge s .  

Regu l at i o n  
Major  Impacts and C l auses  

No  State or  Federal str i p m i ne contro l p r i o r  
to September ,  1967 .  

September ,  1967 , Regu l ati ons  Perta i n i ng to 
Surface M i n i ng ;  Genera l  regu l at i on o f  comp l ete 
bac kfi l l  cover aga i nst  h i ghwa l l :  p l acement 
and grad i ng of  spo i l banks and overburden to 
to favor revegetat i on ;  dra i nage d i tches ; 
eros i on and sed i ment contro l structures ; 
revegetat i on p rogram ; b road t i me-per i od 
constra i nts ; $400/acre bond req u i red . 

March , 1973 , Regu l ati ons  Perta i n i ng to Surface 
M i n i ng ;  More spec i f i c  regu l at i o n  cr i ter i a ;  
water qual i ty d i sc harge perm i t  app l i cat i on 
requ i red ; maj or  m i n i ng constra i nt on > 28° 
s l opes ; drai nage d i tch and cu l vert c r i te r i a ;  
tox i c  mater i a l s  segregat i o n ; max i mum s o l i d  
bench wi dth/s l ope be l ow coal  outcrop c r i te r i a 
35° maxi mum spo i l ban k s l ope ; 30 foot maxi mum 
h i ghwa l l exposure ; 10 foot m i n i mum f i l l  above 
coal seam ; gras ses  and trees revegetati on 
requ i red ; general l i m i tati on on  head- of
ho l l ow m i n i ng ;  $600/acre bond requ i rement ; 
e nforcement and c i v i l penal ty prov i s i ons . 

May , 1973 , Nat i onal Po l l utant D i s charge 
E l i m i nati on System : R u l e s  and Regu l at i ons ; 
NPDES perm i ts requ i red for a l l po i nt sources  
d i scharg i ng i nto nav i gab l e  waters ; estab l i s hed 
fund i ng for m i ne water po l l ut i on contro l 
demonstrat i on projects thorugh the Appa l ac h i an  
Reg i onal  Comm i s s i on 

May , 1976 - EPA , Coal  M i n i ng Eff l u i ng G u i de
l i nes  and Standards . E stab l i s hed Federal  
eff l uent l i m i tati ons  standards for coal hand
l i ng , storage , and m i n i ng operat i ons . 



Tab l e 4. ( Conti nued ) 

Law 

Marc h , 1974 - T h e  
Tennessee SurfaCe 
M i n i ng l�w , Amend
ments p rov i d i ng for 
more spec i f i c  regu
l at i o n  and contro l 
to m i n i m i ze i nj ur i ous  
env i ro nmenta l s urface 
m i n i ng e ffects . 

Augu s t ,  1977 - Federal 
Surface M i n i ng Con
tro l l and Rec l ama t i on 
Act o f  1977 , estab
l i s hed a nat i o nw i de 
reg u l atory p rogram 
and set of performance 
standards  to contro l 
the envi ron mental 
i mpacts o f  s urface 
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Regu l at i on 
Maj or  Impac ts  and C l auses  

J u ne , 1974 , Regu l at i on s  Pertai n i ng to Surface 
M i n h1g ; More spec i f i c  regu l a t i on c r· i te r i a and 
r u l e s ; newspaper not i ce of pe rm i t app l i ca t i o n  
requ i r·ed ; water qua l i ty d i scharge pe rm i t  
req u i red p r i o r to m i n i ng app l i cat i on ; 
p rospecti ng permi t req u i red ; spe c i f i c r u l e s  
on  access  roads p l ans ; 28° s l ope l i m i ta t i o n  
o n  m i n i ng ;  125- foot down s l ope spoi l l i m i t  
be l ow c rop l i ne for s l opes  < 28° ; 20- foot  
max i mum h i ghwa l l expo s u re before J u ly 1 ,  
1975 - no  h i ghwal l after  J u l y  1 ,  1975 on 
new c uts ; l and s l i de p revent i on rul es ; no 
m i n i ng wi th i n  25 feet o f  w e t  weathe r dra i nage 
center l i nes ; no m i n i ng wi th i n 100 f e e t  of  
f l owi ng  s tream center l i ne s ; $ 1000/ac re bond 
req u i rement ; enforcement and c i v il pena l ty 
prov i s i on s .  

December ,  1975 , Addendum to Regu l at i on s  
Perta i n i ng_ to Surface M i n i ng ;  Adop t i on of 
dra i nage contro l handbook for contro l l i ng 
m i ne and hau l  road water runoff and s ed i ment ; 
major  revegetati on  c hanges , i nc 'l udi ng  
agr i c u l tural  l i me rate s , mu l ch requ i rements , 
and seed i ng rates . 

J u l y , 1976 , Addendum to Regu l at i ons Perta i n i.!:!fl 
to Su rfac�_!::! i n i  ng ; 50- foot downs hpe spo i l 
l i m i t for s l opes  <28° ; brush  c l earance area 
di s turbance and barr i e r  be l ow spoij l - - not to 
exceed 125- foot down s l ope from crCGp 1 i ne ; 30° 
max i mum spo i l bank s l ope , 100- foot d i s tance 
1 i m i tat ion . 

Decembe r· ,  1977 . I nter i m  Regu l atory_f!:_�gram , 
Surface M i n i ng Recl amat -i on a nd En:"ort:_�m��:.� 
P rov i s i ons ; General regu l at i on re(j:l..l i r i ng 
back- to- approx i mate-or i g � na l  cont�J r p l acemen t  
o f  spoi l ;  s pec i a l steep s l ope performa�ce 
standard s requ i r i ng comp l �te e l i m�nat i o n 
o f  h i qhwa l l s ,  backf i l: to a p p rox i na te
or ig i na l  contour , 2nd pro h i b i t i ng dcwns l ope 
p l acement o f  spo i l ;  requ i rements fo r the 
segregat i on of tox i c  mate r i a l s ,  st) r<ige of  



Tab l e 4 .  ( Conti nued ) 

Law 

and deep m i n i ng ;  
created the Federal 
O ff i ce of  Surface 
M i n i ng wi th i n the 
Department of the 
I nter i o r ;  prov i des  
for  s tate pr i macy 
whe n  s tate l aws and 
regu l at i o n s  para l l e l 
the p rov 1 s 1 on s  i n  
the federal  Act . 2 

May , 1980 , Tennes see 
Coal  Surface M i n i ng 
Law of  1980 . State 
l aw paral l e l  w i th the 
Federal Surface 
M i n i ng Contro l and 
Rec l amat i on Act of 
1977 i n  order to 
ach i eve s tate 
p r i mancy over s u rface 
m i n i ng acti v i t i e s ; 
app l i ed to a l l 
operat i o n s  remov i ng 
greater than 25  ton s  
and any d i sturbance 
for the p u rpose  of 
coa l exp l orat i o n .  
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Regu l at i o n  
Major  Impacts and C l auses  

top so i l , dra i nage s tructure s , eros i o n and 
sedi ment contro l s tructure s ; req u i rement 
for pub l i c  not i ce o f  perm i t app l i cati o n s ; 
deta i l ed m i n i ng and rec l amat i o n p l an s  
requ i red pr i or  t o  perm i tt i ng ; spec i a l re
qu i rements o n  post m i n i ng l and u se ; spec i a l 
prov i s i o ns  for p r i me farm l ands , background 
and comp l i ance water qua l i ty mon i tor i ng ;  
m i n i ng proh i b i ted wi th i n  100 feet of  stream 
beds , roads and pub l i c  fac i l i t i es ;  spec i a l 
b l as t i ng ru l e s ; revegetat i o n p rov i s i on s  
requ i r i ng nati ve spec i e s ; performance standards 
for the s u rface e ffects of  deep m i n i ng ;  
prov 1 s 1 on s  for enforcement , adm i n i strat i o n  
rev i ew and c i v i l pena l t i e s .  

March , 1979 , Permanent Regu l atory Program , 
Off i ce of  Surface M i n i ng Rec l amat i on and 
E n forcement ; Permanent ly  e stab l i s hed p rov i s i on s  
of  the i nter i um p rogram ; c l ar i f i e s  var i ances  
to  performance s tandards based o n  post  m i n i ng 
l and u se ; more deta i l ed perm i tt i ng  req u i rements  
i nc l ud i ng hydro l og i c i mpact stud i es and  core 
s amp l i ng l ogs . 

August , 1981 , Proposed Regu l at i on s  Pertai n i ng 
to Su rface M i n i ng ;  Mod i f i cat i on o f  p rev i ou s  
regu l at i ons  to  para l l e l Federal  requ i rements ; 
$1500/acre performance bond wi th  a m i n i mum 
requ i red bond of  $10 , 000 ; e n forcement and 
c i v i l pena l ty prov i s i on s  
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Tab l e 4 .  ( Cont i nued ) 

NOTES :  

1 .  Due  to  a l ac k  of adequate funds , enforcement o f  the  1967 Tenne s s ee  
Str i p  M i n i ng Law was m i n i ma l . 

2 .  A l though the Federal Surface M i n i ng Act went i nto e ffect i n  February , 
1978 , the State of  Tennes see cont i nued to operate under i ts 1974 l aw .  
The  State D i v i s i o n of  Su rface M i n i ng ,  under  cooperat i ve agreements 
wi th the Federal  Off i ce o f  S urface M i n i ng ,  has s hared respons i b i l i ty 
for enforc i ng p rov i s i on s  of  the Federa l l aw ,  i nc l ud i ng i n specti ons , 
s i nce  1978 . The 1980 Tennes see  Surface M i n i ng Law estab l i s hed the 
l ega l  framework for s tate to re s ume fu l l e nforcement respons i b i l i ty ,  
and upon approval  of the 1981 Proposed Regu l at i on s  by t he  Off i ce  of  
Surface M i n i ng ,  Te nne s s ee wi l l  rece i ve p r i macy for the regu l at i o n  
o f  s urface m i n i ng .  



the New R i ver Bas i n .  Fou r recl amat ion practi ces are perti nent to 

thi s  the s i s .  
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F i gure 7 i l l u strates swa l e backfi l l . Thi s type of spo i l p l ace

ment was devel oped by the m i n i ng i ndustry i n  the ea r ly  1 970 ' s  to reduce 

peak s torm runoff by d i vert i ng and s tor i ng water a l ong the mi n i ng bench . 

Exces s  spoi l i s  graded on  the downs l ope to reduce ero s i on . Trees and 

bou l ders are p l aced at the toe i n  a wi ndr� to prov i de sta b i l i ty a nd 

capture sediment . A sma l l bl os som of u ndi stu rbed rock i s  l eft on the 

out s i de edge of the mi n i ng cut to a l so improve s tab i l i ty .  Th i s  deta i l , 

however , was often omi tted i n  New R iver  mi n i ng pract i ce . D i verted 

runoff i s  c ha nne l ed a l ong the bench to stab i l i zed out l et s truc tu res 

whi c h  conduct  i t  down the s po i l bel ow the m i n i ng d i s tu rbance . The 

enti re spo i l i s  revegetated after backfi l l  a nd grad i ng ( 2 6 , 66 ) . 

Beg i nni ng i n  1 974 , he i g ht  l im i tations  on the exposed h i g hwa l l 

were enforced i n  Tennes see , a nd a rec l ama t ion  practi ce l oca l ly  known 

a s  pastu re backfi l l  became empl oyed . I n  th i s prac t i ce , s po i l  p l a ced 

back i n  t he mi ni ng p i t i s  graded i nto a gent l e  i nc l i ne across  the 

bench to the h i g hwa l l .  The down s l ope d i scharge of spo i l bel ow the 

bench was to be l imi ted to 1 25 ft (38 m ) . A d i ag ram of typi cal  

pastu re backfi l l  is  shown i n  F i gure 8 .  

After Ju l y ,  1 97 5  compl ete e l imi nati o n  o f  t he h i g hwa l l  was 

req u i red i n  Tennessee . A terraced backfi l l  s i mi l ar to the prev i ou s  

pa sture backfi l l  was empl oyed wi th s poi l p l aced compl ete l y  aga i nst  

the h i g hwa l l on the  back of  the  benc h . The Federa l Surface Mi n i ng 

Control a nd Recl amation  Act of 1 977  presently requ i res back-to-
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Fi gu re 7 .  Swal e Backfi l l  as  Practi ced in  the New Ri ver Bas i n ,  
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approx imate-or ig i nal -contour p l acement of the spoi l and prohi bi ts 

downs l ope d i scharge of mater i a l  bel ow the m i n i ng cut . Bac k-to

approx ima te-ori g i na l -contou r fi l l  as practi ced i n  steep s l ope m i n i ng 

i s  s hown i n  F ig ure 9 .  Exce s s  spoi l i s  p l aced i n  an  eng i neered head 

of hol l ow fi l l .  

The s poi l ban ks exami ned i n  thi s the s i s  represent swa l e ,  

pas tu re ,  and to a sma l l extent terraced backfi l l .  S i nce the stu dy 

s i te s  to be i ntroduced i n  the next chapter were esta b l i s hed i n  the 

mi d-l 97Q • s ,  before the Federa l Surface Mi ni ng Ac t ,  the present 

rec l amat i o n  pract i ce of bac k-to-approxi mate-ori g i na l -contou r was not 

di rec tl y exami ned . 

Prev i ou s  New Ri ver Work 

53 

As noted i n  the i ntroducti on , i nvest igat ion  of the mi n i ng s po i l 

i s  pa rt of  a l arger project exami n i ng the env i ronmenta l  aspects of 

surface mi n i ng i n  the New Ri ver Bas i n  of Tennes see . Severa l of the 

i nves t igat ions  a l ready compl eted are rel ated to th i s  thes i s .  Most  

i mportant  are the  hydrol og i c  model i ng of  the  spoi l bank by Turnmi re 

( 67 ) , a nd Crosby ,  Overton ,  and Mi near ( 1 2 ) ;  the geochem i ca l  cha racter

i za ti on s  of  the h i g hwal l by Franks ( 20 ) , Thompso n ( 63 ) ,  and Thompson 

and Ru l e  ( 64 ) ; and the exami na t i on of stream sed iments by Upham ( 7 2 ) ,  

Kete l l e  ( 34 ) , a nd Ru l e  and Br iggs  ( 54 ) .  I n  addi t ion  to these was a 

sma l l i nvesti gat ion  of spo i l bank m i nera l ogy by Rose ( 5 2 ) . 

Turnm i re exami ned the su bsu rface fl ow reg ime of the ponded spo i l 

bank . Hi s work  i nvolved the devel opment of a two-dimen s i onal  ma the

mat i cal  model  to descri be thi s f l ow and pred i c t  vari ati ons  i n  the 
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phreati c su rface wi th res pect to time and non-u n i form rec ha rge . The 

model a l so provi ded a ca l cu l at ion of d i s cha rge from the spo i l  grou nd-

water system based on the pred i c ted free sU I�face . Turnmi re tes ted h i s  

model aga i n st fi e l d  data ta ken from a set of g a l v a n i zed wel l s  at  the 

Ind ian  For·k Study Spoi l Bank ( see F ie l d Si te s ,  Chapter I V ) . An 

approx imate fi t was obtai ned between the pred i c ted phrea ti c su rface 

and observed wel l el evati ons ( 67 ) . 

Crosby ,  Overton , and Mi near exami ned a ma themat i cal  s imu l ati on 

of the ponded I nd i an Fork Stu dy S po i l Ban k .  The i r  hydro l og i c  model 

wa s conceptua l l y  determi ni sti c wi th theoreti cal  coeff i c i ents cal cu l ated 

from assumed basel i ne condi ti ons observed i n  the sys tem of wel l s .  

Ver i fi cat ion  of the model aga i nst  other than basel i ne cond i t ions  wa s 

not performed . The s imu l at ion model d i v i ded the s po i l i n to a satu ra ted 

zone overlyi ng an i mpermeab l e l ayer and an unsatu ra ted zone above the 

phreat i c  surface . Fl ow perpend i cu l ar  to the s l ope was not con s i dered . 

The s po i l  materi a l  was con s i dered to be homogeneou s and i sotrop i c  wi th 

a poro s i ty of 0 . 3 5  ( 1 2 ) . Major  conc l us i ons drawn from th i s  work were 

as fol l ows : 

1 .  Recharge to the satu rated zone i s  prima r i l y  attri butab l e 
to the pond . 

2 .  Travel time through the satu rated zone from the pond to 
the toe of the spo i l  ba nk i s  approx ima tely two years . 

3 .  Travel  time of i nfi l trated water ( percol a t i on ) throug h  
the unsaturated zone to the saturated zone i s  approx i 
matel y  s i x  years at fi el d capac i ty ,  assumi ng vertical  
perco l ati on . 

Crosby ,  Overton , a nd Mi nea r appl i ed the resu l ts from the 

s imu l ati on of the ponded s poi l to the non-ponded spoi l ban k .  C i t i ng 
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steepness and bareness of the s poi l ( wh ich  produces a h i g h  ru noff 

potenti a l  a nd l i ttl e i nfi l trati on ) ,  a h i g h  potenti a l  fo r evapotrans

pi rati on , and an apparentl y l ong time fo r perco l at ion , i t  was 

cons i dered un l i ke l y  that a saturated zone wou l d form i n  the s poi l bank 

from perco l ati on i n  the absence of a recharge pond . Thu s ,  su rface 

runoff was concl uded to be the prima ry tran sport mechani sm for 

pol l u tants from the non-ponded s poi l ba nk  ( 1 2 ) .  

Associ  a ted wi th the geo 1 og i c ma ppi ng of Ru l e  and Briggs  ( 54 ) ,  and 

Bri ggs  ( 2 )  descri bed earl i er were s tud ies  conduc ted by Franks , Thompson , 

a nd Thompson a nd Ru l e  to characteri ze the heavy meta l content of 

strata overl yi ng the Big  Mary and Pewee coal s .  The metal s Ag , Ca , 

Cd , Co , Cr , Cu , Fe , Mn , Ni , Pb , and Zn were exami ned . Attempts to 

associ a te part i cu l ar trace metal s to di s ti nc t  overburden l aye rs a nd 

thus to depo s i tional  envi ronment were u l timatel y i nconc l u s i ve .  

However , a general correl at i on between  meta l concentrati ons  and g ra i n  

s i ze was found . Roof s hal es cons i s t i ng of sma l l grai ned mu dsto nes 

immedi ately overl yi ng the coa l s con ta i n  the h i g hest meta l concentra

tions . Metal content wa s found to decrease as g ra i n  s i ze i ncrea sed i n  

the depos i ti onal sequence , i . e . , roof sha l es ,  s ha l es and mu d s tones , 

s i l ty-sha l es , s i l tstones  a nd sandstone . Manganese was a n  excep ti on 

as i ts concentrati o n  i nc reased wi th gra i n  s i ze ( 20 , 63 , 64 ) .  Tabl e 5 

was deri ved from Fran k ' s data and pre sents average meta l  concentrations  

found i n  s trata assoc iated wi th  the maj or coa l seams of  the New R i ver 

Bas i n .  

Thompson ' s  work i nc l uded s tati c l each i ng tests of sampl e s  from 

coa l , roof s ha l es ,  s hal es , s i l ty sha l e s ,  s i l tstones , and sa ndstones . 



Tab l e  5 .  S ummary o f  Frank 1 s Data o f  Heavy Metal  Content i n  Strata As soc i ated wi th the B i g  Mary and Pewee 
Coa l s ( 20 )  

Fe Mn  As  Cd  Co  Cr  Cu  N i  P b  Z n  
% tota l ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Lower De l ta P l a i n 

B i g  Mary Coal  0 . 4 46 7 . 2 <0 . 5 4 . 0 78 12 172 17 10 

Mudstones & Shal e s  3 . 7 563 50  3 . 3 40 242 28 86 36 121 

Sandstones & 2 . 0 1094 16 2 . 2 14 104 7 . 3 46 12 154 S i l t stones  

Ueeer De l ta P l a i n 

Wa l nut Mounta i n  Coal 0 . 2 10 3 . 6 1 . 3 8 . 8 140 16 375 28 21 

Lower Pewee Coa l 0 . 2  80 3 . 9 3 . 2  11 106 25 223 50 66  

Upper Pewee Coal  0 . 1 6 . 1 5 . 2 1 . 4 8 . 2 52 16 128 22 11 

Mudstones & Sha l es 2 . 6 366 43 3 . 1 36 218 2 . 6 111 39 140 

Sandstones  & 1 . 5 522 18 1 . 8 11  9 . 4 42 25 25 59 S i l t stones  

U1 
-....J 
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As wi th Fra nks ' work ,  these sampl es were taken from hi ghwa l l s  exposed 

i n  the I nd i a n  Fork and B i l l s Bra nch Study Basi ns . Coal s and roo f 

sha l es were reported to generate the l owe st pH  va l u es (3 . 1 -4 . 9 )  and to 

rel ease the h i g hest  pe rcentage of thei r tota l metal s ,  of whi ch i ro n ,  

manganese , and ca l c i um were predomi nant . Whi l e  l echa te concentra ti ons 

were h i g hest i n  i ron , a rel ati vely l ow percentage of  the tota l i ron i n  

the rock  was rel eased . Thompson u sed thi s as  evi dence to conc l ude  

reactive frambo i da l  pyri te is  a smal l percentage o f  tota l pyri te and 

other i ron compou nd s i n  the mi ne overbu rden . The l a rg er-g ra i ned s ha l e s ,  

s i l ty-sha l es ,  s i l tstones , and sandstones generated near neu tra l  pH • s  

and rel eased on ly  cal ci um and �anganese i n  mea surab l e amou nts ( 63 , 64 ) . 

S i nce the coa l s  and roof shal es compose a sma l l percentage of the h ig h

wa l l  exposed by surface mi ni ng ,  Thompson and Ru l e  conc l u ded t he i r  ac i d i ty 

wi l l  be neutra l i zed when pl aced wi th the overburden i n  the spoi l ban k 

( 64 } .  Thompson noted that many of t he sha l es and s i l tstones f i z when 

contacted wi th  aci d  sol ut ion  and c i ted thi s as  evi dence of CaC03 

cementat ion  ( 63 ) .  However ,  no di rect ev i dence of a substantia l  

carbonate presence other than s i deri te was fou nd in  geochemi cal 

characteri zations  of the h i g hwa l l ( 20 , 63 , 64 ) .  

Upham a nd Ketel l e  i nves t igated trace metal s i n  sediments trans

ported from the m i n i ng s i te in  I nd i an Fork , B i l l s  Branch and two other 

bas i ns .  They fou nd trends s i mi l a r  to that of  Franks , Thompson , and 

Thompson and Ru l e .  Wi th the exception of manganese , trace metal 

content was found to decrea se wi th i ncreas i ng parti c l e s i ze (34 , 54 , 72 ) .  

Ketel l e • s  work i ncl uded an exam i nat ion  of extracta b l e  meta l oxi des 



and found that hydrous ox i de forms compri sed a s i gn i fi cant vol ume of  

the  sed i ment l oad (3 4 ) . Mi neral  ana l ys i s  wi th X-ray d i ffracti on wa s 

a l so  performed on the sediments . Quartz , i l l i te ,  kao l i n i te ,  and 

vermi cul i te were i dent i fi ed wi th quartz dom i nati ng  the l a rger s i ze 

fract i on s  ( grea ter than 5 mi crons ) and the cl ays dom i nati ng the 

sma l l er fract ions . Mi nor amounts  of geoth i te ,  ch l ori te ,  ang l es i te ,  

and montmori l l on i te were i denti fi ed i n  the smal l sed iment parti c l es . 

No s i g n i fi cant vari ati on  i n  crystal l i ne mi neral content was fou nd i n  

streams dra i n i ng areas of d i fferen t mi n i ng and rec l amat i o n  h i s tori es  

(34 , 54} . 

The i nves tigati o n s  of the h i ghwa l l and of  d i s tu rbed stream 

sed iment suggest that the f i ne-gra i ned rock types concentrate heavy 

meta l s by sorpt ion  i nto the i r cl ay mi nera l matr i x .  Larger gra i ned 

rocks hol d  metal s wi thi n preci pi tated l ayers of hydrou s Fe and Mn 

oxi des  on the surface of the gra i n s .  The g reater ex posed s urface 

area of  the sma l l grai ned mi neral s provi des a l arg e potenti a l  for 

concentrati ng metal s as i nd i ca ted by the h i gh meta l concentrations  

fou nd in  the roof s ha l es ( 34 , 54 , 64 ) . 
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Ro se has conduc ted a sma l l i nvesti gat ion  of s po i l bank mi nera l ogy 

as part of research exami n i ng c hemi cal equ i l i bri um i n  the m i ne s po i l .  

The pu rpose of  thi s work  wa s to veri fy the exi stence of secondari l y  

preci pi tated m i nera l so l i d s  pred icted by chemica l  model i ng . To thi s  

end , sol i d s  were extracted from we l l s  at  the I nd i a n  Fork and B i l l s  

Branch Study Spo i l Ban ks ( see  F i e l d S i tes , Chapter I V )  and subj ected 

to ana lys i s  by X-ray di ffracti o n .  The res u l ts were i nconcl u s i ve bu t 

do prov i de qual i tative i nforma ti on on the m i nera l  compos i ti on of the 
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spo i l at both ban ks . Crysta l l i ne sol i d s  i denti fi ed were primar i ly 

quartz , kaol i n i te ,  and i l l i tes . Exami nati on for the carbonates of 

i ron , manganese , ca l c i um and mag nes i um reveal ed pos s i b l e  ev i dence on ly  

of s i deri te , the i ron carbona te ( 52 ) .  

The previ ous  New Ri ver work outl i ned above prov ides  a u sefu l 

perspecti ve for the work that i s  to fo l l ow .  From t he i r hydrol og i c  

mode l i ng ,  Crosby ,  Overton , and Mi near  ( 1 2 )  conc l u de the perco l a t i on 

of i nfi l trated waters throu gh the spo i l i s  s l ow and that a satu ra ted 

zone i s  u n l i ke l y  to form i n  a non-ponded s po i l ban k .  Fran k ' s  resul ts 

i nd i cate the overburden assoc i a ted wi th the B i g  Mary coal  ha s a h i g her 

i ro n  and ma nganese content than tha t  of the u pper del ta p l a i n  Wal nut  

Mounta i n  and  Pewee seams ( 20 ) . Other trace metal  concentra tions  i n  

the s trata were found to be s im i l ar .  These rel a t i onsh i ps  may be re

pea ted i n  the subsurface water q ual i ty found a t  the two stu dy s po i l 

ban ks . The geol og i c  ma ppi ng of  Ru l e  and Br iggs  ( 54 ) , a nd Briggs  ( 2 )  

a s s i g ned a l ower del ta p l a i n ,  mar i ne depos i ti onal  envi ronment to the 

B i g  Mary coa l . Th i s  sugges ts i ts dra i nage s hou l d be ac id i c .  However , 

the l each i n g  studi es  of Thompson ( 63 ) ,  and Thompson and Rul e (64 ) 

i nd i cate dra i nage from m i n i ng on both the B i g  Mary a nd Pewee coa l s wi l l  

be of neutra l p H .  Fa i l ure t o  pos i t i ve l y  i dent i fy carbonates other tha n  

s id er i te i n  the h i g hwa l l s trata suggest a l kal i n i ty i n  the spoi l may b e  

generated from other sou rces s u c h  a s  the a l um inos i l i ca te mi neral s .  

The X-ray d i ffract i on work by Uphman ( 72 ) , Ketel l e  (34 ) , and Ro se ( 5 2 )  

characteri ze the s po i l ma ter ia l  a s  a mixtu re of sand (q uartz ) a nd 

c l ays ( predomi na tel y  i l l i te and kaol i n i te ) , the presence of  the l atter 

i n sur i ng a compl ex weather i ng c hemi s try . 



F i e l d  S i tes 

CHAPTER IV 

EXPERIMENTAL DES IGN 

Two study s i tes were chosen for the s po i l  bank i nvest i ga ti on ,  a 

ponded s i te on  the upper bench and northern s i de of the I nd i a n  Fo rk 

Study Bas i n  and a non-ponded s i te on the sou thwes tern edg e  o f  the 

B i l l s  Bra nch  Stu dy Basi n .  These bas i ns a nd the l ocation  of the study 

s poi l banks are presented i n  F i gures 1 0  and 1 1 .  Areas of  m i n i ng 

d i s turbance are out l i ned , and the l ocation of stream gag i ng stati ons , 

observation  wel l s ,  undi sturbed seepage sampl i ng po i nts , a nd permanent 

bench ponds noted . These  addi tiona l  i tem s wi l l  be di scu s sed l a ter i n  

the text . 

The two study spo i l banks represent di fferent recl ama t i on 

pract i ces a nd mi ni ng on di fferent coal seams . At each ban k , a set  of 

wel l s  runni ng i n  a l i ne from the bench to the toe was i ns tal l ed and 

subsequentl y moni tored for grou ndwater el evati ons and wa ter qual i ty .  

The I nd ian  Fork Study Spoi l Bank was con tour stri pped to mi ne 

the upper and l ower Pewee coa l . Mi ni ng a l ong the seam was compl eted by 

1 97 2 .  The spoi l materi al  was p l aced i n  a swa l e backfi l l  conf igurat ion  

wi th  t he excess  di scharged down s l ope .  The remai n i ng hi ghwa l l i s  

approximate ly  50 fee t  ( 1 5 m ) . Reel amat ion  was mi n i ma 1 a nd the s poi l 

remai ned barren unti l 1 974 when di s turbance i n  the enti re I nd i an Fork 

bas i n  was hydro-seeded wi th a mi xture of fescu e ,  s eri cea l es pedeza , 

and b l ack l ocust .  Thi s vegetati on became f irmly  establ i shed wi thi n  a 

6 1  
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year . A su rface water fed pond ex i s ts on  the bench i n  a depress i on 

a l ong the hi g hwal l .  I t  covers an  area of approximately l /4 acre ( 0 .  1 0  

ha ) and dra i n s  through a cu l vert pl aced i n  the haul  road whi ch  traverses  

the m i n i ng benc h .  The di scharge i s  c ha nnel ed down the  s poi l bank  and  

i nto an  exi st i ng watercourse . 

I n  the fal l of 1 973  a seri es of 3/4 i nch ( 2  em ) ga l vani zed s teel wel l s  

was i ns ta l l ed at the Ind ian  Fork Stu dy Spoi l Bank as  a part of researc h 

exami n i ng the s torage and movement of grou ndwater i n  the mi n i ng s po i l 

(67 } .  A s u bsurface saturated zone was fou n d ,  and  i n  Novem ber ,  1 974 

and January , 1 97 5  a set of four , 2 i nc h  (5 em) d i ameter polyv i nyl 

chl ori de ( PV C )  wel l s  was i n s tal l ed to fu l ly access  the spo i l grou ndwater 

system. Severa l sma l l er , s ta i n l es s  steel wel l s  were i n stal l ed to access  

water at the  toe  of the spoi l in  Augu st , 1 97 7 .  Al l wel l s  had  l /4 i nch  

(0 . 6 em)  hol e s  dri l l ed al ong the i r  l ength to prov ide  entry of s ub

surface water . Tab l e 6 i ntroduces t he wel l  s i tes  a t  the I nd ian Fork 

Study Spo i l Ba n k ,  s ummari zes the i r  h i story ,  and out l i nes the peri ods 

for whi ch g ro undwater el evat ion  a nd water qual i ty data ex i st .  

When a contou r stri p mi ne c u t  i s  made , ori g i nal l y  co nsol idated 

overbu rden  ma teri a l  i s  frac tured , removed , and then bac kf i l l ed i n  a 

heterogenous mi xture common ly  known as the mi n i ng s po i l . The resu l t  

i s  a mass  of u nconsol i da ted , permeabl e materi a l  o verlyi ng the i ntact ,  

rel a ti ve l y  impermeabl e roc k  s tructu re of  the fl oor of  the  m i ni ng cut  

and of  t he moun ta i n  sl ope bel ow . Fou r surveys were conduc ted at the 

I nd ian Fork Study Spoi l Ba nk  over  the course of the resea rc h .  Thi s ,  

i nformation  from the wel l  dri l l er ' s  l og ,  and a knowl edge of the m i n i ng 



Tab l e  6 .  I nd i an Fork Study Spoi l Ban k ,  We l l  H i s tor i e s  

Per i od o f  Pe r i od of  
Date Depth Hydro l og i c  Chem i ca l  

We l l I nsta l l ed Mater i a l  ( feet ) Record Samp l i ng Comments 

Fl  13  Nov  74 Dr i l l ed & Cased , 30 8 Apr 75 - 21 Mar 75 - We l l  i n  pond on bench 
2 I nch  I D  - PVC 25  Aug 79 28 Jun 80 of  spo i l ;  chem i c a l  
p i pe s amp l i ng from pond ; 

hydro l og i c  meas urements  
made at we l l .  

F2 10 Jan 75 Dri  1 1  ed & Cased , 35  4 Apr 75 - 21  Mar 75 - We l l  on outer edge 
2 i nch  ID - PVC 25 Aug 79 4 Oct 76 of  bench ; de stroyed 
p i pe by vandal i sm i n  Nov-

embe r  1976 ; hydro l og i c  
record cont i nued u s i ng 
adjacent G1 we l l .  

F3  8 Jan 75  Dr i l l ed & Cased , 21 4 Apr 75 - 21 Mar 75 - We l l  i n  upper-mi dd l e  
2 i nch I D  - PVC 25 Aug 79 19 Dec 79 port i o n  of  s po i l s l ope ; 
p i pe b l oc kage occurred i n  

Apri l 1976 from appa rent 
s h i ft i ng of  spo i l mat-
er i a l ; saturated zone 
re-acces sed wi th 3/4 
i nch , s ta i n l e s s  s tee l 
p i pe dr i ven down i nto 
broken  cas i ng ;  we l l  
des troyed by vanda l i sm 
i n  June , 1980 .  

F4 8 Jan 75 Dri 1 1  ed & Cased , 23 4 Apr 75 - 21 Mar 75 - �Je l l i n  l ower-m i dd l e  
2 i nch  I D  - PVC 25 Aug 79 28 Jun  80 port i on of spo i l s l ope . 
p i pe ()) 

U1 



Tabl e 6 .  ( Cont i nued ) 

D a t e  
We l l  I n s t a l l ed 

F 5 

F 6 

F 7 

F 8 

G 1  
G 2  
G3  
G4 
G 5  
G6  
G7 

4 A u g  77 

4 A u g  77 

2 3  A u g  7 7  

F a  1 1  , 1973  

Mate r i a 1 

Hand- d r i ven , 3/4 
i nc h  ID - s ta i n -
l e s s  s tee l p i pe 

Hand- dr i v e n , 3/4 
i nc h  ID - s ta i n-
l es s  s t e e l  p i pe 

H a n d- dr i v e n , 3/4 
i nc h  ID - s ta i n
l e s s  s t e e l  p i pe 

Hand- d r i ven , 3/4 
i nc h  ID - g a l v a
n i zed s tee l p i pe 

Depth 
( fe e t ) 

11 

7 

5 

8 to 20 

P e r i od o f  
Hyd ro l og i c 

Rec o rd 

10 Aug 77 -
25  Aug 7 9  

26 Sep 78 -
4 J a n  79 

24 Aug 77 -
25  Aug 79 

P e r i od o f  
Chemi c a l  
Samp l i ng 

10 J u l  75 -
14 J u l  79 

10 Aug 77 -
28 J un 80 

10 Aug 77 -
14 J u l  7 9  

1 S e p  77 -
28 J u n  80 

Comme n t s  

B r e a k o u t , o r  s eepage , 
i n  toe reg i o n o f  t h e  
s po i l a l o n g  edge o f  
c ha n ne l c u t  by s u r face 
d i s c harge f rom p o n d .  

We l l  a t  b a s e  o f  s po i l 
j u s t  above the toe . 

We l l  i n  m i d d l e p o rt i o n  
o f  toe ; p ro b l ems w i t h  
mud p l ugg i ng and t h e  
i ntercept i o n o f  s u rface 
wat e r  p l ac e  hydro l og i c  
and c hem i c a l  s amp l i ng 
re s u l t s i n  q u e s t i o n .  

We l l  a t  ext reme edge 
o f  t h e  toe . 

We l l s  i n s ta l l ed at t h e  
I nd i a n  F o r k  S tudy Spo i l 
B a n k  a s  a part o f  a n  
e a r l i e r s tudy o f  s po i l 
g ro u ndwat e r  moveme n t ; 
no c he m i c a l  s amp l e s 
we re taken f rom g a l v a 
n i z e d  we l l s .  

------------------------------------------------------------------------------------------------------------ m m 



6 7  

opera ti on wa s u sed t o  con struct  a confi gurat i on for t h e  s poi l ban k  and 

impermeab l e l ayer be neath i t .  The survey resu l ts are presented i n  

Ta b l e 7 .  F i g ures 1 2  and 1 3  s how, to sca l e ,  a profi l e  a nd p l an 

of the Ind ian  Fork Study Spo i l  Bank system of wel l s .  

Contou r s tri ppi ng of the B ig  Mary coal began i n  the B i l l s  Branch  

Stu dy Bas i n  i n  l ate 1 974 and was comp l eted by September , 1 975 . As 

requ i red by Tennessee state l aw at tha t time , the spo i l  mater ia l  was 

backfi l l ed i n to a pasture config uration  l eavi ng a gent ly  s l op i ng bench 

and a n  exposed h i ghwa l l of 30 feet (9 m ) . The 1 25 foo t  l im i t on down

s l ope d i scharge of  spoi l was exceeded . The m i n i ng d i s turbance was 

revegeta ted wi th a fescue , seri cea l espedeza ,  and bl ack l ocu st  m i x ture 

s hortly after backfi l l i ng was compl ete . The conf igurat ion  of  the s poi l 

at  the Bi l l s  Bra nch Study Spoi l Bank does not promote pond i ng .  

A set  of five , 2 i nc h  ( 5  em ) di ameter PVC wel l s  was i nsta l l ed at  

the Bi l l s  Branch  Study Spo i l Bank in  November , 1 97 5 .  Shortl y a fter i n

sta l l at i on a section  of hau l road emban kment bu i l t  a l ong the edge of the 

bench b ecame satu rated and started to creep down the s po i l  s l ope . The 

res u l t i ng mov ement destroyed the C2 wel l ,  eventua l l y droppi ng the grou nd 

su rface 1 3  feet (4  m ) .  Fortunate l y ,  thi s so i l  mov ement was l oca l i zed 

and d i d  not damage the rema i n i ng wel l s .  Add i t i o nal s ta i n l es s  steel 

wel l s  were dri ven i n  May, 1 976  and October ,  1 97 7  to access g roundwater 

at the toe . Tab l e 8 i ntrodu ces the B i l l s  Branch  Stu dy Spoi l Bank wel l 

s i tes , summari zes t hei r h i s tory,  and outl i nes  the periods for whi ch 

groundwater e l evat ion  and water qual i ty data ex i s t .  Severa l surveys 

were conduc ted at the study ban k ,  and these were u sed a l ong wi th  t he 



Tab l e  7 .  I nd i an Fork  Study Spo i l Ban k ,  Survey Res u l ts 

Stat i on E s t i mated 
A l ong  E l evat i on 

Hor i zontal  o f  the E s t i mated 
L i ne M i n i ng Cut E l evat i o n 

Perpend i c u l ar Ground o r  O r i g i na l  We l l  of  the 
to the We l l  Top Surface Ground Bottom Impermeab l e  

H i ghwa l l E l evat i on E l evat i on Surface E l evat i o n  Layer 
We l l ( feet)  ( feet) ( feet)  ( feet)  ( feet)  ( feet)  Comments 

0-29 . 0  212 . 94 S l ope Above Spo i l 
0 - 14 . 0 205 . 50 Bank  

0+00 . 0  198 . 00 115 . 99 Top of H i  ghwa l l  

0+06 . 0  149 . 74 115 . 99 Base  of H i ghwa l l 

F l  0+56 . 0  145 . 99 117 . 99  115 . 99 115 . 99 O r i g i na l  we l l  top 
bro ken ; corrected 
e l evat i on 145 . 40 

G 1  1+35 . 5  149 . 58 147 . 40 127 . 43 115 . 99 

G2  1+37 . 0  149 . 92 147 . 88 131 . 47 115 . 99 Bench Mark 

F2  148 . 90 113 . 90 113 . 90 We l l Destroyed 
by Vanda l i sm 

G3  1+57 . 0  136 . 98 134 . 08 125 . 00 llO . OO 

F 3  1+97 . 0  114 . 92 112 . 66 94 . 66 91 . 16 91 . 16 O r i g i na l  PVC we l l 
top e l evat i o n  
ll6 . 15 

0'1 00 



T abl e 7 .  ( Cont i nued ) 

Stat i o n E s t i mated 
A l o n g  E l evat i on 

H o r i z o n t a l  o f  t h e  E s t i mated 
L i n e  M i n i ng C ut E l evat i o n 

P e rp e nd i c u l ar Ground o r  O r i g i n a l  We l l  o f  the 
to t h e  We l l  Top S u rface Ground Bottom I mpe rmeab l e  

H i ghwa l l E l evat i o n  E l evat i on S u rface E l evati o n  Layer 
We l l ( fe e t )  ( feet)  ( feet ) ( feet)  ( fe e t )  ( fe e t )  Comme n t s  

G 4  2+07 . 0  1 10 . 50 107 . 60 94 . 50 86 . 00 

F4 2+54 . 0  92 . 40 9 1 . 64 64 . 41 64 . 41 

G5 2+58 . 0 85 . 60 82 . 2 3 73 . 60 63 . 00 

G6 2+78 . 0 73 . 38 70 . 92 57 . 38 54 . 00 

G7 2+8 1 .  5 72 . 70 72 . 26  52 . 70 52 . 70 

F 5  2+29 . 5  58 . 24 Breakout 

F 6  3+04 . 0 59 . 46 58 . 90 4 7 . 46 46 . 00 

F 7  3+24 . 0 47 . 44 46 . 20 39 . 44 39 . 44 

F8 3+49 . 5 34 . 13 3 3 . 22 28 . 13 28 . 13 

3+66 . 0  29 . 44 S l ope Be l ow Spo i l 
4+02 . 0  2 1 . 52  B a n k  
4+24 . 0 1 5 . 26 

I n f o rmat i o n c omp i l ed from s u rvey s :  January 4 ,  1974 
Apri l 2 2 , 1975 0'1 
September 9 ,  1977 1.0 
Februar·y 24 , 1980 
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Tab l e  8 .  B i l l s B ranch Study Spo i l Ban k ,  We l l  H i s tor i e s  

Date 
We l l I ns ta l l ed 

C l  2 4  Nov 7 5  

B l  24 Nov 75 

B2 24 Nov 75 

C2 24 Nov 75 

Mate r i a l  

Dr i l l ed & Cased , 
2 i nch  I D  - PVC 
p i pe 

Dr i  1 1  ed & Cased , 
2 i nch  I D  - PVC 
p i pe 

Dr i l l ed & Cased 
2 i nch  ID - PVC 
p i pe 

Dr i l l ed & Cased , 
2 i nch  I D  - PVC 
p i pe 

Depth 
( feet ) 

20 

29 

32 

57 

Per i od of 
Hydro l og i c  

Record 

22 Jan 76 -
25  Aug 79 

22 Jan 76 -

25 Aug 79 

22 Jan 76 -

25 Aug 79 

Per i od of 
Chem i ca l  
Samp l i ng 

22 Apr 76 -
l3  Jun  78 

2l Apr 76 -
19 Dec 79 

Comments 

We l l  on  bench near 
h i ghwa l l offset from 
the l i ne of  rema i n i ng 
we 1 1  s :  we 1 1  d r i 1 1  e r '  s 
l og and s u rvey re s u l ts  
i nd i cate we l l  does 
not extend to the depth 
of  the m i n i ng cut ; no 
chemi ca l  samp l e s . 

We l l on bench near 
h i g hwa l l ;  we l l d r i l l e r ' s 
l og and s u rvey res u l ts 
i nd i cate we l l  does 
not extend to the depth 
of  the m i n i ng cut ; 
frequent ly  conta i ned 
i ns u ff i c i ent  vo l ume for 
chem i ca l  samp l i ng .  

We l l  o n  outer port i o n  
of  the benc h .  

We l l  o n  oute r edge of 
the bench ; b l oc kage 
occurred i n  January ,  
1976 from s h i ft i ng of 
the spoi l mater i a l . '-I N 



Tabl e 8 .  ( Cont i nued ) 

Date 
We l l  I ns ta l l ed 

8 3  24 N o v  7 5  

8 4  28 O c t  7 7  

8 5  19 May 76  

86 

Mate r i a l  

Dri l l ed & Cas e d , 
2 i nc h  I D  - PVC 
p i pe 

Hand- d r i ven , 3/4 
i nc h  ID - sta i n
l es s  ste e l  p i pe 

Hand- d r i ven , 3/4 
i nc h  ID - stai n
l e s s  s tee l p i pe 

Depth 
( fe e t )  

5 7  

14 . 5 

10 
( 11 )  

P e r i od o f  
Hyd ro l og i c  

Record 

2 2  Jan 76 -
25  Aug 79  

8 J u l  76 -
20  J u l  78 

P e r i od of 
C hem i c a l  
Samp l i ng 

2 1  Apr 76 -
28 J u n  80 

3 Dec 77 -
1 3  J u n  78 

19 May 76 -
30 Nov 78 

21 Apr 76 -
8 Mar 77 

Comme nts 

We l l  i n  mi ddl e p o rt i o n 
o f  the s p o i l s l op e ; 
i n i t i a l l y  dry , wat e r  
o b s e rved i n  Apri l ,  1 9 7 6  
fo l l ow i ng s h i ft a n d  
b l oc kage at the C2 
we l l  s i te .  

We l l  o n  l owe r p o rt i o n 
o f  the s po i l s l ope : was 
not t i ed i nto v e rt i ca l  
s e rveys conducted at  
t h e  s tudy s po i l b a n k .  

We l l  a t  base o f  s po i l 
j u s t  above the toe ; 
became p l ugged w i t h  
m u d  9 . 5 ft be l ow top ; 
removed and rep l aced i n  
A u g u s t  1978 ; bec ame 
p l ugged aga i n .  

Breako ut , o r  seepage , 
at  the toe where s po i l 
c o n v e rges  w i th  the o r i 
g i na l  ground s u rfac e ; 
f l ow genera l l y  i n s u f
f i c i e nt  for s amp l i ng .  

'-I w 
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wel l dri l l er ' s  l ogs  and mi ni ng i nformation  to con struct  a confi gurat ion 

for the B i l l s  Branch Stu dy Spoi l Ban k  and impermeabl e  l ayer beneath i t . 

The survey resu l ts are presented i n  Tab l e 9 .  A profi l e  a nd p l a n of  

t he study spo i l  ba nk are pre sented in  Fi gu res 1 4  a nd 1 5 .  

Mon i tori ng acti v i t ies  at  both s tudy ban ks ended i n  June , 1 980 

and mai n tenance of the research s i tes  was curta i l ed two months l a ter . 

Appl i cat ion  of resu l ts from the I nd i an Fork and B i l l s  Branch 

Study Spoi l Banks to adjacent secti ons  of the s po i l and to the spo i l 

bank  i n  genera l wi l l  requ i re evi dence that a saturated zone exi s ts 

e l sewhere and that the ground water qual i ty fou nd at  the stu dy ban ks i s  

not anomal ou s .  Wi th thi s  i n  mi n d ,  a porti on of the spoi l ban k  

i nvestiga tion  has been di rected a t  determi n i ng the exten t o f  saturat ion  

a nd the assoc i ated ground water qual i ty of the spoi l throughout the 

two study bas i ns . Thi s  i nvesti ga t i on i nvo l ved extens i v e  reconna i s sance 

of the spoi l and a seri es of spec i a l  observa t i on wel l s .  F ig ures 1 0  and 

1 1  present the l ocati ons of thi s work . 

Recon nai ssance of the s poi l i n  the two study bas i ns was con

duc ted to i denti fy s i tes where spo i l satu ra t i on was advanced . 

Subsurface wa ter can be i denti fi ed by su rface featu re s such as  

seepag e ,  creepi ng or s l i d i ng so i l ,  cat-ta i l s , and wi l l ow trees on  t he 

spo i l s l ope . Seepi ng h i g hwa l l s  a nd tra pped surface water on  the m i n i ng 

bench  can serve as sources of recharge for the spoi l g roundwater 

sys tem . The occu rrence of these fea tu res was noted and ma pped i n  each 

of the study bas i ns . 

The reconna i s sance resu l ts were u sed to sel ect s i tes where a 

saturated zone sho u l d  exi st . At each s i te ,  the postul ated zone was 



Tab l e  9 .  B i l l s  Branch Study Spo i l Ban k ,  S u rvey Re s u l t s 

Stat i o n  E s t i mated 
A l o n g  E l e v at i o n  

H o r i zontal  o f  the E s t i ma ted 
L i n e  M i n i ng Cut  E l e v at i on 

Perpend i c u l ar G ro u n d  o r  O r i g i na l  We 1 1  o f  the 
to t h e  We l l Top S u rface G round  Bottom I mpe rmeab l e  

H i ghwa l l E l evat i o n E l e v at i o n  S u rface E l e v at i o n Layer 
We l l  ( fe e t )  ( feet)  ( fe e t )  ( feet ) ( fe e t )  ( feet)  Comme n t s  

0+00 . 0  181 . 20 9 1 . 74 T o p  o f  H i ghwa l l 

0+10 . 0 135 . 00 9 1 . 74 Appro x .  Base of  
H i ghwa l l 

C 1  0+27 . 6  139 . 94 13 7 . 98 1 19 . 95  9 1 . 74 

B 1  0+27 . 6 1 3 1 . 89 1 30 . 7 1  106 . 70 9 1 . 74 

B2 0+98 . 5 126 . 06 123 . 06 9 1 . 74 9 1 . 74 9 1 . 74 Bench  Mark 

C2 1+59 . 5  127 123 . 38 6 6 . 38 66 . 38 We l l dest royed by 
s l i de ,  f i n a l  g ro u n d  
e l e v at i o n ,  110 . 44 

B 3  2+19 . 4 97 . 05 93 . 63 6 0 . 63 43 . 28 43 . 28 

B4 2+80 We l l  not t i ed i n to 
v e rt i ca l  c o n tro l 

B 5  3+1 1 .  0 50 . 00 46 . 86 3 4 . 00 22 . 00 
3+28 . 5 45 . 7 2  T o p  o f  Steep 

Emb a n kment at B a s e  
o f  Spo i 1 -....,J (.T1 



Tabl e 9 .  ( Co n t i nu ed ) 

Stat i o n 
A l o ng 

H o r i z o n t a l  
L i n e  

P e rp e nd i c u l ar 
t o  the  

H i g hwa l l 
We l l  ( fe e t )  

B 6  3+48 . 0 

3+5 5 . 5 

3+7 2 .  0 

We l l  Top 
E l evat i on 

( feet)  

Ground  
S u rface 

E l evat i on 
( feet ) 

22 . 00 

1 1 . 00 

4 . 50 

E s t i mated 
E l evat i o n 

o f  the 
Mi n i ng C u t  
o r  O r i g i na l  

Ground 
S u rface 
( fe e t ) 

I n fo rmat i on comp i l ed from s u rveys : October 2 ,  1975 
Februa ry 12 , 1976 
J u l y  26 , 1977 
February 24 , 1980 

We l l 
Bottom 

E l evat i o n 
( feet)  

E s t i mated 
E l evat i on 

o f  the 
Impermeab l e  

Layer 
( fe e t )  

1 1 . 00 

Comments  

App rox . Upper L i m i t 
o f  Saturat i o n 
at Toe 

Base o f  Toe 
Emb a n kment 

S l ope B e l ow Spo i l 
B a n k  

-....J 0"1 
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accessed wi th a hand-dri ven , 3/4 i nch  (2  em ) I D  s ta i n l ess  stee l o bserva

ti on  wel l i nsta l l ed nea r the toe where the reduced thi c kness of the 

spo i l  wou l d a l l ow compl ete penetrat ion  of  the fi l l . These wel l s  were 

dri ven i n  4 foot secti ons  wi th  a max imum atta i nab l e depth between 1 0  and  

20 feet ( 3 and 6 m ) . Al l were carefu l ly  sea  1 ed a t  grou nd 1 eve  1 to  prevent 

the i ntru s i on of su rface water . The i ntersec tion  a nd col l ection  of  

water i n  the se observat ion wel l s  wou l d  serve as  veri fi cati on  of the  

suspected saturated zone . The qual i ty of thi s water wou l d  then be 

compared to tha t fou nd at  the study s poi l banks . 

A tota l of  1 5  observation  wel l s  were i nsta l l ed i n  the two study 

bas i n s ,  1 0  i n  I nd ian  Fork and 5 i n  B i l l s  Branch .  These are i ntroduced 

a l ong wi th t he i r  h i stories  a nd s i te characteri st ics  i n  Ta bl e 1 0 .  

After sampl i ng ,  each observa ti on wel l was removed , c l eaned , and 

rei ns tal l ed a t  a nother s i te .  

Mon i tori ng ,  Sampl i ng and Analyti ca l Method s 

Hydro l og i c  moni tori ng o f  groundwater e l evati ons began i n  

Apri l , 1 97 5  a t  t he I nd i an Fork Stu dy Spoi l Bank and i n  January,  1 976 

at  the Bi l l s  Branch Stu dy Spoi l Ban k .  I t  ended for both banks i n  

Aug u st , 1 97 9 .  Thi s  work i nvol ved period ic  f i e l d  measurements o f  the 

depth  from the top of each s tudy wel l to the grou ndwater surface . 

The water surface was detected wi th a n  el ectri ca l  res i s ta nce probe . 

Thi s i nformation  was l ater combi ned wi th fi el d survey resu l ts to y ie l d 

groundwater el eva ti on  and satu ra ted zone thi c kness  data for eac h  wel l .  

Satu ra ted zone thi c kness i s  defi ned a s  the hei g ht of the water col umn 

above the impermeab l e l ayer constructed for each s tu dy s poi l bank . 



Tab l e  10 .  O b s e rv at i on We l l  H i s to r i e s  a n d  S i te Character i s t i c s  

B a s i n  & Date Depth Date Acce s s e d  Comme n t s / S i te 
We l l I ns ta l l ed ( fe e t )  Samp l ed Water C haracte r i s t i c s  

I nd i an F o r k  

O b s  #1  17  Aug 78 15 7 Dec 78 yes - we l l  d r i ven  to re f u s a l  
- p o nd i ng  o n  b e n c h  a t  

e n t rance to abandoned deep 
m i ne 

- breakouts on spo i l  s l op e  

O b s  #2 17 Aug 78 5 7 Dec 78 yes - p o nd i ng o n  bench  at 
e n trance to abandoned deep 
m i ne 

- breakouts o n  spo i l s l op e  

O b s  #3 21 J un 80 9 28 J u n  80 no - we l l  d r i v e n  to re f u s a l 
- wet h i g hwa l l 
- breakouts o n  s po i l s l op e  

O b s  #4 21 J u n  80 7 . 5 28 J u n  80 yes - we l l  d r i ven  to re f u s a l  
- s e a s o n a l  pond i ng o n  b e n c h  
- bre a ko u t s  o n  s po i l s l ope  

O b s  #5 14 Dec 78 10 6 Jan 79 no - we l l  d r i ven  to re f u s a l  
- s e a s o n a l  p o nd i ng o n  b e n c h  
- wet h i g hwa l l 

O b s  #6 15 Dec 78 13 . 5 6 J a n  79 y e s  - we l l  d r i v e n  to re f u s a l  
- dry b e n c h  

O b s  #7 21 J u n  80 5 . 5 28 J u n  80 y e s  - we l l  d r i ven  to re f u s a l  
- s e a s o n a l  pond i ng o n  b e n c h  

co 0 



Tab l e 1 0 .  ( Co n t i n ued ) 

Bas i n  & 
We l l  

I nd i a n  F o r k  
Obs  #7 C o nt ' d  

Obs  #8 

Obs  #9 

Obs  #10 

B i l l s Branch 

O b s  #11 

O b s  #12 

O b s  # 1 3  

Date 
I ns t a l l ed 

2 1  J u n  80 

17  Aug 78 

19 Aug 78 

21 J u n  80 

14 Dec 78 

14 Dec 78 

Depth 
( fe e t )  

6 

1 1 . 5 

1 1 . 5 

9 

9 . 5 

12 . 5  

Date 
Samp l ed 

28 J u n  80 

7 Dec 78 

7 Dec 78 

28 J u n  80 

6 J a n  79 

6 J a n  79 

Acce s se d  
Wat e r  

y e s  

y e s  

yes 

no 

yes 

yes 

C omments/S i te 
C haracte r i s t i c s  

- c reep i ng s po i l 
- breakouts at toe o f  s po i l 

- we l l d r i v e n  to re f u s a l  
- s e a s o n a l  p o nd i ng o n  benc h 
- c reep i ng s po i l 
- b reakouts at  toe o f  s p o i l 

- we l l  d r i v e n  to refu s a l  
- permanent p o n d  o n  bench 

( po nd #6 ) 
- breakouts o n  s po i l s l ope 

- we l l d r i v e n  to refus a l  
- p e rmane nt p o nd o n  b e n c h  

( pond #8 ) 
- b re a ko uts  o n  s po i l s l ope  

- we l l d r i v e n  to re f u s a l  
- dry bench  

- c reep i ng s po i l 
- s eepage on  s po i l s l ope 

- we l l d r i v e n  to  re f u s a l  

co 



Tabl e 1 0 .  ( Cont i nued ) 

Bas i n  & 
We l l  

B i l l s  B ranc h 
Obs  # 1 3  C o n t 1 d 

Obs  # 14 

Obs  # 1 5  

Date 
I ns ta l l ed 

21  J u n  80 

2 1  J u n  80 

Depth 
( feet ) 

7 . 5 

13 

Date 
Samp l ed 

28 J un 80 

28 J u n  80 

Acc e s s e d  
Water 

yes 

y e s  

C omme nts/S i te 
C ha racte r i s t i c s  

- d ry bench  

- d ry b re nc h  
- c re ep i ng s po i l 
- ma r s h e s  and b reakouts  o n  

s po i l s l ope 

- we l l  d r i v e n  to re f u s a l  
- d ry bench  
- mars h o n  s p o i l s l ope 

co 
N 
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Wa ter qual i ty mon i tori ng of the spoi l satura ted zone began i n  

Marc h ,  1 97 5  at  the I nd ian  Fork Study Spoi l Bank . Mon i tori ng of the 

Bi l l s  Branch  Bank began in Apri l , 1 976 . On each sampl i ng da te , a l l 

wel l s  wi th suffi c i ent wa ter at a study bank  were sampl ed . Rou ti ne 

water qua l i ty determi nat i on s  i nvo l ved fi el d measu rement of pH and Eh 

( redox potenti a l ) a nd l a boratory ana l ys i s  of wet chem i ca l , meta l , and 

trace meta l con sti tuents . Du ri ng the researc h ,  spec i a l sampl e sets 

were taken for orga n i c  carbo n , ferrou s i ron , su l fi des , n i trate s ,  and 

phosphates . 

The wel l s  a t  the I nd i an Fork S tu dy Spoi l Ban k a nd the observa

t ion  wel l s  i n stal l ed throug hout the two study bas i ns were fi tted wi th 

l /4 i nc h  ( 0. 6 em ) , Tygon S-50- HL tu b i ng and samp l ed from the bottom wi th 

the a i d  of a portab l e peri s ta l ti c  pump . I n i t i a l l y ,  on-l i ne mon i tori ng of 

pH and Eh were conducted as  a wel l was pumped down . Severa l sma l l  

vol ume sampl es wou l d  be taken for chemi cal  ana lys i s .  Dur i ng  the l atter 

hal f  of the researc h , compos i te sampl es of one l i te r  or  more were 

ta ken i n  an attempt to better rep resent the col umn of wel l water and 

avo i d  strat i fi cati on . The pH a nd Eh were determ i ned on the compos i te 

sampl e .  

Samp l i ng of the deeper wel l s  at  the Bi l l s  Branc h  S tudy Bank 

req u i red the u se  of a pl exi g l as s  ba i l er whi c h  was l owered i nto them 

and a l l owed to s i nk .  The pH and Eh were measu red immed i ately after 

water was removed from a wel l .  As at  I nd ian  Fork ,  i n i ti al samp l es  

were taken  i n  sma l l vol umes , wi th severa l  sampl es  represent i ng a 

wel l on each samp l i ng date . Later sampl es represent a s i ng l e  

compos i te vol ume removed from the wel l . 
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In addi t ion  to the mea surement of pH a nd E h ,  the fi e l d sampl i ng 

procedu re i nc l uded prepara t i on of sampl es for l a bora to ry ana l ys i s .  

Tota l and di s sol ved consti tuent samp l es were ac i d i fi ed to pH < 2 . 0  wi th 

u l tra-pu re n i tr i c  aci d .  Al l d i s so l ved cons ti tuent sampl es were 

fi l tered throug h 0 . 4 5  mi cron  M i l l i pore fi l ters i n  a p l asti c fi e l d  

fi l teri ng appara tus  prior t o  aci d i fi cat ion . Thi s equ i pment wa s acid  

ri n sed between sampl es to e l imi nate ca rry-over co ntami nat i on of meta l s .  

Tota l samp l es were not a l tered ether than aci di fi cati on . A l ong wi th 

the metal s sampl es , an u naci d i f i ed total  samp l e was taken for wet 

chemi cal  ana lysi s .  Di sti l l ed/de- i on i zed water was used to ri nse a l l 

samp l i ng equ i pment between wel l s .  New Nal ge po l yethyl ene bott l es we re 

u sed to transport and s tore fi e l d samp l es .  Samp l es for spec ia l  

ana l yses were prepa red i n  the fi e l d  as  was requ i red to preserv e  them . 

The water qual i ty var iab l es moni tored and the analyti cal method s 

empl oyed are out l i ned i n  Tab l e 1 1 .  Ana l yti cal  detec tion  l imi ts fo r 

these methods are presented i n  Append i x  A .  Dur i ng the s ix  years of  

re search , improved ana l yt i ca l  tec hn i qu es became ava i l a bl e in  the wa ter 

qua l i ty l a bora tory ,  espec i a l l y  for the determi nation of meta l s .  

However , i n  order to ma i ntai n  cons i stency i n  the spo i l bank data , the 

methods emp l oyed remai ned the same as  those ori g i na l l y  devel oped . 

Advanced techni ques  such as  l an thanum addi t i o n , a l ka l i add i tion , and 

ma tri x mod i fi cation were not practi ced in the ana lys i s of  metal s by 

atomi c absorption  spectroscopy .  

I n  December ,  1 98 1  and January ,  1 982 i n-s i tu so i l samp l es were 

taken at the two study s poi l banks . Thi s work was underta ken to 
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Tab l e 11. Water Qua l i ty Vari ab l es and Ana lyt i ca l  Methods 

Var i ab l e  

Wet Chem i s try 

pH  

Eh  
( Redox 

Potenti a l ) 

A l ka l i n i ty 

S u l fate 

Meta l s 

Fe 

Method 

Potenti ometr i c Standard 
Methods , 15th ed i t i on , 
Method 423 ; U . S .  E PA 
Method 150 . 1 

Se l ecti ve i on e l ectrode 

Potenti ometr i c  T i trat i on 
( pH 4 . 5 )  Standard Methods , 
15th edi t i on , Method 403 ; 
U . S .  EPA Method 310 . 1 

Turb i d i metr i c  Standard 
Methods , 15th edi t i on ,· 

Method 426C ; U . S .  EPA 
Method 375 . 4  

Atom i c  Adsorpt i on Spec
trophotometry Standard 
Methods , 15th edi t i on , 
Methods 303 and 304 ; 
spec i f i c  U . S .  EPA Method 
l i s ted for each metal 

Standard Methods # 303A ; 
U . S .  EPA Methods 243 . 1 
and . 2  

Comments 

F i e l d measurements u s i ng 
portab l e  meter (Or i on  
Research  ! ana lyzer/Model  
407A ) , s tandard i zed and 
temperature adj u sted . 

F i e l d  measurement us i ng 
portab l e  meter and p l at
i num Redox e l ectrode 
( O r i o n  Res earch Comb i na
t i on Redox E l ectrode/Mode l  
96-78 ) . 

Laboratory ana lys i s  per
formed o n  f i l tered samp l e ;  
t i trati on  end po i nt at pH 
4 . 5 .  

Labo ratory analy s i s per
formed o n  f i l tered s amp l e ;  
turb i d i metr i c  response of  
s amp l es c hec ked aga i n st  
s u l fate s tandards . 

Laboratory ana ly s i s  u s i ng 
a Perk i n E l mer  Mode l  403 
Atomi c  Abs o rpti o n  Spectro
p hometer add i t i ona l l y  
equ i pped wi th a HGA 2100 
g raph i te furnace . Meta l s 
ana ly s e s  were performed 
on  both total ( non
f i l tered ) and d i s s o l ved 
( f i l te red ) s amp l es .  F i l 
trat i on was perfomred i n  
the f i e l d  us i ng 0 . 45 um 
M i l l i pore f i l te r s .  Meta l s 
s amp l es  were f i e l d  ac i d i f i ed 
to pH<2 . 0 for s torage p r i o r  
t o  ana lys i s .  

Low l eve l  ana lyses  on  
graph i te furnace . 



T ab l e l l . ( C o n t i nued ) 

Va r i ab l e  

Meta l s 
( Ce n t )  

M n  

C a  

M g  

Trace Meta l s 

C d  

C o  

C r  

C u  

N i  

P b  

Method 

Sta ndard Methods # 303A ; 
U . S .  EPA Methods 243 . 1 
and . 2  

Sta ndard Methods # 303A ; 
U . S .  EPA Me thod 2 15 . 1 

Sta ndard Methods # 303A ; 
U . S .  EPA Method 242 . 1 

Atom i c  Ad s o rp t i o n  Spectro
photome t ry as  above 

Standard Methods # 303A 
and 304 ; U . S .  EPA Methods 
2 13 . 1 and . 2  

S tandard Methods # 303A 
a nd 304 ; U . S .  EPA Methods 
2 19 . 1 and . 2  

S ta ndard Methods # 303A 
and 304 ; U . S .  EPA Methods 
2 18 . 1 and . 2  

S tandard Methods # 303A 
and 3 04 ; U . S .  E PA Methods 
2 20 . 1 and . 2  

S ta ndard Methods # 303A 
and 304 ; U . S .  E PA Methods 
249 . 1 and . 2  

S tandard Methods # 303A 
and 304 ; U . S .  EPA Methods 
239 . 1 and . 2  

Comments  

Low l e v e l  a n a l yses  
o n  graph i te furnace . 

No l a nthanum add i t i o n .  

N o  l a nthanum add i t i o n .  

86 

Laboratory ana l ys e s  o f  
s e l ected meta l s samp l e s 
f o r  trace and m i n o r  
c o n s t i tuents . No  spec i a l 
samp l e  mod i f i c at i o n s  p r i o r  
t o  ana l ys i s .  S e e  Appe nd i x  
f o r  a na l yt i ca l  detect i o n 
l i m i ts . 



Tab l e l l . ( Conti nued ) 

Va r i ab l e  

T race Meta l s 
( Co n t )  

A l  

K 

Na 

S i  

Z n  

Spec i al 
Analyses  

O rgan i c  Carb o n  

F e r r o u s  I ro n  

S u l f i de 

Method 

S tandard Methods # 303C 
and 304 ; U . S .  E PA Me thods 
202 . 1 and . 2  

Standard Methods # 303A ; 
U . S .  EPA Method 258 . 1 

S tandard Methods # 303A ; 
U . S .  EPA Method 2 73 . 1 

S tandard Methods # 303C 

S ta ndard Methods # 303A 
and 304 ; U . S .  EPA Methods 
289 . 1 and . 2  

Combus t i o n- I n f rared 
Standard Methods , 15th 
e d i t i o n , Method 5 0 5 ; U . S .  
EPA Method 415 . 1 

Phenanthro l i ne Method 
Standard Methods , 15th 
e d i t i o n , Method 3158 

S e l e ct i ve i o n e l e c t rode 
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Comme nts 

Tota l and  d i s s o l ved samp l e s 
p repared i n  the fi e l d  for 
l aboratory a na l ys i s .  Samp l e s 
ac i d i f i ed to  pH<2 . 0  w i t h  
H C L  and s t r i pped t o  remov e  
C02 . Ana l y s e s  perfo rmed o n  
a B e c kman Mode l 9 1 5  Total  
Organ i c  Carbon Ana l yz e r .  

D i s s o l ved s amp l e s p repared 
i n  the f i e l d and aci d i f i ed 
to  pH< 2 . 0 .  Samp l e  was n o t  
reduc e d .  Laboratory spectro
p h o tome t r i c determi nat i o n 
at 5 10nm aga i n s t  fe rrous  
i ro n  s tandard s . 

D i s s o l v e d  samp l e s p repared 
i n  the f i e l d  and  pre s e rved 
w i t h  a spec i a l  a nt i - ox i dant , 
i o n i c  s trength b u f f e r .  
Lab o rat o ry ana l ys e s  aga i n s t  
known s u l f i de s tandards 



Tabl e 1 1 . ( Cont i nued ) 

Va r i ab l e  

S u l f i de 
( Co n t )  

N i trate 

Phosp hate 

Ac i d i ty 

Method 

S e l e ct i ve i o n e l ectrode 
S ta ndard Methods , 15th 
e d i t i o n , Method 4188 

Absorb i c  Ac i d  Method w i th  
p e rs u l fate d i ge s t i o n  
Standard Methods , 1 5 t h  
e d i t i o n , Methods 424C a n d  
F ;  U . S .  EPA Method 365 . 3 

Pote n t i omet r i c T i trat i o n  
( pH 8 . 3 )  Standa rd Methods , 
1 5 t h  e d i t i o n , Method 402 ; 
U . S .  EPA Method 305 . 1 
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C omme nts  

u s i ng a s i l v e r/ s u l f i de 
s e l ec t i ve i o n e l ectrode , 
doub l e  j u nc t i o n re ference 
e l ectrode sys tem ( O r i o n 
Research  Mode l s  94- 16A 
and 90- 02- 00 ) .  

Total  s amp l e s p repared i n  
t h e  f i e l d .  Labo rato ry 
ana l ys i s  aga i n s t  known 
n i t rate s tandards u s i ng 
a n i t rate s e l ect i ve i on 
e l ectrode , doub l e  j un c t i o n  
reference e l e c t rode system 
( O r i o n  Res earch Mode l s 
93-07- 0 1  and 90-02-00 ) .  
I o n i c  s trength adj u s tment 
was app l i ed to both s amp l e s 
and  s tandards . 

D i s s o l ved s amp l es prepared 
i n  t h e  f i e l d  and ac i d i f i ed 
t o  pH< 2 . 0 .  Lab o ratory 
a n a l y s i s  w i th  pers u l fate 
d i ge s t i o n  and spectro
photome t r i c determi nat i o n 
o f  total  d i s s o l ved 
p h o s p hate aga i n s t  known 
s tandards . 

Laboratory ana l ys i s  
determ i ned f o r  spec i f i c  
s p ec i a l s amp l e s .  Samp l e  
was f i l tered ; t i trat i on 
e n d  p o i n t  8 . 3 .  
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defi ne the physi cal properti es of the spo i l  ma teri a l . The unsatu rated 

and satura ted zones were accessed at  the toe of each ba n k .  Sma l l ,  2 . 8  

by 4 . 0  i nc h  ( 7 . 0  by 1 0 . 0  em ) push  tubes were u sed to take the i n-s i tu 

sampl es . Fi e l d dens i ty ,  poro s i ty and vo id  ra t i o  were determi ned on 

these . Add i t i onal sampl es  for mo i s ture conte n t ,  gra i n  s i ze analysi s ,  

and Atterbu rg l imi ts were obta i ned . Al l soi l samp l es were taken from a 

depth  of a t  l ea s t  3 feet .  Tab l e  1 2  ou tl i nes the  l aboratory determi na

tions  and sta ndard methods as soci ated wi th the s po i l  so i l sampl i ng 

effort . 

Stati s ti ca l  Methods  

The  l arge data ba ses assemb l ed i n  thi s research sug gest the  u se 

of descr i pt i ve s ta ti sti cs i n  order to summari ze the resu l t s .  The u se 

of s tat i st ics  to c haracteri ze the spoi l satu rated zone , however , mu st 

not proceed b l i ndl y .  Eval uati ons  of  normal i ty and spa ti a l  a nd tempora l 

vari at ions  s houl d  accompa ny the s tati sti cal summar i e s . Th i s  approach 

wi l l  be used i n  the Resu l ts and Di scu s s i on Chapters to fol l ow .  

The computeri zed S ta ti sti cal  Ana lys i s  Sys tem ( SAS ) , copyri ghted 

by t he SAS I nsti tute , I ncorporated of Ral e i g h ,  North Caro l i na ,  wa s 

used for s tati sti cal hand l i ng of the da ta ( 55 ) . The SAS UN IVAR IATE 

procedure wa s used to compute descr i pti ve sta ti sti cs . The se i nc l ude 

the number of observati ons , the  mean  and med i a n  of the samp l e ,  the 

range , the standard devi at ion , a nd va l u es of s kewnes s a nd kurtos i s .  

The s tanda rd devi ation represents the second moment about the mean and 

descri bes the spread of the data di s tri buti on . S kewness  and kurtos i s  

represent the thi rd and fou rth moments abou t the mean . These 
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Tab l e 12 . Spo i l So i l Samp l i ng ,  Laboratory Determ i nat i ons  and  Methods 

Laboratory 
Determ i nat i o n  

Water Content 

G rai n S i ze 
Ana lys i s  

Mechan i ca l  
Method 

Hydrometer 
Method 

Spec i f i c  G rav i ty 

Atterberg 
L i m i ts 

Standard Method 

ASTM D2216- 71 

AASHTO T87-70 & T88-70 
ASTM D421- 58 & D422-63 

AASHTO Tl00-70 
ASTM D854- 58 

AASHTO T89-68 & T90- 70 
ASTM 423- 66 & D424- 59 

Comments 

D ry i ng temperature 110°C 

F i nes  removed p r i or  to 
ana ly s i s  by was h i ng 
through U . S .  Standard 
# 200 s i eve . 

Hydrometer samp l es p re
pared s eparate ly from 
those  for mechan i ca l  
ana l ys i s .  

Samp l es dea i red wi th 
vacuum for 4 hours . 

L i qu i d  and p l a st i c  
l i m i ts determ i ned o n  
s amp l es p repared for 
hydrometer g ram s i ze 
ana lys i s . 



stati st ics  descri be the symmetry of the da ta di stri bu tion . Kurtos i s 

i s  u sefu l  for iden t i fyi ng b i -moda l i ty when i t  occu rs . 

9 1  

S kewness and kurto s i s  as wel l as  the c l oseness of  the  med i a n  to 

the mea n were used as i nd i ca tors of the norma l i ty of the sampl e  data . 

I n  a norma l d i str i bu tion  both are zero . A negati ve  va l u e  of s kewness  

i ndi cates the  d i s tri but i o n  tai l s  asymmetrica l l y  to  the  l eft .  A 

pos i ti ve val ue i n d icates s kewness  to the r ight .  Kurtos i s  i s  a measure 

of 1 1peakednes s . 11 A negati ve va l ue i nd i cates a pl a tyku rt i c  di str i bu tion . 

The p l a tykurt i c  d i s tri buti on  has fewer observa tions  a t  the mean and a t  

t h e  ta i l s  than the normal di stri bu tion  bu t has more o bserva t i on s  i n  

i ntermedi a te reg i ons . A b i -moda l di stri bu ti on i s  a n  extreme 

p l atykurti c di stri bu t i on . A pos i ti ve kurtos i s  i nd i cates a l eptoku rti c 

d i str i bu t i on wh i c h  has more items nea r the mean and at  the ta i l s  wi th 

fewer i tems i n  the i ntermedi a te reg i ons  than a normal di stri bu ti on wi th 

the s ame mean and vari ance ( 58 ) . 

Norma l i ty testi ng i s  important for a norma l l y  di s tri bu ted 

popu l at i on tends towards a centra l va l ue descri bed by the mean . I n  

thi s case , s pecifi cation  of samp l e  means and s ta ndard deviation  

adequatel y  characteri zes the expected system res ponse . Sampl e 

popu l ati ons that fai l to meet tests of norma l i ty suggest underlyi ng  

spati a l , temporal , and  other vari ati on . The U N I VAR I ATE procedure 

i ncl udes two tests for norma l i ty ,  the Shapi ro-Wi l k  W-test  for sets o f  

u p  t o  5 0  observations  and a mod i fi ed vers i on o f  the Kol mogorov

Smi rnov D-stati st ic  for l arger data sets . The nu l l hypothes i s  for 

both i s  tha t  the i n put data va l ues are a random sampl e  taken from a 
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normal di stri bu ti on . The tests are reg ress i on techn i ques  in  wh i c h  the 

samp l e  da ta are ordered and compared to expected val ues g enerated for 

the hypo thes i zed normal popu l at ion u s i ng descri pti ve  stati s ti cs 

computed from the sampl e .  A c l ose fi t about the expec ted val ues 

suggests the hypothes i zed d i s tri bu tion  i s  correct .  A val ue  of the 

test stati st ic  fa l l i ng outs ide  the cri ti ca l  reg i on i ndi cates a poor 

fi t of the sampl e data about the expec ted val ues and that the nu l l 

hypothe s i s  ( n orma l i ty )  s hou l d be rejected ( 35 , 5 5 , 56 ) . 

The nu l l hypothes i s  i s  rej ec ted for smal l va l ues  of  the Shapi ro

Wi l k  W-stat i s t i c  and for l arge va l u es of the Kol mogorov-Sm i rnov 

D-stati sti c (35 , 56 ) .  The Kol mogorov-Sm i rnov D-test  u s ed by U N IVARI ATE 

i nc l udes  an a l gori thm to ca l cu l a te the approx imate l evel  of s i g n i fi 

cance . S i g n i f i cance l evel s for the W-test are from a tab l e l oo k-up 

procedure ( 55 ) . S ince  the d i stri bu t i on function about  wh ich  the 

sampl e data are tested i s  defi ned by descri pti ve stat i st ics  computed 

from the same data , the i nherent  type I I  error i s  greater t han  for 

other s tati st ica l  tests . B i -modal  and o ther di stri bu tions  that are 

ba l a nced abou t the mean can produce erroneou s res u l ts .  Thu s ,  a 

con servati ve  l evel  of s i gn i fi cance shou l d  be appl i ed to 

these tests  ( 59 ) . The Shap i ro-Wi l k  W-test , the mod i f i ed Ko l mogorov

Smi rnov D-test , a nd cumu l a ti ve ci str i but ion pl ots produ ced by the 

U N IVAR I ATE procedure were the primary tool s used to eva l uate the 

normal i ty of the spoi l bank data and the transformat ions  appl i ed to i t . 

Hi s tograms of sel ected data were a l so used i n  th i s  effort . 

Severa l s tat i st i cal  model s for a nalysi s of  the spoi l ban k  data 

are presented i n  the Di scu s s i on chapter . These were eva l uated u s i ng 
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the CORR ,  TTEST , Genera l L i near Mode l s ( GLM ) , and DUNCAN procedu res of  

SAS . The  CORR procedure pe rforms a correl ati on ana l ys i s between 

i n pu tted vari a bl es .  The purpose of corre l ati on i s  to mea sure the degree 

of a ssoc i at ion  between pa i rs of vari ab l es and to test  whether i t  i s  

greater than what wo u l d  be expected by c hance a l one . I n  th i s  tes t  a 

correl ation  coeffi c i ent ( R )  i s  compu ted whose mag ni tude represents the 

degree of assoc i a t i o n  and whose s i g n  represents the apparent s l ope .  

R i s  a n  est imate o f  R ho ,  the descri ptor of the b i vari a te normal 

frequency d i stri buti on . When Rho equa l s  zero , there i s  no corre l a ti on 

between two var i ab l es . A Rho va l ue of ± 1 . 00 i nd i cates  a pe rfect 

corre l at i o n .  I n  correl ati on analys i s the nu l l  hypo thes i s  of no 

s i gn i f i cant a ssoci at ion between the i n putted vari ab l e s  i s  tested . 

A va l ue of R outs i de the cri t ica l  reg i o n  i nd i ca tes a s i g n i fi ca nt 

corre l at i o n  ex i sts  ( 5 5 , 58 ) . 

The TTEST procedu re tests  the equa l i ty of two popu l ation means  

wi th  i nforma t i on computed from sampl es o f  the popu l a t i on s . The u nder

l yi ng a ssumpti on s  are that the popu l ati ons are norma l l y  di s tri buted 

and that thei r vari ances are equa l . When the popu l ati o n  vari ances are 

u nequa l , a modi fi ed va l u e  of the degrees of freedom for the test 

stati st ic  i s  ca l cu l a ted from the observed vari ance of the sampl es 

(30 , 5 5 , 74 } . Transfo rmati ons  were performed on the sampl e  data when 

necessary to i nsure norma l i ty .  

The GLM procedures were used to perform a na l ys i s  of vari a nce 

and l i near regres s i on on the s poi l bank data . One-way ana l ys i s of 

vari ance was emp l oyed u s i ng the fixed effects mode l  to exam i ne the 
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equ a l i ty of treatmen t  effects hypothes i zed i n  the Di scu s s i on .  The 

as sumpti o ns  underl ying ana l ys i s  of vari ance are tha t  the samp l e  

popu l a tions  are normal , the ra ndom e rror wi thi n each treatment i s  

norma l ly d i stri buted wi th a mear, of zero , and the vari ance of the error 

i s  constant for a l l treatment effects  ( 30 , 55 , 58 , 74 ) . The powe r o f  

analys i s of  var i a nce i s  max imi zed when the experimental des i g n  i s  

ba l anced ( i . e . , equ a l  number of observat i ons un der each treatment 

effect ) .  The test  s tati st ic  i s  a l so rel a ti ve l y  i n sens i ti ve  to sma l l  

departures from the assumpti on of  equal i ty of varia nces . Thi s i s  not 

the case i n  an  unbal anced des ign , and the probab i l i ty of  type I I  error 

i s  i ncreased ( 74 ) .  Spoi l bank data for each water qual i ty parameter 

were transformed i nto a normal form before ana lys i s of  vari ance 

procedures were appl i e d .  The GLM regres s i on procedures were u sed to 

su ppl ement corre l ati ons performed on the spoi l bank data . The va l i d i ty 

o f  s impl e fi rst order model s was checked and mag n i tudes for the 

apparent s l ope obta i ned . 

The DUNCAN procedure appl i es the Du ncan mu l ti pl e  range tes t  to 

g roups of sampl es  to determi ne if thei r mean va l u es are s i g n i fi ca nt ly  

di fferent . The  nu l l hypothes i s s tates that there i s  no  s i g n i f i cant  

d i fference . The mean  val ues are ordered and the di fferences between a l l 

possi b l e pa i rs are compa red to s i g n i f i cant ra nges based on sampl e s i ze 

and degrees freedom of error . A di fference greater than the corre spond

i ng l east  s i g n i fi cant range provi des the grou nds to reject the nu l l  

hypothes i s for the pa i r  of mean s  i n  quest i on .  The Duncan test a vo i d s  

the l arge probabi l i ty of a type I error that i s  a s soc iated wi th a 
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ser ies  of t-tests exami n i ng a l l pos s i b l e  pai rs of samp l e  means from a 

grou p of samp l es . The test  entai l s  the same assumptions  as ana l ysi s 

of vari a nce . For a g i ven l evel  of s i gn i f icance , the DU NCAN procedure 

segregates the sampl es i nto g roups  that are not s i g n i fi cant ly  d i fferent . 

I t  can be appl i ed to the outpu t of ana lys i s  of var iance u s i ng GLM to 

eva l uate treatment effects hypothes i zed i n  the s tati st ica l  desi gn . 

The Du ncan  mu l ti p l e  ra nge test wa s ori g i nated for ba l anced samp l es 

(30 , 74 ) .  The SAS DU NCAN procedure a l l ows the use  of u nba l anced sampl e 

data wi th  a reduced power for the test ( 5 5 ) . 



CHAPTER V 

RESULTS  

As outl i ned i n  the I n trod uct i on and  Expe rimental Desi g n ,  the 

s po i l  satu rated zone has b ee n  exam i ned to determi ne i ts s i z e ,  extent 

and water qua l i ty .  Several hydro l og i c  and water qual i ty data bases 

were devel oped and are s ummari zed  i n  thi s c hapte r .  Al so presented 

are resu l ts from soi l sampl i ng at  the two s tudy s po i l banks . Much  of 

thi s i nformati on was co l l ected i n  the f i e l d  and anal yzed i n  the 

l a boratory by the au thor whi l e  an  u ndergradua te . 

Hydro l og i c  Data 

Grou ndwater e l evations  mon i tored at the I nd i a n  Fork a nd B i l l s  

Bra nch Stu dy Spoi l Ban ks are tabu l ated i n  Append i x  B a l ong wi th corre

spondi ng tabu l ati ons of satu ra ted zone thi ckne s s . Th i s  i nformation , as 

saturated zone thi ckness , i s  summari zed i n  Tabl e s  1 3  and 1 4  for the 

two study ban ks . The number of observat ions at each wel l i s  

i n d i ca ted a l o ng wi th descr i pt i ve s tati sti c s . The val ue of satu rated 

zone thi ckness corresponding  to t he bottom of each wel l i s  prov i ded 

as  a reference to the e l evati on of  the i mpermeab l e l ayer . As defi ned 

i n  t he experimenta l  des i gn , satu ra ted zone thi ckness i s  the heig ht of 

the water su rface above the i mpermeab l e l ayer constru cted for each 

study spo i l  ban k .  An exami nati on of the tab l es i n d i ca tes the I nd i an 

Fork , F6 and the Bi l l s  Bra nc h ,  Cl , B l  and B5  wel l s  do not fu l ly 

penetrate the spoi l to the i mpermea b l e  l ayer . As a resu l t ,  water 
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Tab 1 e 13 . Summary of  Saturated Zone T h i c knes s  Data for the I nd i an Fork  
Study Spo i l Ban k ( va l ues  i n  feet) 

Fl  F2 F3  F4 F6 F8 

Number 128 127 128 129 42 39  

Mean 2 7 . 12 14 . 29 9 . 61 11 . 02 9 . 52 2 . 53  

Std .  Dev . 1 . 2779 2 . 8153 4 . 1324 5 .  7227 1 . 6598 1 .  2036 

Med i an 27 . 61 13 . 87 10 . 72 8 . 32 10 . 07 2 .  71 

Range Max . 28 . 61 22 . 25 15 . 19 24 . 8  12 . 59 4 . 36 
M i n .  22 . 54 8 . 49 2 . 22 5 . 04 7 . 48 0 . 03 

Th i ckness  
Correspond i ng 

to 
We l l Bottom 0 . 00 0 . 00 0 . 00 0 . 00 1 .  46 0 . 00 

Tab l e 14 . Summary of  Saturated Zone T h i c kness  Data for  the B i l l s  B ranch  
Study Spo i l Bank ( va l ues  i n  feet) 

C1  B1  B2 B3 B5  

Number  75  76  76 68 63  

Mean 29 . 49 16 . 37 1 .  90 15 . 54 19 . 69  

Std .  Dev . 1 .  0193 2 . 1238 2 . 0764 3 . 6658 0 . 5380 

Med i an 28 . 78 15 . 70 0 . 99 17 . 38 19 . 57 

Range Max . 3 1 . 19 24 . 25 8 . 14 20 . 48 21 . 96  
M i n .  28 . 2 14 . 15 0 9 . 17 18 . 55 

Th i ckness  
Correspondi ng 

to 
We l l Bottom 28 . 19 14 . 96 0 . 00 0 . 00 12 . 00 



detected at  the bottom of these  wel l s  may represent a trapped col umn 

of water above the true phrea t i c  su rface . 

98 

The record of hydro l og i c da ta ta ken for the study spo i l  ba n ks 

confi rms t he presence of a saturated zone at eac h .  Thi s i nforma t i on 

al so serves to i l l u strate t he di fferences between the ponded and 

non-ponded spo i l bank system ( represented by the I nd i an Fork and B i l l s  

Branc h  Stu dy Spoi l Banks , respecti vel y ) . Duri ng t he course of the 

stu dy a l l of the I nd ian Fork we l l s  mai ntai ned a col umn of water , and 

t he hei g ht of thi s col umn s howed an  a ssociated res ponse to seasonal 

vari at ions  i n  preci p i tati o n . The wel l s  on the m i n i ng bench  at the 

B i l l s  B ranch Study Spo i l Bank s how a more errati c seasonal vari ati on 

and suggest  the satu rated zone beneath the bench is  mu ch  sma l l er than 

at  the I nd i an Fork  Study Ban k .  The downs l ope wel l s  a t  B i l l s  Branch 

i n d i ca te the retention  of a l arge vol ume of wa ter . 

The hydrol og i c  data for the wel l s  at  both study spoi l banks 

are presented i n  F ig ures 1 6  through  20 as  p l o ts of saturated zone 

thi c kness  versus time . The da tum for va l u es of sa turated zone 

thi c knes s  i s  the el evati on of the impe rmeab l e l ayer prev i ou s l y  defi ned 

for each wel l .  As a resu l t ,  the f igures  a l so represen t the cha ng e  i n  

the phreati c surface w ith  time . Das hed l i nes  i nd i cate ex tended 

peri ods when fi e l d data were unava i l a bl e . 

Records of dai l y  prec i pi tati o n  were ava i l a bl e for the New 

Ri ver Area , and somewhat i ncompl ete records were ava i l ab l e for the 

two s tu dy bas i ns .  Thi s i nforma ti on was prev i ou s l y  s umma ri zed i n  

Tabl e  3 ,  page 32 . The prec i pi tat ion  records i nd i ca te the summer of  
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1 975  and the fa l l  of 1 978 were unusua l l y  dry . The fal l  of 1 977  wa s 

wet ter than norma l , and the wi nter of 1 978 experi enced u nu sua l ly heavy 

snowfa l l .  

The major source of rec harg e  to the grou ndwa ter system a t  the 

I nd i an Fork S tu dy Spoi l Bank i s  the surface water pond tra pped on  the 

benc h .  Secondary sources of rec harge are d i rect i nfi l trati on of 

prec i p i ta tion  and seepag e from the buri ed h i g hwal l and coal  seam . The 

max i mum su rface el evati o n  of the I nd i an  Fork pond ( F l ) i s  contro l l ed 

by the e l eva ti o n  of the cu l vert wh i ch dra i n s  i t .  The resu l t  i s  a 

source of constant hydrau l i c head for the groundwater system a t  the 

I nd ian  Fork Study Spo i l  Bank u nder per i ods of wa ter surpl u s .  Dur i ng 

dry pe ri ods the pond e l evation  drops , and the head prov i ded the sys tem 

decrea ses . The response of the F l  we l l  i s  shown i n  F i gure 1 6 .  

Downg rad i ent  wel l s  at I nd i an Fork wou l d  be expected to respond 

to changes i n  the e l evat ion  of the Fl wel l . An exami nation  of 

F i gu res  1 6 , 1 7 ,  and 1 8  s hows thi s to be the case . Two other responses 

are revea l ed by these fi gures . Peri ods of recharge after drawdown 

du r i ng the wi nter and spri ng of 1 976  and the fa l l  of 1 97 7  s how erra t i c  

changes  i n  the col umn o f  water found a t  the F2 , F3 , and F 4  wel l s .  

I n  contra s t ,  changes duri ng 1 978  a nd 1 979 appear to be  dampened . The 

F3 and F4 wel l s , and to a l es ser degree the F2 wel l ,  s how an  i ncrea s i ng 

saturated zone thi c kness that reached a rel at ive ly  con stant  val u e  i n  

l ate 1 97 7  and was agai n achi eved after the unusu a l l y  dry fal l o f  

1 97 8 .  Al l of the I nd i an Fork wel l s  behaved s imi l arl y duri ng  peri ods  

of  drought .  
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The hydro l og i c  res ponse  of the F2 , F3 , and F4 wel l s  suggests 

that conti nued weatheri ng and saturat ion of the study ban k  has 

occurred d uri ng the course  of the research . The constan t ,  max imum 

saturated zo ne thi c knes s  achi eved i n  these wel l s  and i n  the hand

dri ven we l l s  at the  toe i nd i cate that the I nd i an Fork  Study Spo i l  Bank 

i s  fu l l y saturated and respondi ng  to the constant head i nput of  the 

pond . The ra p i d  change observed i n  the Indi an Fork we l l s  wi th c ha nges  

in  the el eva t i on of  the pond we l l ,  F l , s ug gests t he res i dence t ime of  

water in  the s poi l ban k  may be  s horter than the two years ca l cu l ated 

by Cros by , Overton , and Mi nea r ( 1 2 ) . 

The confi gurati on of the fi l l  at  the B i l l s  Bra nch S tu dy Spoi l 

Ban k  e l imi na tes pendi ng . As a re su l t , the major sou rces of rec ha rge 

to the groundwater system are i nfi l trat ion of  prec i pi tat ion  and 

seepage from t he covered h i g hwa l l a nd coal seam . An exami nat ion  of 

the hydro l og i c  data for the B i l l s  Branch  wel l s , F i gures 1 9  and 20 , 

s hows a di fferent  response from tha t  seen a t  I nd i an Fork . 

Figu re 1 9  presents the hydro l ogi c response of t he B i l l s  Bra nch 

bench  wel l s ,  B l  and 82 . As a l ready noted , the B l  wel l does not ful ly  

pene trate the spoi l to  t he impermeabl e  l ayer . The  tendency towa rds a 

mi n i mum val u e  of saturated zone thi c kness corres pondi ng to the hei ght  

of  the  wel l bottom above the  impermea b l e  l ayer supports the su spi c i o n  

that observati ons  from the B l  wel l often represent trapped water 

above the true phreatic  surface . The pos i ti on on  the bench of the 

82 wel l corresponds to that of I nd i an Fork F2  wel l s i te .  The sma l l 

co l umn of water observed at 8 2  i nd i cates the saturated zone beneath 



the bench i s  smal l er than that at  the I nd ian  Fork S tudy Spoi l Ban k .  

The depth o f  fi l l  a t  thi s p os i tion  o n  both benches i s  approxima tely 

the same . 
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S i nce i t  d i d  not reach  the impe rmeabl e l ayer , hydrol og i c  da ta 

from the Bl wel l mus t  be v i ewed d ifferently from that of B2 . Severa l  

peak va l ues  of s aturated zone thi c kness were observed that correspond 

wi t h  pea ks  seen at  B2 , a nd these are consi dered to be s i g n i fi cant .  

Howeve r ,  a saturated zone thi c kness  of 1 5  feet corres ponds  to  the 

bottom of the Bl wel l .  Seven ty-fi ve percent of the observa tions  from 

t he wel l  l i e between 1 5  and 1 6  feet , and a l l mea surements made du ri ng 

dry peri ods fa l l  wi thi n thi s rang e .  The resu l t i s  tha t val u es o f  

satu rated zone thi cknes s l es s  t ha n  1 6  feet are cons i dered to represen t 

trapped water . Va l ues above 1 6  feet are taken to represent observa

ti ons where the phreati c surface had ri sen s i g n i fi can t ly  a bove the 

bottom of t he Bl wel l .  

The hyd ro l og i c  response  of the B l  a nd 82  we l l s  s hows seasona l 

vari at i o n .  Recharge was errat ic  a nd occurred i n  the wi nter and 

spri ng . Du r i ng l ate summer the wel l s  went dry . The res ponse of the 

saturated zone was compared wi th  da i ly rai nfa l l record s for the B i l l s  

Branch Study Bas i n .  Al t ho ug h  too vo l umi nous  for presentat ion here , 

the resu l ts  i ndi cate pea k s  observed i n  saturated zone thi ckness a t  the 

bench wel l s  correspond to per i od s  of concentrated preci p i ta t i on . Th i s  

suggests saturat ion  beneath t he bench at the Bi l l s  Branch Study Spo i l  

Bank i s  tempora l and l i n ked t o  the i n fi l tration . Perco l a t i on i s  ap

pa rently rap i d . Fig ure 1 9  i nd i cates i ncreases of  4 feet ( 1  . 2  m )  or 

more i n  the col umn of wel l water at  B l  a nd 82  wou l d  often occur wi thi n 

a two week peri od . 
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The c hange i n  satu rated zone th i ckness wi th  t ime for B3 a nd B5 

i s  s hown in F i gure 20.  The B3 wel l wa s i n i t i a l ly dry and dur i ng the 

fi rst yea r s howed an unstab l e res pon se as  it fi l l ed wi th a l a rge 

col umn of water whi c h  was ma i ntai ned for the rema i nder of the f ie l d 

record . I t  i s  i nteresti ng that the appearance o f  water i n  the B3 wel l 

corresponded wi t h  the movement of s poi l mater i a l  t ha t  destroyed the 

ups l ope C2 wel l . Thi s and the �ubsequent response of B3 i nd i ca te tha t  

t h e  down s l ope porti on o f  the B i l l s  Branch Study Spo i l B a n k  had become 

saturated wi thi n two years of mi n i ng .  

The surface configurat ion  of the Bi l l s  Branch  Study Ban k  pri or 

to mi n i ng was that of a draw . The dr i l l er ' s  l og for B3 i nd i ca tes  

that t he ori g i na l  g round surface was  buri ed 30  feet  beneath the spo i l  

and that  the wel l penetra ted a n  add i t i ona l 20 feet of weathered 

res i d i um mater i a l  before i nte rcep t ing  i ntac t  s trata . Th i s i nd i ca te s  

that t h e  i mpermeab l e l ayer l i e s  i n  a natural depres s i on beneath B 3  and  

may accou nt for the l arge col umn of  water that pers i s ts i n  the wel l .  

The s torage of water at  the toe of the B i l l s  Branch S tudy Bank was 

confi rmed wi th the shal l ow ,  hand-dri ven B4 and B5  wel l s .  Al though 

nei ther reached t he impermea b l e l ayer ,  both were o bserved to mai nta i n  

s i g n i fi ca nt co l umn s  o f  water . 

T he B2  and B3 wel l s  s how an a ssoci ated res ponse to the dry 

summer cond i ti on s  of 1 976 , 1 97 7 , and 1 978 . I n  addi ti on , l ocal  max i ma 

i n  the hydro l og i c  res ponse  of B3 appear to corres pond wi th peaks  i n  

the respons e  of B2 . These  observat ions l end su pport to t he hypothes i s  

of a mov i ng groundwater system at the B i l l s  Branch  Study Spo i l Bank . 
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The B5 wel l  showed on l y  sma l l c hanges  i n  response to changes at the 

u pgrad i ent  wel l s .  The prob l ems experi e nced wi th mu d i nf i l trati on and 

the l arge vo l ume of water s tored at B3 may have produced a damp i ng 

affect on the res ponse of thi s we l l .  

Config u rati ons for the I nd i an Fork and B i l l s Branch  Study Spoi l 

Banks  were presented i n  the c hapter on Experimental Des i gn . I n  these 

the m i n i ng spo i l  i s  v iewed as a mas s of  u nconso l i da ted ,  permeabl e 

mater i a l  overl yi ng the i ntac t ,  rel at ive ly  impe rmeabl e roc k s tructu re 

of the f l oor of the mi n i ng  cut  and t he mounta i n  s l ope bel ow the bench . 

The va l u es of satura ted zone th i ckness presented for each wel l  were 

cal cu l ated from the e l evat ion of the phrea ti c surface a bove thi s 

i mpermeab l e l ayer . I n  a s imi l ar manner , the boundari es  of t he saturated 

zone l yi ng above the  impermeab l e l ayer can  be defi ned , and the  area of 

the resu l ti ng cross secti on ca l cu l a ted . The satu ra ted zone cross  

secti o n  i s  of i nterest  for it  represents the l en s  of  g roundwater 

present i n  the spoi l .  I ts area i s  a conven i en t  measure of the s i ze of  

thi s l en s . 

Mode l s for saturated zone c ross  secti ons  a t  the two s tudy 

spo i l  banks  are presented i n  Appendix C .  The hydro l og i c  data were 

u sed to cal cu l ate val ues of satu ra ted zone cross  secti o n  area for 

each observati on  date . I nterpol ated val ues  were su bs ti tu ted for 

mi s s i ng observati ons  at i nd i v idua l  wel l s .  The two s ta i n l ess  steel 

wel l s  at the toe of the I ndi an Fork Stu dy Bank d i d  not ex i s t duri ng 

the fi rst 2-l /2  years of the research . Dur i ng thi s peri od average 

va l u es for the i r  recharged or  depl eted cond i ti on ( see Hyd rol ogy 
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sect ion  of  Chapter V I ) were u sed wi th the appropri ate condi t ion  a s s i gned on 

the bas i s  of hydro 1 og i c condi t ion  observed at  the upg rad i ent we 1 1  s. The 

ca l cu l at i on of cross sec t i on area proceeded by the method of rectangu l ar 

coord i nates arou nd the pol yg on descri bed by the su rvey resu l ts defi n i ng the 

impermeabl e  l ayer and the hyd ro l og i c  da ta defi n i ng the phreati c surface . 

Tabul ated va l ues  of saturated zone cross  sect i on area assoc i a ted wi th each  

observation  da te are a l so i nc l uded i n  Append i x  C .  

Profi l es of  the maximum , medi an , and mi n i mum observed saturated zone 

cross secti on a rea at the I nd i a n  Fork and Bi l l s  Branch  S tudy Spo i l Banks  are 

presented i n  Fi gures  21 and 22 . The se serv e to further i l l u stra te the d i f

ference i n  storage between the ponded a nd non-ponded spoi  1 and the range of 

fl uc tu at i o n  of the phrea t i c  su rface wi thi n the embankment . Mou nd i ng u nder 

max imum condi ti ons  benea th the F4 a nd BS  wel l s  suggests substanti a l  

infi l trat ion  o f  water on t h e  s l ope bel ow t h e  bench . Note that a t  

I n d i a n  Fork t he satu rated zone u nder max imum o bserved condi tions  nearly 

i n tersects the s poi l s l o pe bel ow the F4 wel l . The dashed phreati c 

surfac e  beneath the bench  of the Bi l l s Branch Bank for the medi an and 

m i n imum observed condi t ions  in Fi gu re 21 i ndi cate i ts tru e  pos i ti on i s  

not known . Some deg ree of moundi ng aga i nst  the h i g hwa l l wou l d  be 

expected , bu t s i nce  it occu rs beneath the bottom of the B l  wel l , i t  

cannot be qu anti fi ed . 

F i gu re 23 presents the respon se of the I nd i a n  Fork and B i l l s  

Branch c ro s s  secti on areas ( I F  Area 2 and BB Area 4 ,  res pect ive ly ) 

wi th  ti me .  The I nd i an Fork graph  s hows the same assoc i a ted response 

to seasonal vari ations  i n  preci pi tat i on observed at the i ndi v i dua l 

wel l s .  I t  i l l u s trates the mag ni tude of change that occurs between 
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peri ods of water surpl u s  and wa ter defi c i t  and the i ncrea s i ng deg ree 

of spoi l satu rat ion suggested by t he satura ted zone thi cknes s res ponse 

of the F2 , F3 , and F4 we l l s .  

The time response of the B i l l s  Branc h  saturated zone cross  

section  area i s  domi nated by the B3 wel l . F igure  23 documents the 

l arge i ncrease  i n  the s i ze of the saturated zone assoc i a ted wi th rap i d  

saturati on of the downs l ope spo i l i n  1 976 . After 1 976 , the col umn of  

water in  B3  became rel a t i ve l y  stab l e ,  and peaks  o bserved in  the 

response of the c ross  s ect ion  area are du e to changes in the bench 

wel l s .  The c ro s s  secti on s hows drawdown duri ng periods of  summer 

droug ht ,  t houg h  not as di sti nctly as that seen at I nd i an Fork . The 

overal l res po nse of the B i l l s  Bra nch  c ross  sect i o n  area i nd i cates 

satu rati on of  the downs l ope spoi l fol l owed by a n  i nc reas i ng deg ree of 

saturati on beneath  the benc h . 

Water Qual i ty 

Water qua l i ty data have been obtai ned for the satu rated zone 

at  the two s tu dy s po i l ban ks , the observation  we l l s ,  the permanent 

bench  ponds i n  the I ndi an Fork  Study Ba s i n ,  and for u nd i s tu rbed 

seepages i n  both study bas i n s .  Summari es  o f  th i s  i nforma ti on have 

been d i v i ded i nto maj or const i tu ents , trace meta l s ,  and s pec ia l  

a na lyses . Tabu l ati ons of  the  fi e l d data by s tudy bank , wel l s i te ,  

and sampl e  day are conta i ned i n  Append i ces 0 throug h G .  An overal l 

summary i s  presented i n  Tabl e 1 5  a s  an  assay of consti tuent concen

trati ons fou nd i n  subsurface waters at  the I nd i an Fork a nd B i l l s  

Bra nc h  Study Spo i l  Banks . Tota l concen trati ons are provi ded for 
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Tab l e  15 . A s say of  Const i tuent Concentrat i on s  Found i n  Sub s ur face Water 
at the I nd i an Fork  and B i l l s  Branch Study Spo i l Banks  ( v a l ues 
i n  mg/ 1 , except pH )  

Co ncentrati on Med i an Detecti on 
Range Va l ue L i m i t  

A l  Total DL - 23 . 7  2 . 5 0 . 1 
D i s so l ved DL - 4 . 5 0 . 12 

Ca Tota l 17 - 284 58 
D i s s o l ved 4 . 4 - 182 70 

Cd  D i s so l ved D L  - 0 .  0413 0 . 0004 0 . 0001 

Co Total D L  - 0 . 158 0 . 018 0 . 001 
D i s so l ved DL - 0 . 500 0 .  013 

Cr Total D L  - 0 . 062 0 . 0028 0 . 0001 
D i s so l ved D L  - 0 . 0046 0 . 0008 

C u  Tota l D L  - 0 . 030 0 . 0046 0 . 0001 
D i s s o l ved 0 . 0004 - 0 . 0149 0 . 0030 

Fe Total DL - 185 16 0 . 001 
D i s s o l ved DL - 123 5 . 4 

K Total 1 . 8 - 104 5 . 8  

Mg Total 8 . 6 - 154 21 
D i s so l ved 7 . 0 - 150 29 

Mn Total  0 . 12 - 30 3.  7 
D i s so l ved 0 . 012 - 34 3 . 05 

Na Total 0 . 3 - 2 . 4 1 . 2 

N i  Tota 1 0 . 0030 - 0 . 120 0 . 0094 

Pb Total DL - 0 . 073 0 . 0025 0 . 0001 
D i s so l ved D L  - 0 . 0096 D L  

S i  D i s so l ved DL - 9 . 2 2 . 2 0 . 1 

Zn  Total 0 . 001 - 3 . 55 0 . 025 
D i s so l ved D L  - 0 . 415  DL  0 . 001 

pH 4 . 4 - 7 . 8 6 . 3 



Tab l e  1 5 .  ( Conti nued ) 

Conce ntrat i o n Med i a n 
Range V a l u e  

A l ka l i n i ty as  Caco
3 16 - 809 192 

Orga n i c Carbon as  C 
Total  2 - 336 22 
D i s s o l ved D L  - 66 1 1  

S u l fate DL - 800 76 

S u l f i de as  S- 2 D L  - 2 . 7 6 D L  

N i trate as  N03 1. 6 - 5 . 3 2 .  7 

P ho s p hate a s  p 0 . 009 - 0 . 0 5 5  0 . 034 

" D L" denotes concen trat i o n s  be l ow ana l yt i cal  detect i o n l i m i ts 

1 1 5 

Detect i o n 
L i m H 

2 . 0 

2 . 0  

0 . 0 5  



compari son wi th the Beaver Creek and I l l i no i s  data presented i n  the 

l i tera ture rev i ew .  Med i an va l u es are g i ven because  they are  not 

affected by extreme va l ue s  as  i s  the mean a nd better represent 

"average "  condi t ions  found i n  the spoi l . 
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I t  i s  apparent from Tabl e  1 5  that subsu rface su l fate and tota l 

meta l concentrations  are genera l l y  l ower than tha t found i n  the other 

spoi l ba n k  stud i es (8 , 9 , 45 ) .  The pH  i s  s l i g htly ac i di c  fa l l i ng 

between the neutra l  val ues observed i n  the I l l i no i s area mi n i ng spoi l 

and the h i g h l y  aci d dra i nage a ssoc i a ted wi th contour mi n i ng i n  the 

Beaver Creek  Study .  Al kal i ni ty i s  l es s  than i n  the I l l i noi s spoi l ,  

whi ch conta i n s  g l ac ia l  as  wel l as  sedimentary depos i ts ,  but i s  great ly  

el eva ted above that found a t  Beaver Creek . Nutri ent concentra tions  

appear to be l es s  t han that fou nd i n  I l l i no i s . 

Tab l e 1 6  i s  prov i ded to contrast  subsurface wa ter q ua l i ty a t  the 

two s tudy spo i l  banks wi th  dri nk i ng  water a nd other s tandards (70 , 7 1 ) ,  

and w ith  u ndi sturbed grou nd water from the Cumber 1 and P l atea u of  Tennessee 

(44 ) . Compari son o f  the prev i ou s  tab l e wi th dri nki ng  water standards 

i ndi ca tes no poten t ia l  publ i c  hea l th probl ems are to be expected from 

heavy metal s i n  dra i nage from the spoi l s  exami ned . Of the secondary 

s tandards , on ly  i ron  a nd manganese were genera l l y  exceeded . The spoi l 

dra i nage a l so appears su i tab l e for l i vestock  and i rri gati on  purposes . 

The undi sturbed grou ndwater qual i ty ou tl i ned i n  Tab l e 1 6  i nd icates 

major consti tuents i n  the s poi l subsurface water are el evated two to 

twen ty times that fou nd i n  undi sturbed strata of the reg i o n . 

A summary of mea n  pH and E h  va l u es for wel l s  at  the study spo i l  

ban ks i s  presented i n  F ig ure 24 wh i ch serves to i l l u stra te the spati a l  



Tab l e  16 . Water Qual i ty Standards and Representat i ve Groundwater Qua l i ty for the Cumber l and P l ateau 
of Tennes see (Tota l Const i tuent Va l ue s  i n  mg/1 ) ( 44 ,  70 , 7 1 )  

Con st i tuent 

A l ka l i n i ty 
a s  Caco3 

Ca  

Cd 

C r  

C u  

Fe 

K 

Mg 

Mn 

Na 

N03 

Pb  

S i  

S u l fate 

Z n  

Dr i nk i ng Water Standards 

Pr i mary 

0 . 01 

0 . 05 

0 . 05 

Secondary 

1 . 0 

0 . 3 

0 . 05 

45 

250 

5 . 0 

Recommended L i m i ts 

L i ve stoc k 

0 . 05 

1 . 0 

45 

0 . 1 

I rr i gat i on 

0 . 01 

0 . 1 

5 . 0 

Represe ntat i ve 
G roundwater 

Qua 1 i ty , C umber
l and P l ateau 

98 . 4  

16 

1 . 0 

1 . 2 

3 . 5 

3 . 9 

0 . 8 

6 . 4  

10 

-....J 
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vari a ti on of redox and acid  cond i t ions  wi th i n  them . Subsurface wa ter 

i s  more reduced and aci d i c  than su rface water trapped on the bench , 

represen ted here by the F l  wel l . However ,  a pattern o f  i nc rea s i ng 

reduction  and a c i d i ty from the bench  to the toe was no t observed . 

The fi gure does sugge st  a corre l ati o n  between redox a nd pH wi th the 

F3 a nd F6 wel l s  t he mos t  reduced . Mobi l i zed const i tuent concen tra

t ion s  wou l d  be expected to  be greatest in  these wel l s .  The F4 , F8 ,  

and  B2  wel l s  are  the mo st  ox i di zed . Consti tuent concentra t i ons  i n  

these s hou l d be d i mi ni s hed . 

Duri ng the cou rse of thi s research , tota l consti tuent  sampl es 

were often compromi sed by the presence of exces s i ve so l i ds . Pump i ng 

and bai l i ng operations  wou l d resuspend spoi l materi al  whi c h  had 

i nfi l trated a nd settl ed at the bottom of the wel l ,  l eadi ng to a n  

unrepresen ta t i ve total sampl e .  The occas iona l  l arge d i fference seen 

in the concentrations  of tota l and d i s so l v ed meta l sampl es i l l u strates 

thi s prob l em .  As a resu l t ,  more fa i th i s  p l aced on total d i sso l ved 

co nsti tuent  sampl es from whi c h  a l l so l i d s  greater than 0 . 45 �m  have 

been removed . Total cons ti tuent va l ues are u s ed on ly  when di ssol v ed 

data are u nava i l ab l e .  

Sta ti st ica l  summari es of subsu rface pH , E h ,  and d i ssol v ed 

const i tuent concentrati o ns for I nd i an Fork , B i l l s  Bra nc h ,  and the 

study spo i l banks combi ned are presented i n  Tab l e 1 7 .  Va l ues bel ow 

anal yti cal  detec ti o n  l imi t s  are i nd i ca ted by 1 1 DL . 1 1 These observa ti on s  

were omi tted from stat i st i c a l  compu tation o f  mean and s tandard 

dev i a ti on . For thi s and the summaries  to fol l ow ,  pH data were 



Tab l e 17 . S ummary of  pH , E h  and D i s so l ved Consti tuents Concentrat i onsa for Study Spo i l Banks  

Tota l D i s so l ved Concentrati ons , mg/ 1 

Data Set pHb Eh , v  Fe Mn Ca Mg 

I nd i an Fork  

Mean  5 .  7 0 . 238 14 . 0  3 . 68 64 . 0  23 . 1 
Std . Dev . 4 . 327[-6 0 . 1215 20 . 25 4 . 180 29 . 48 11 . 96 
Med i an 6 . 2 0 . 225 5 . 7 2 . 1 56 20 
Max i mum 7 . 5 0 . 550 123 24 147 57 
M i n i mum 4 . 4  - 0 . 010 D L  0 . 01 21 7 
Number  176 160 114 117 117 117 

B i l l s  B ranch 

Mean 6 . 2 0 . 241 18 . 7  9 . 97 93 . 5  63 . 0  
Std . Dev . 1 .  094[-6 0 . 0965 2 1 . 66 7 .  747 3 1 . 11 26 . 63 
Med i an 6 . 3 0 . 230 7 9 . 3 87 52 . 5 
Max i mum 7 . 8  0 . 500 78 34 182 150 
M i n i mum 5 . 0 0 . 010 0 . 045 0 . 049 4 . 4 7 . 8 
Number 104 99 68 68 68 68 

Banks  Comb i ned 

Mean 5 . 8 0 . 239 15 . 8  5 . 99 74 . 8  37 . 8  
Std . Dev . 3 . 551E-6 0 . 1124 20 . 85 6 . 491 3 3 . 23 26 . 86 
Med i an 6 . 3 0 . 230 6 . 2 3 . 1 70 29 
Max i mum 7 . 8 0 . 550 123 34 182 150 
M i n i mum 4 . 4 - 0 . 010 D L  0 . 01 4 . 4 7 
N umber 280 259 182 185 185 185 

� 11 D L1 1 i nd i cates val ues be l ow anal yt i ca l  detecti on l i mi ts 
Standard dev i at i on val ues recorded for pH represent hydrogen i on concentrati ons  

A l ka l i n i ty 
as  Caco3 mg/ 1 

178 . 3 
94 . 29 

160 
458 

25 . 8  
150 

345 . 9 
148 . 1 
390 
809 

18 . 3  
95 

243 . 3 
143 . 4  
200 
809 

18 . 3  
245 

S u l fate 
mg/ 1 

86 . 5  
48 . 64 
70 

245 
8 

171 

182 . 7 
133 . 0 
195 
800 

5 
68 

113 . 9 
92 . 54 
82 

800 
5 

239 

__, 

N 

0 
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converted to mol a r  hydrogen  i o n  concentrations . Standard dev iat ion  

remai ns i n  these u n i ts ;  other va l ues  represen t the negative  l og 

tran sform of the s ta ti st i cal  resu l ts .  The I n di a n  Fork pond wel l ,  Fl , 

was om i tted from thi s  summa ry a s  was t he toe F7  wel l . The former 

represents surface water , and the l atter is known to have occas ional l y  

i ntercepted s urface ru noff , thu s compromi s i ng the val i d i ty of i ts 

qual i ty data . Al l q ual i ty observa tions  from the B i l l s Branch ba nk 

were co ns i de red . 

Tab l e 1 7  prov ide s  compari son of subs urface water qual i ty 

between t he two study s po i l banks . Overa l l pH  and redox are s im i l ar 

a l t hou g h  I nd i an Fork s howed a g reater range of  pH  va l ue s .  Severa l 

o bserva ti ons  of  aci d condi t ions  a t  the F2 and F3 wel l s  s i gn i fi cant ly  

depres sed the mea n hydrogen  i on concentrati on cal cu l a ted for th i s  

ba nk . Di s so l ved  metal concentra tions , a l ka l i ni ty ,  and su l fate are 

h i g her at the B i l l s  Branch Study Spo i l  Bank suggest i ng a g reater 

deg ree of a c i d  production and concomi ta nt weatheri ng of the spoi l 

materi a l . Thi s resu l t i s  cons i stent wi th the hi ghwa l l charac teriza

ti ons  made by  Fran ks ( 20 )  and the pal eoenvi ronment assessments by 

Ru l e  and Bri gg s ( 54 ) , and Bri gg s ( 2 ) .  The h i gher concen trations  a l so 

suggest  a l o ng e r  hydrau l i c  detention  time at  the non-ponded B i l l s  

Branch Study Bank than at  I nd ian  Fork . 

Tabl es  1 8  and 1 9  present summary stati s t i c s  for major  consti tu

ent concentra tion s found  i n  each  we l l  at  the  I nd i an Fork  a nd B i l l s  

Bra nc h Study Spoi l Banks . I n  genera l , i ron  concentra ti on s  exceed 

manganese , and cal c i um  concentrati ons  exceed those of mag nes i um . 



Tab l e  18 . Summary of  pH , E h ,  and D i s s o l ved Con st i tuent Concentrat i on sa for Each S i te at I nd i an Fork Bank  

Total D i s s o l ved Concentrat i on s , mg/1 A l ka l i n i ty ,  

pH
b as Caco3 , Su l fate , 

We l l  E h , v Fe Mn Ca Mg mg/ 1 mg/ 1 

Fl  

Mean 6 . 82 0 . 357 0 . 12 0 . 04 22 . 8 9 . 0 35 . 9 55  
Std Dev 2 . 318E-7 0 . 0989 0 . 098 0 . 036 5 . 21 1 .  62 13 . 88 12 . 4 
Med i an 7 . 1 0 . 335 0 . 1 0 . 04 22 9 . 1 32 . 2  51 
Max i mum 8 . 7 0 . 530 0 . 4 0 . 1 36 12 69 . 8  81 
M i n i mum 6 . 0  0 . 200 D L  D L  14 5 . 8 6 . 2 33 
Number  35  30  22 19 22 22 28 35  

F2 

Mean 5 . 80 0 . 296 5 . 5 0 . 65 3 7 . 2 ll .  5 l10 . 9 56 . 8  
Std Dev 2 . 999E- 6 0 . 0385 1 .  73 0 . 129 8 . 96 2 . 55 27 . 51 1 5 . 22 
Med i an 6 . 3 0 . 285 5 . 0 0 . 65 35 11 115 60 . 5 
Max i mum 6 . 7 0 . 360 8 . 0 0 . 8 50 15 161 87 
M i n i mum 4 . 9 0 . 240 4 . 0 0 . 5 29 8 . 9 68 36 
Number  17  12 4 4 4 4 9 18 

F3 

Mean 5 . 43 0 . 162 21 . 8  2 . 41 9 1 . 7 3 5 . 1 241 . 4 127 . 0 
Std Dev 6 . 691E- 6 0 . 0952 28 . 06 1 . 91l 28 . 91  l1 . 46 l10 . 96 56 . 23 
Med i an 6 . 1 0 . 155 8 . 6 2 86 36 225 125 
Max i mum 6 . 9 0 . 370 123 7 . 7 147 57 458 245 
M i n i mum 4 . 4 - 0 . 010 0 . 2 0 . 35 35 ll 30 DL 
Number  60 56 42 43 43 43 51  51 __, 

N 
N 



Tabl e 1 8 .  ( Cont i nued ) 

T o t a l  D i s s o l v e d  C o n c e n t r at i o n s , mg/ 1 A 1 ka 1 i n i ty ,  

pH
b 

a s  Caco
3

, S u l fa te , 
Wel l F h , v Fe Mn C a  Mg mg/1  mg/ 1 

--

F4 

�lea n  6 . 2 0 0 . 3 16 3 . 2 2 . 87 5 1 . 5 17 . 1 150 . 1 78 . 7 
Std Dev 8 . 312E-7 0 . 1080 8 . 58 5 . 122 8 . 93  3 . 56 5 1 . 85 3 7 . 82 
r�ect i an 6 . 4  0 . 300 0 . 45 0 . 05  50 17 142 60 
M a x i mum 7 . 3 0 . 520  4 3  24 87 24 325  200 
r-1 i n i mum 5 . 3 0 . 120 0 . 0 1 0 . 01  38  10 60 3 7  
N umb e r  5 1  47 34 3 5  3 5  3 5  45 51 

F5 

Mean 6 . 22 0 . 217 2 1 . 1 6 . 4 49 . 8  17 . 3  168 . 0 5 7 . 0 
Std Dev 5 . 326E-7  0 . 0890 10 . 43 2 . 46 12 . 92 4 . 41  48 . 95 15 . 0 7 
�led i a n 6 . 3 0 . 195 16 6 . 3 52 16 1 68 6 1  
Max i mum 7 . 2 0 . 430 38 11 76 25  245  82  
f.1 i n i mum 5 . 6 O . llO 9 . 0  3 . 2 3 1  11  84 22 
Numb e r  19 16 l l  11 11  11  14 2 1  

F 6  
Mean 5 . 52  0 . 180 2 3 . 5 9 . 9 1  5 5 . 7 17 . 4  19 1 . 5 76 
Std D e v  2 . 373E-6  0 . 1031 5 . 84 3 . 1.66 14 . 18 4 . 37 69 . 90 37 . 6  
Med i a n  5 . 5 0 . 180 23  9 . 9 57 19 160 83 
�1ax i mum 6 . 2  0 . 460 32 18 74 2 2  32 1 130 
M ·i n i murn 5 . 0 0 . 030 14 3 . 8  33 7 9 9 . 4  10 
N umber' 17 17 13  13 13 13 19 18 N C...' 



Tab l e 1 8 .  ( Co n t i n ued ) 

Total  D i s s o l v e d  Concentrat i o n s , mg/ 1 

Wel l p H
b 

E h , v F e  M n  C a  

F 7  

Mean 6 . 0 5  0 . 280 1 .  08 2 . 12  2 6 . 6 
Std D e v  1 .  467E-6 0 . 1176 0 . 756  1 .  571  5 . 94 
Med i a n 6 . 3 0 . 255 1 . 4  2 . 1 24 
Max i mum 7 . 2 0 . 55 2 . 0 4 . 0 37 
M i n i mum 5 . 3 0 . 160 0 . 2 0 . 2 23  
N umbe r  10 10 5 5 5 

F8 

Mean 6 . 2 1  0 . 348 1 .  39 2 . 20 28 . 5 
Std D e v  6 . 524E - 7  0 . 1151 1 .  7 74 2 . 499 5 . 84 
Med i a n 6 . 3 5  0 . 300 0 . 6 1 . 8 30 
Max i mum 7 . 5 0 . 550 5 . 4 8 . 8 38 
t•i i n i mum 5 . 6 0 . 190 D L  0 . 3 21  
N umbe r  12 12  ll  1 1  11 

a 1 1 D L1 1 i nd i cates concentrat i o ns  be l ow ana l yt i c a l  dete c t i o n  l i mi ts 

Mg 

9 . 3 
2 . 7 5 
8 

14 
7 . 1 

5 

12 . 0  
2 . 39 

12 
15 

7 
l l  

b 
S ta ndard de v i at i o n v a l ues recorded for pH repre s e n t  hydroge n  i o n c o ncen trat i o n s  

A 1 ka 1 i n i  ty , 
as  C aco

3
, 

mg/ 1  

5 0 . 2 
3 5 . 19 
46 

136 
16 
12 

56 . 8  
19 . 50 
58. 5 
92  
26  
12 

S u l fate , 
mg/1  

62 
28 . 6 
55 

no 
22 
13 

60 
15 . 1 
60 
82 
35 
12 

N 
� 



Tab l e  1 9 . S umma ry o f  pH,  E h , and  D i s s o l ved C o n s t i tuent Concentrat i on s  for  Each  S i te at B i l l s  Branch B a n k  

Tota l D i s s o l ved C o nc e ntrat i o n s , mg/ 1 A 1 ka 1 i n i ty ,  
as  CaC0

3
, S u l fate , 

We l l pH E h , v F e  M n  C a  Mg mg/ 1 mg/ 1 

B 1  

Mean 6 . 34  0 .  2 18 6 . 4 9 . 4 102 . 1 6 5 . 1 424 . 6 2 12 . 4  
S td D e v  2 . 6 2 3 E- 7 0 . 0969 3 . 50 1.  82 2 3 . 99 18 . 2 2  157 . 93 69 . 12  
Med i an 6 . 3 0 . 230 5 . 4 8 . 6 108 73 455 195 
Max i mum 7 . 8 0 . 430 14 1 3  147 9 1  809 3 3 5  
M i n i m um 6 . 0 0 . 010 1 . 1 7 62  34 142 123 
N umbe r 2 6  25  15 1 5  1 5  1 5  23  18 

B2  

Mean 6 . 04 0 . 3 14 1 . 13 1 .  46 1 11 . 9 79  285 . 8 2 56 . 5 
Std D e v  1 .  844E-6 0 . 1008 1 .  916 0 . 861 4 0 . 84 26 . 1 9 0 . 18 48 . 6 7 
Med i an 6 . 3 0 . 280 0 . 4 1 . 5 9 9 . 5 70  2 78 23 7 . 5 
Max i mum 6 . 8  0 . 500 7 . 0  2 . 5 182 137  452 385 
�1 i n i mum 5 . 0 0 . 150 0 . 045 0 . 049 50 46 1 36 2 0 5  
Numb e r  2 7  2 5  18 18 18 18 26 2 0  

B 3  

Mean 6 . 26 0 . 200 4 3 . 1 17 . 1 82 . 0  47 . 2  43 7 . 4 46 . 0  
Std D e v  3 . 499E-7 0 . 0534 16 . 40 2 . 49 12 . 56 4 . 03 5 1 . 39 4G . 6 5 
Medi a n  6 . 3 0 . 200 42 18 7 9 . 5 47 . 5  425 36 . 5 
Max i m um 7 . 7 0 . 310 78 2 1  107 56 526 215 
M i n i mum 5 . 9 0 . 100 8 . 9 1 1  60 38 309 5 
N umbe r 32  30 24 24 24 24 31 20 

....... 

N 
U1 



Tab 1 e 1 9 .  ( Conti nued ) 

Total  D i s s o l ved C o ncentrat i o n s , mg/ 1  A l ka l i n i ty ,  
a s  Caco

3
, S u l fate , 

Wel l pH E h ,  v F e  M n  Ca Mg mg/ 1 mg/ 1  

84  

Mean 6 . 0 1  0 . 231  3 . 0 4 . 1 66 . 4  40 . 2  168 . 7 1 75 . 0 
Std D e v  9 . 4 5 5 E - 7  0 . 0847 2 . 5 1  1 .  64 9 . 40 5 . 22 9 6 . 7 1  1 7 . 68 
Med i an 6 . 3 0 . 190 2 . 3 3 . 8 67 42 166 160 
Max i mum 6 . 6 0 . 380 7 . 4  5 . 9 80 46 300 205 
M i n i mum 5 . 6 0 . 180 1 . 4 2 . 5 54 32 3 1 . 3 160 
Number 5 5 5 5 5 5 5 5 

8 5  

Mean 5 . 98 0 . 154 25 . 8  19 . 8  77 . 4  8 1 . 0 153 . 9 139 . 0 
S td Dev 1 .  683E-6 0 . 1094 16 . 79 1 3 . 6 1 48 . 89 5 8 . 24 109 . 45  162 . 4 1  
Med i an 6 . 6 0 . 193 27 2 1  99 83 193 91 
Max i mum 7 .  7 0 . 254 45  34 107 150 254 320 
M i n i mum 5 . 3 0 . 183 4 . 2 3 . 1 4 . 4 7 . 8  18 . 3 6 
N umbe r  8 8 4 4 4 4 5 3 

8 6  

Mean 6 . 5 5  0 . 302 0 . 9 0 . 85 1 0 1 . 5 116 9 7 . 0 630 . 0 
Std D e v  2 . 541E- 7 0 . 0711 1 . 1 3  0 . 495 44 . 55 1 9 . 8 16 . 42 240 . 42 
Med i an 6 . 7 0 . 310 - - - - - - - - - - - - - - - - 105 
Max i mum 7 . 0 0 . 400 1 . 7 1 . 2 133 130 110 800 
M i n i mum 6 . 1 0 . 180 0 . 1 0 . 5 70 102 70 460 
N umbe r  6 6 2 2 2 2 5 2 

_. 

N 
0) 
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Subsu rface concentrat ions  are el evated above those  observed i n  the 

I nd i an Fork pond . The brea kou t s i tes , F5 and B6 , are more ox i d i zed 

than nearby wel l s . The ta bl es  i nd i cate spa t ia l  vari at ion  amo ng the 

wel l s  and suggest the i nverse corre l at ion  between consti tuent con

centrat ion  and pH  observed by other researchers (37 , 46 ) .  A s im i l ar 

corre l at ion  i s  suggested for the redox potenti a l , and meta l ca t ions 

show an a ssoc i at ion  wi t h  al kal i n i ty and su l fate .  As wi th the p H  a nd 

Eh da ta presen ted i n  previ ou s  F i g u re 24 , no cons i stent i ncreas i ng or 

decreas i ng pattern for consti tuen t concentrati ons  was observed down 

the spo i l  embankment . The e l evated pH and Eh , and t he depres sed 

const i tuent concentrations  seen i n  F4 and B 2  appear a noma l ou s  when 

compared to the i r  up and down g ra d i ent we l l s .  The qual i ty resu l ts 

for these s i te s  suggest  the percol a t i o n  and storage of oxygenated 

water separa te from i npu t at the head of the spo i l bank . 

Maj or consti tuent  summar ies  for the observat ion  wel l s , 

permanent bench  ponds i n  I nd i a n  For k ,  and u nd i s tu rbed seepage samp l es  

appear  i n  Tab l e  20 .  The res u l ts from Observat ion  Wel l s  1 and 2 were 

s i g n i fi cantly d i fferent from the other observati on we 1 1  s owi ng to the pres

ence of ac i d  m i ne drai nage on the bench above them . S i g n i f i cantly h i gher 

va 1 ues  of ca 1 c i  urn , mag nesi urn ,  and su l fate for Seep 5 suggested i t  may not 

represent an  u nd i sturbed samp l e .  Subsequent  i nvesti ga t i on found i t  

l ay downgradi ent of an abando ne� m i n i ng opera ti on and so was om i tted 

from the stat i st ica l  summary for seepage samp l es . 

As a g ro u p ,  the observat ion  wel l s  were muc h  l ess  chem i cal l y  reduced 

than the wel l s  at  the study spo i 1 banks . As a resu l t ,  i ron and manganese 



Tab l e 2 0 .  Summary of  pH , E h , and D i s s o l ved Const i tuent Concentrati on s  for Observat i on We l l s ,  Permanent 
Bench  Ponds , and Undi s turbed Seepages 

Tota l D i s s o l ved Concentrat i ons , mg/ 1 A l ka l i n i ty ,  
Data as  Caco3 , S u l fate , 
Set pH Eh , v Fe Mn Ca Mg mg/ 1 mg/ 1 

Ob servati on  Wel l s  

Mean 5 . 83 0 . 430 6 . 44 4 . 86 6 3 . 3 26 . 9  168 . 5 106 
Std Dev 1 . 161E- 3 0 . 0933 12 . 30 4 . 749 3 1 . 30 12 . 43 128 . 70 70 . 44 
Med i an 6 . 00 0 . 485 1 . 8  3 . 4 55  25  158 100 
Max i mum 6. 7 0 . 545 34 14 . 9  132 54 390 265 
M i n i mum 5 . 3 0 . 320 D L  0 . 4 26 13 2 1 . 4 28 
Number  9 9 9 9 9 9 8 9 

Permanent Ponds  

Mean 6 . 10 0 . 370 D L  D L  2 5 . 0 10 . 3  40 . 82 79 
Std Dev  1 .  163E-6 0 . 0739 17 . 28 11 . 80 23 . 44 102 . 13 
Med i an 6 . 40 0 . 400 20 6 . 3 45 . 4  47 
Max i mum 6 . 90 0 . 440 58 34 78 . 5 285 
M i n i mum 5 . 50 0 . 240 10 3 12 . 5  22 
Number  6 6 6 6 6 6 6 6 

Seepages 

Mean 4 . 10 0 . 450 D L  D L  1 . 2 1 . 4  3 . 27 12 
Std Dev 6 . 221E- 5 0 . 0459 0 .  713 0 . 542 2 . 462 1 . 966 
Med i an 5 . 00 0 . 415 1 . 4 1 . 5 4 . 33 12 
Maxi mum 6 . 5 0 . 490 1 . 7 2 . 2 6 . 38 16 
M i n i mum 3 . 8 0 . 355 0 . 1 0 . 5 1 .  78 10 
Number  6 6 6 6 6 6 6 6 

...... 

N co 
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concentrat ions were l ower .  The g reater oxygen presence i nd i ca ted by 

e l evated Eh  va l ue s  i n  t he observa t ion  wel l s  may have been due to the 

tempora ry ,  o ne s hot  nature of thei r  i n sta l l ati o n .  These  wel l s  were 

genera l l y  shal l ower than those  a t  the study spo i l  banks . Ca l c i um ,  

magnes i um ,  a l kal i n i ty ,  and su l fa te l evel s i n  the observation  wel l s  are 

s imi l ar to those  fou nd i n  the toe wel l s  of the s tudy banks . However ,  

vari a tion i n  consti tuent concentra tions  among the observati on wel l s  was 

of the same mag n i tude as  that among the spo i l ban k wel l s .  Medi an 

val ues  for the permanent bench ponds compa re wel l  wi t h  those for t he 

Ind i an Fork pond , F l . Mean va l ue s  for a l kal i n i ty a nd su l fate were 

e l eva ted by P ond 2 whi c h  i s  parti a l l y  fed by surface ru noff from 

mi n i ng di sturbance above i t . The seepage sampl es were taken to 

document undi s tu rbed , shal l ow g rou ndwater qual i ty i n  the two study 

ba s i n s .  The summary stati st i c s  presented i n  Ta bl e 20 i nd i ca te i t  i s  

modera tel y  ac i di c ,  weakl y buffered , and conta i ns l i ttl e d i sso l ved 

mi nera l materi a l . The range of va l u es i n  the data i s  smal l .  

Trace meta l consti tuents  for the two s tudy s po i l banks are 

summari zed i n  Tab l e  2 1 . A s im i l ar summary for o bservat ion wel l s  and 

seepage sampl es i s  presented i n  Tab l e  22 . I n  add i t ion  to descri pti v e  

s ta ti st i c s , t h e  fracti on of detect i on l imi t va l ues i s  i nd i cated i n  the 

tabl es as the rati o of sampl es bel ow the anal yt i ca l  detection  l imi t to 

the total number of observat i ons . Detecti on l im i t val ues were 

omi tted from stati stica l  computation of the mea n and s tandard 

devi at ion . Ana l yt i cal  detec t i o n  l im i ts  for the trace meta l s  are 

out l i n ed i n  Append i x  A .  



Tab l e  2 1 .  Summary of Trace Metal Const i tuent Concentrat i ons  f or  Study Spo i l Banks  

Total D i s so l ved Const i tuents , mg/ 1  Tota l Total D i s s o l ved mg/ 1  
N i , 

Data Set Cd Co Cr  Cu  mg/ 1  Pb Zn 

I nd i an  Fork  

Mean 0 . 0008 0 . 0237 0 . 0009 0 . 0032 0 . 0214 0 . 0010 0 . 035 
Std .  Dev  1 . 583E-3  2 . 629E-2 6 . 956E-4 2 . 534E-3  2 . 798E-2 5 . 663E-4 2 . 120E-2  
Med i an 0 . 0004 0 . 015  0 . 0008 0 . 0024 0 . 010 0 . 0010 D L  
Max i mum 0 . 0072 0 . 138 0 . 0032 0 . 0097 0 . 120 0 . 0019 0 . 05 
M i n i mum D L  D L  D L  0 . 004 0 . 003 D L  D L  
F ract i on  D L  3/22 11/84 4/22 0/22 0/25 11/22 17/19 

B i l l s  Branch  

Mean 0 . 0061 0 . 0324 0 . 0010 0 . 0042 0 . 0068 0 . 0036 0 . 102 
Std . Dev  1 . 327E-2 7 . 9 18E- 2 1 . 963E- 3 2 . 866E-3  2 . 463E- 3 3 . 438E- 3  1 . 261E-1  
Med i an 0 . 0008 0 . 0154 0 . 0012 0 . 0036 0 . 006 D L  D L  
Max i mum 0 . 0413 0 . 500 0 . 0046 0 . 0149 0 . 010 0 . 0096 0 . 415 
M i n i mum DL O L  D L  0 . 0013 0 . 0035 D L  D L  
F ract i on D L  7/21 1/39 2/22 0/22 0/6 17/32 12/21 

Banks  Comb i ned 

Mean 0 . 0031 0 . 0267 0 . 0012 0 . 0037 0 . 0186 0 . 0018 0 . 090 
Std.  Dev . 8 . 948E- 3 5 . 078E-2 9 . 023E-4 2 . 716E- 3 2 . 572E- 2 2 . 202E-3 1 .  162E- 1 
Med i an 0 . 0006 0 . 015 0 . 0010 0 . 0030 0 . 0094 D L  D L  
Max i mum 0 . 0413 0 . 500 0 . 0046 0 . 0149 0 . 120 0 . 0096 0 . 415 
M i n i mum DL D L  D L  0 . 0004 0 . 003 D L  D L  
F ract i on D L  10/43 12/123 6/44 0/44 0/31 28/44 29/40 

__, 

w 

0 



Tab l e  22 . S ummary of Trace Meta l Concentrati ons  for Observat i on We l l s  and Und i s turbed Seepage Samp l es 

Total D i s s o l ved Concentrat i ons , mg/ 1 
--

Data Set Cd Co C r  C u  N i  P b  Z n  

Observat i o n  We l l s  

Mean 0 . 0070 0 . 0227 0 . 0025 0 . 0159 0 .  0134 0 . 0063 0 . 265 
Std Dev  9 . 751E-3 1 .  756E-2 2 . 105E-3  3 . 418E-2 7 . 061E- 3 1 . 195E- 2 0 . 2523 
Med i an 0 . 0015 0 .  0210 0 . 0017 0 . 0031 0 . 0170 0 . 0019 0 . 280 
Max i mum 0 . 0230 0 . 0483 0 . 0066 0 . 0933 0 . 0 180 0 . 0277 0 . 510 
M i n i mum 0 . 0004 0 . 0015 0 . 0005 0 . 0008 0 . 0053 D L  0 . 006 
Fract i on D L  0/7 0/7 0/7 0/7 0/3 2/7 0/3 

SeeQages 

Mean 0 . 0004 0 . 0033 D L  0 . 0005 D L  D L  
Std Dev  1 .  414E-4 1. 708E-4 
Med i an 0 . 0004 D L  0 . 0005 
Maxi mum 0 . 0005 0 . 0033 0 . 0007 
M i n i mum 0 . 0002 D L  0 . 0003 
F ract i on D L  0/4 3/4 4/4 0/4 4/4 4/4 

w 
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As prev i ou s l y  di scus sed , heavy me tal  concentrat ions  i n  the spo i l  

ban ks exami ned are l ow , se l dom , i f  ever ,  exceeding  l eve l s descri bed by 

dri n ki ng water s tandards . Tab l e  2 1  i nd i ca tes l i t tl e di fference i n  

trace meta l concentrations  a t  the two study spo i l banks . The majori ty 

of l ead and z i nc observati ons  fa l l  bel ow analyt i cal  detect ion  l im i t s .  

Di s so l ved cadmi um and c hrom i um con centra tions  are o n  the order of 

1 ppb , d i s sol ved copper 5 ppb , and tota l n i c kel  1 0  ppb . Franks ' 

h i g hwa l l c haracteri zat i o n  i ndi cates coba l t  concentrati ons  i n  the spoi l 

materia l  are l es s ,  by a s  much  a s  an order of mag n i tude , than those  of 

c hromi um , copper , n i ckel , l ead , and z i nc ( 20 ) .  Yet , cobal t was 

con s i stentl y fou nd to exceed the trace meta l s other than z i nc by a 

factor of ten .  D i s sol ved coba l t and z i nc concentrati ons were roug h l y  

equ i va l en t .  Mean and med i a n  observati on wel l co ncentrati ons for 

cadm ium ,  chrom i um , coppe r ,  l ead , and z i nc i n  Tab l e 22 ex ceed those  

o bserved at  the study spo i l  ba n ks but  sti l l fal l bel ow d ri n k i ng water 

sta ndard s . Ranges for these  data overl ap . The seepage samp les  show 

detecta b l e  amou nts of cadmi um ,  cobal t ,  and copper on l y ,  a l l at the 

1 ppb l eve l  or  l es s .  

Speci a l  ana lyses made on  l im i ted samp l i ng sets from the s tudy 

spo i l banks  a re summari z ed i n  Tab l e 23 a l ong wi th i nforma t i on for 

total potass i um a nd sodi um and total di sso l ved a l umi num and s i l i co n . 

Appreci abl e d i s so l v ed organ i c ca rbon was found i n  the I nd i a n  Fork and 

B i l l s  Branch Ban ks at s imi l ar l evel s i n  each . The nature o f  th i s  

materia l  i s  not known , bu t i ts presenc e comp l i ca tes the s poi l water 

chem i stry by sug gesti ng the poss i bi l i ty of organ i c  c he l a tes whi c h  



Tab l e 23 . S ummary of Spec i al Samp l e  and Add i t i ona l  Con st i tuent Concentrat i ons  for Study Spo i l Banks 

D i s s o l ved Tota l 
Organ i c  Tota l D i s s o l ved Total Tota l D i s so l ved 
Carbon Su l f i ge N i t  rat� Phosphate Concentrat i ons , mg/ 1 Concentrat i on s , mg/ 1 
as  C as S2 as  N03 as  P 

Data Set mg/ 1 mg/1 mg/ 1 mg/ 1 K Na Al  S i  

I nd i an Fork  

Mean 19 . 0 1 .  44 2 . 28 0 . 029 10 . 1  1 . 5 0 . 43 2 . 65 
Std . Dev . 18 . 55 0 . 906 1. 038 1 .  732E-2 14 . 43 0 . 469 1 . 025 1 .  410 
Medi an 9 . 5 0 . 35 1 .  6 5  0 . 039 5 . 9  1 . 5 0 . 12 2 
Max i mum 66 2 .  76 3 . 9 0 . 039 104 2 . 4  4 . 5 9 . 2 
M i n i mum DL DL 1 . 6 0 . 009 1 . 8 0 . 3 D L  D L  
Number  16 8 6 3 5 5  19 22 19 

B i l l s B ranch  

Mean 20 . 6 0 . 34 4 . 05 0 . 055 3 .  71 0 . 93 0 . 44 2 . 82 
Std . Dev . 14 . 17 1 .  453 1 .  73 0 . 103 0 . 768 1. 263 
Med i an 13 . 5  D L  4 . 4 3 . 6 0 . 90 0 . 125 2 . 5 
Max i mum 51 0 . 34 5 . 3 6 . 6 1 . 1 3 . 45 4 . 9 
M i n i mum D L  D L  2 . 1 1 . 8 0 . 8 D L  D L  
Numbe r  9 6 4 1 7 6 22 20 

Banks  Comb i ned 

Mean 19 . 6  1 .  22 2 . 99 0 . 036 9 . 38 1 .  36 0 . 44 2 .  74 
Std . Dev . 16 . 75 0 . 926 1 .  461 1. 921E-2 13 . 74 0 . 478 0 . 891 1 .  597 
Medi an 13 . 5  D L  2 . 7 0 . 039 5 . 8  1 . 3 0 . 12 2 . 2 
Max i mum 66 2 . 76 5 . 3 0 . 055 104 2 . 4  4 . 5 9 . 2 
M i n i mum DL DL 1 . 6 0 . 009 1 . 8 0 . 3 D L  D L  
Numbe r  25 14 10 4 62 25  44 39 

...... 

w c..v 
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can enhance the so l u bi l i ty of meta l consti tuents ( 60 ) .  Su l fide , at  

de tec ta b l e  l eve l s  was fou nd on ly under reduced cond i t ions  i n  the 

F3 , B3 , and B5  wel l s . Both i t  and carbon showed an i nverse correl at ion  

wi th pH a nd redox . Spot samp l i ng for n i tra te and phosphate wa s 

conducted , a nd these concentra tions  prov ed to be l ow .  Though not 

i nc l uded i n  Tabl e 23 , s pec i a l ana l yses  were made for ferrou s i ron to 

determi ne i ts proporti o n  of total  d i s sol ved i ron  in the s po i l 

su bsu rface water . The resu l ts ,  tabu l ated i n  Append ix  Ta bl e G-3 , 

i n d i ca te ferrou s i ron  i s  the maj or i ron spec i es i n  the s po i l ,  

accou nt i ng for 60  to 1 00% of the tota l . 

Concentrat ions  of  sod i um a nd potass i um are smal l when compared 

to d i val ent  cat ions  i n  the s po i l . The same i s  tru e for co ncentrati on s  

of a l umi n um a n d  s i l i con . Wi th  t he excepti on  of  a few extreme va l u es 

for pota s s i um ,  t he range of these consti tuents i s  a l so sma l l a nd 

essent i a l ly  i dent ica l  at the two study spo i l  ban ks . For the range o f  

observed pH , s i l i con i s  u ndersaturated wi th respect to amorphou s 

s i l i ca but i s  of the same mag n i tu de as  sol ub i l i ty wi th respect to 

crysta l l i ne quartz ( saturati o n  bel ow pH 8 . 5  wi th respect to amorphou s 

s i l i ca i s  approxima tely 60 mg/ 1  and for quartz , 6 . 0 mg / 1  ( 2 1 , 60 ) ) .  

Al umi num concentra tions  i n  the s po i l  are most  l i ke l y  depressed by i ts 

i nso l u bi l i ty i n  modera te l y  ac id  and neutra l so l u ti on s  ( total  Al  

sol ub i l i ty for pH  4 . 0  to 8 . 0  i s  l es s  than 1 . 0 mg/ 1 ( 60 ) ) .  These 

observat i ons  suggest  spoi l concentrat ions of the c l ay rel a ted 

consti tuents may be contro l l ed by sol u bi l i ty .  Prev i ou s  X-ray 

di ffracti on work has i den t if i ed quartz as  a ma jor sol i d  phase i n  

wel l s  at  the stu dy spoi l banks ( 5 2 } . 
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Soi l  Sampl i ng 

The soi l  sampl i ng resu l ts i ndi cate t he assumpt i on of homog eneou s 

and i sotropi c cond i t ions  cannot be appl ied  a t  the toe of the two s tudy 

spoi l ba nks . The spoi l materi al sampl ed i s  a fi ne-gra i ned , predomi n

ate l y  c l ay soi l wi t h  an  effect i ve d i ameter of approx imate l y  0 . 2  � m .  

The soi l matri x ,  however ,  i s  i nterspersed wi th sandstone and fri abl e  

s ha l e fragments of var i o u s  s i ze rang i ng from pebb l es to boul ders . Dry 

fi el d den s i ty i s  approx imate l y  1 05 l bs/ft3 a nd spec i f i c  grav i ty ranges 

from 2 . 65  to 2 . 75 .  The Un i fied Soi l Cl ass i fi ca t i on wou l d be "fi ne

gra i ned , CL .  11 The resu l ts of  the spo i l so i l  samp l i ng are presen ted i n  

Tabl e 24 . Data for i nd i v i d ual  soi l sampl es a re tabu l a ted i n  Append i x  H .  

V i sual  i ns pection  of the wal l s  of sampl e pi ts dug for the 

soi l samp l i ng effort l ead to the above conc l u s i on  on  the an i sotropi c  

nature of the s poi l . Satu ration  was sporadi c across the so i l  p rofi l e  

and to some degree wi th  depth . Seams of fl owi ng water were encou ntered 

adjacent to d ry materi a l . No actu a l  frac tu res were observed , bu t f l ow 

path s  appeared to be  a ssoc iated w i t h  rock  fragments . At depth a l l  the 

spo i l  ma teri al  was saturated anc more wea thered than the u nsaturated 

profi l e  a bo ve . I nforma t i o n  i n  wel l  dr i l l er ' s  l og s  from the beg i n n i ng 

of  the research i ndi ca tes seg regati on of fi l l  ma teri al s was practi ced 

at  both study s poi l ban ks duri ng mi n i ng . Thi s suggests the enti re 

spo i l profi l e  i s  heterogeneou s wi th  both sma l l and l a rge  nonu n i formi t i e s .  

The spoi l s  exami ned are s i mi l ar to the spo i l s  of the Beaver 

Creek Study ( 8 , 9 ,43 ) but substant i a l l y  finer  gra i ned than those of the 

I l l i noi s researchers (45 ) , Rog owsk i  ( 49 , 50 ) , and P i onke , Rogows k i , 

and Montgomery (46 ) . Labo ratory determ i nations  of so i l  pH  us i ng the 

paste method were conducted on severa l f i e l d  sampl es of the spoi l 



Tabl e  24 . S tudy Spoi l Ban k Soi l Samp l i ng , Re su l t s 

Uni f i ed So i l  C l ass i f i cat ion 
Dry % Pas s i ng 

F i e l d  D i v i s i on No. 2DO 
Study Bank Dens i ty Spec i f i c  and S i eve % C l ay 

& Samp l e  ( l bs/ft3 } Grav i ty Group ( <0 . 075mm} ( <0 . 002mm} 

INDIAN FORK 
Toe , unsaturated 107 2 . 65 F i ne- 68 32 

gra i ned , 
CL 

saturated 94 2 . 67 F i ne- 48 25 
gra i ned ,  

CL  

8 I LLS BRANCH 
Lower S l ope , 112 2 .  74 F i ne- 52 20 
unsaturated g ra i ned , 

CL 

Toe , saturated 102 2. 72 F i ne- 62 21 
gra i ned , 

CL 

Vo i d  
d , o Poro s i ty Rat i o  
(mm} n e 

0 . 0002 0 . 350 0 . 538 

0 . 0002 0 . 435 0 . 769 

0 . 0003 0. 342 0 . 521 

0 . 0002 0 . 397 0 .  659 

Notes 

Heterogeneous soi l 
prof i l e ;  predomi -
nately  c l ay w i th 
sha l e  and sandstone 
fragments of vari ous 
s i z e .  

Moderate l y  weathered 
so i l  pro f i l e ;  c l ay 
w i th fr iab le  sha l e .  

H i g h l y  weathered 
c l ay w i th sandstone 
fr·agments of vary i ng 
s i ze .  

__. 

w 
O"l 



materi a l . The resul ts i nd i ca te the spo i l  at the two study banks 

wou l d  be cl ass i f ied as  acid u nder V immerstedt and S truthers ' system 

presented i n  the l i terature rev i ew ( 73 ) .  Chemi cal qual i ty of  the 

subsurface s po i l water su pports thi s c l a s s i fi ca tion . 
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CHAPTER V I  

D ISCUSS ION 

Hydrol ogy 

The t ime response of the hydro l og i c  data presented i n  the pre

ced ing chapter suggests  an ov era l l pa ttern for saturated zo ne thi cknes s  

observed i n  wel l s  a t  the two study spoi l banks . Du r i ng per i od s  of 

water surpl u s  (as  defi ned by the e l evation  of  the pond wel l , F l ) , the 

I nd i an Fork  wel l s  i nd icate a recharged cond i t i on that was somewhat 

errati c i n  1 976  and became more s tab l e i n  subsequent years . Dur i ng 

dry peri od s the wel l s  draw down to a depl eted condi ti o n .  Recharge 

fo l l owi ng a per i od of dep l et ion  i s  rap i d  and sometimes unstabl e .  The 

bench we 1 1  s at the Bi  1 1  s B ranch Study Spoi 1 Bank show a gener·a 1 

depl eted condi t i o n  that i s  broken by peaks of rap i d  recharge fo l l owed 

by drawdown . The downs l ope wel l s  show l es s  d i s ti nc t  recharged or  

dep l eted states , but do  undergo drawdown duri n g  dry peri ods i nd i cated 

by the response of the bench wel l s .  

From these observati ons  i s  a s i mpl e model  descri bi ng  the hydro l og i c  

response of the study wel l s .  The water col umn i n  each wel l i s  v i ewed 

a s  fl uctuat i ng between a recharged a nd a depl eted condi ti on . These 

represent peri ods  of water surp l u s  and water def i c i t i n  the spo i l  

ban k .  The depl eted condi ti on may a l so represent a base l evel  of 

groundwater s torage that changes very l i ttl e wi th t ime . The c l ass i f i ca 

t i on of  hydro l og i c  condi ti on for a part i c u l ar va l u e  of saturated zone 

th i ckness i s  rel at i ve to the va l u es that precede and fo l l ow i t  in time . 

1 38 
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To check the val i d i ty o f  these hyd ro l og i c  cond i t i ons , i t  i s  

necessary to exam i ne the d i stri bu ti o n s  o f  the satu ra ted zone thi ckness 

data . Hydro l og i c  data t ha t  are normal l y  di stri bu ted about the mea n 

wou l d  i nd ica te a trend towards o ne average cond i ti on wi th maximum a nd 

mi n imum v a l ues  representi ng extreme even ts . Data wh i ch are h igh ly  

s kewed or  b i -modal wou l d  l end support to  the i dea of  two di sti nc t  

condi t ions , one represent ing u nu sua l  condi t ions  or bo th havi ng equa l  

wei g h t .  

The SAS UN IVARIATE procedure wa s used t o  compute descri pti ve 

stat i s t i c s  for the hydro l og i c  da ta , to test for normal i ty ,  a nd to 

produce h i s togram p l ots of the data d i s tri bu t ions . The descr ipt ive  

s ta ti s t i c s  have a l ready been presented i n  the  Chapter V .  Tab l e  25  

presents a n  eva l uati on of the  da ta d i s tr i bu ti ons and the resul ts  of  

norma l i ty testi ng . An  a ssessmer. t of  hydro l og i c  condi ti on i s  a l so 

prov i ded for each wel l . The tabl e i nd i cates the satu rated zone 

thi ckness  observed i n  s tudy we l l s  does not tend towards one , central 

val u e  (as  wou l d  be i nd i ca ted by a normal d i s tri bu ti on ) but i s  ei ther 

wei g hted towards one ex treme or  i s  b i -moda l . Thi s suggests the model 

of hydrol og i c  condi t i on i s  a va l i d descr i pt i on of the hydrol og i c  

response seen i n  the study wel l s . 

Peri ods of hydro l og i c  cond i t i o n  have been ass i gned to each 

wel l  at both s tu dy s poi l banks . Thi s i nformation  wi l l  be used l ater 

i n  the water qual i ty di scu s s i on . Hydrol og i c  cond i t i on was eva l uated 

accord i ng to assessments made i n  Tab l e 25 and accord i ng to l ocal 

changes observed i n  res ponse of the saturated zone thi ckness at each 

wel l . 



Tab l e  25 . Saturated Zone Thicknes s , Nature of the Data ( va l ues  i n  fee t )  

We l l  S i te 

EVALUAT ION 
OF DATA 
D I STRIBUT ION 

Mean 
Medi an 
Skewness 
Kurtos i s  

D- stat i s t i c  
(W- s tat i s t i c )  

Probab i l i ty > D 
( Probab i l i ty < W )  

Conc l us i ons o n  
l e s t  of  Norma l i tya 

ASSESSMENT 
OF HYDROLOG I C  
CONDIT ION 

Fl 

Heav i ly 
we i ghted 
toward 
maximum 
va lues , 
negat i ve 

s kew 

27 . 12 
27 . 61 
- 2 . 2481 
4 . 5736 

0 . 2995 

<0 . 01 

Reject Ho 

Recharged 
above 
26. 5 ft .  

F2  

P l atykurti c  
d i str ibution 

14. 29 
13. 87 
0 . 3080 

-0 . 6754 

0 . 0879 

0 . 017 

Reject Ho 

Approximate 
d i v i s i on 
between 
recharged 
and 
depl eted 
cond i t i ons 
at 13 ft .  

F3  

B i -moda 1 
d i s tr i but ion 

wi th 
negat i ve  

skew 

9 .  61  
10 . 72 
-0 . 3855 
- 1 . 3982 

0. 1395 

< 0 . 01 

Reject Ho 

D i v i s i on 
between 
recharged 
and 
dep l e ted 
cond i t i ons 
at 7 .  5 ft. 

a Ho : Data are a random sampl e  taken from a normal d i str ibut ion .  

F4  

Heav i l y 
wei ghted 
toward 
m i n i mum 
val ues , 
pos i t i ve 

s kew 

11 . 02 
8 .  32 
1 .  1011 
0 . 0378 

0 . 1854 

<0 . 0 1  

Reject Ho 

I n i t i a l  
recharged 
cond i t i on 
above 
10 ft .  
after 
1977 
above 
12 . 5 ft .  

F6 

Negat i ve 
skew, 
sma l l 

m i n i mum 
mode 

9 . 52 
10 . 07 
-0 . 4493 
-0 . 5258 

(0 . 9460 ) 

(0 .  072 ) 

Reject Ho 

Recharged 
above 
8 .  5 ft .  

F8  

We i ghted 
towards 
max i mum 
v a l ues , 
negat i v e  

skew 

2. 53 
2 .  71 

-0 . 7400 
- 0 . 1096 

( 0 . 9136 ) 

( <0 . 0 1 )  

Reject Ho 

Recharged 
above 
2 ft .  

B1  

Heav i ly 
we i ghted 
towards 
m i n i mum 
va l ues , 
pos i ti ve 

s kew 

16 . 37 
15 . 70 
2 . 6427 
6 . 2364 

0 .  3813 

<0 . 01 

Reject Ho 

Recharged 
above 
16 . 5 ft .  

B2  

Heav i ly 
we ighted 
towards 
m i n i mum 
val ues , 
pos i t i ve  

skew 

2 . 08 
0 . 99 
1. 7872 
2 .  1215 

0 . 3348 

<0 . 01 

Reject Ho 

Recharged 
above 
3 ft .  

B3  

B i -modal 
w i th 

nega t i ve 
skew 

1 5 . 53 
17 . 38 
- 0 . 5 187 
- 1 . 3271 

0 . 2040 

<0 . 0 1  

Reject Ho 

Recharged 
cond i t i ons 
above 
15 . 5  ft .  
and 
de f i ned 
by l oca l  
cond i t ion  

B5 

Leptokurt i c  
d i str i but i on 

wi th  
pos i t i ve 

skew 

19. 69 
19. 5 7  
2 . 1256 
7 . 0442 

0 . 2688 

<0 . 01 

Reject Ho 

Recha rged 
cond i t i ons 
above 
20 f t .  
and 
def i ned 
by loca l 
cond i t i on 

_. 

.,J::o 

0 



1 4 1 

The time res ponse  of the hydro l og i c  data a l so  sug gests a n  

assoc i a ted res ponse o f  the we l l s  a t  each study s poi l b a n k  wi th each 

other a nd i n  the case of I nd i a n  Fork wi th the I nd i an  Fork pond , Fl . 

I n  add i ti o n  to thi s assoc i ated response , the s i ze of the sa tu rated zone 

in each ban k  appears to have i ncreased over the course of the s tudy . 

These  observations  are s ubj ected to stati st ica l  veri f i cati on by 

corre l ati on ana lys i s  i n  Ta bl es 26 throu g h  28 . 

The corre l at ion  matrix  for satu ra ted zone thi ckness at the 

I ndi an  Fork Stu dy Spoi l Bank i n d i cates a hi g hl y  s i g ni f i cant  associ a

t i o n  i n  the hyd ro l og i c  res pon se of the wel l s .  Thi s i s  the expected 

resu l t  and confi rms the presence of a f l owi ng grou ndwater system 

control l ed by the e l evat ion  of the bench pon d .  The a na l ys i s for 

Bi l l s  B ranch confi rms  the hyd rol og i c  assoc iat ion  between the bench 

wel l s ,  B l and B 2 ,  bu t i nd i cates the res ponse of the mid-s l ope wel l ,  

B3 , i s  i ndependent of hyd ro l og i c  i npu t at  the head of the spoi l . I n  

contra s t ,  the toe we l l ,  B5 , shows a s i gn i f i cant  pos i t i ve  correl a t i on 

wi th B2 . Subsu rface fl ow throu gh  the B i l l s  Branch Study Spo i l  Bank  i s  

apparently sma l l compared to the vol ume stored a t  the B3 wel l .  

The s i g n i fi ca nce of the observed i nc rease i n  the s i ze of the 

sa turated zone at the study s po i l banks i s  tes ted i n  Tab l e 28 . 

Rejection of the nu l l hypothe s i s  for satura ted zone thi c kness at  the 

maj or s tudy wel l s  and for med i an cross  secti on area at each ban k  

i nd i ca tes the i ncrea s i ng degree of satu ration  wi th time i s  g rea ter 

tha n  what wou l d  be expected by chance a l one .  The apparent  f irs t  

order , l i nea r s l ope for cross section area a t  I n d i a n  Fork  i s  0 . 95 2  ft2/ 
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Tab l e  26 . Corre l at i on Matr i x ,  Saturated Zone Th i c knes s  at the I nd i an 
Fork We l l s  

Fl F2 F3 ' F4 F6 F8 

Fl  R val ue  1 . 0000 0 . 4816 0 . 2290 0. 2739 0 . 7281 0 . 7866 
Prob > I R I  0 0 . 0001 0 . 0105 0. 0021 0 . 0001 0 . 0001 

F2 R val ue 1 . 0000 0 . 4009 0 . 5812 0 . 6830 0 . 5512 
Prob > I R I  0 0 . 0001 0 . 0001 0 . 0001 0 . 0003 

F3 R val ue  1 . 0000 0 . 5693 0 .  7760 0 .  7189 
Prob > I R I 0 0 . 0001 0 . 0001 0 . 0001 

F4 R val ue 1 .  0000 0 . 7927 0 . 6874 
Prob > I R 1 0 0 . 0001 0 . 0001 

F6 R va l ue  1 . 0000 0 . 8582 
Prob > I R 1 0 0 . 0001 

F8 R va l ue  1 .  0000 
Prob > I R 1 0 

Tab l e  27 .  Corre l at i on Matr i x ,  Saturated Zone Th i c k-
ne s s  at the B i l l s  B ranch We l l s 

B 1  B2  B3  B5 

Bl  R val ue 1 .  0000 0 . 4633 - 0 . 0546 0 . 1491  
Prob > I R I 0 0 . 0001 0 . 6586 0 . 2434 

B2 R val ue 1 . 0000 0 . 1098 0 . 5345 
Prob > I R I  0 0 . 3729 0 . 0001 

B3 R val ue 1 . 0000 0 . 1802 
Prob > I R I 0 0 . 1880 

B4 R val ue 1 . 0000 
Prob > I R I 0 



Tab l e  28 . Corre l ati ons  of Saturated Zone Th i ckness  and C ro s s  Sect i on Area wi th  T i me 

Saturated Zone Th i ckness  

F1  F2  F3  F4 F6  F8 

Corre l at i o n  - 0 . 0986 0 . 2607 0 .  7611 0 . 5667 0 . 0001 0 . 0338 
Coeffi c i ent  ( R ) 

P robab i l i ty > [ R [ 0 . 2680 0 . 0031 0 . 0001 0 . 0001 0 . 9993 0 . 8384 

Conc l us i on on  Accept Ho  Rej ect Ho  Rej ect Ho Reject Ho Accept Ho Accept Ho Corre l at i o n  a 

Number  of  128 127 128 129 42 39 Observat i on s  

Saturated Zone  Th i c kne s s  C ro s s  Secti on  Area 

81 82  B3  B5  I nd i an Fork  B i l l s  B ranch 
( Area 2 ) (Area 4 )  

Corre l at i o n  0 . 2387 0 . 3555  0 . 5920 0 . 1251 0 . 5761 0 . 6780 Coeffi c i ent  ( R )  

P robab i l i ty > [ R [ 0 . 0379 0 . 0016 0 . 0001 0 . 3286 0 . 0001  0 . 0001 

Conc l u s i on on  Accept Ho Rej ect Ho Reject Ho Accept Ho Rej ect Ho Reject Ho Corre l at i on 

Number  of  76  76  68 63  133 68 Ob servat i on s  

a Ho :  Rho = 0 ,  i . e . , n o  s i gn i f i cant corre l at ion  between the  i np utted var i ab l es and  t i me . 
..,. 
w 
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day ( 0 . 089 m2/day )  and at  B i l l s  Branch , 1 , 1 3  ft2/day ( 0 . 1 05 m2/day ) . 

However , th i s i ncrea s i ng satu rat ion  mu s t  be i ndependent of ra i nfa l l 

before i t  i s  s i gn i f i ca nt wi t h  respect to weatheri ng of the spo i l  

materi a l . Representative  a nn ua l va l ues of med i a n  saturated zone 

cro s s  section  a rea at each bank  and mea n annua l ra i nfal l from the 

Petros and Oak R idge  recordi ng stat ions  were exami ned wi th the 

resu l ts presented i n  Tab l e  2 9 .  Al thoug h  correl a t i on coeffi c i ents were 

l arge , the sma l l sampl e s i ze produ ced i nsuffi c i en t  ev idence to reject 

the nu l l hypothes i s .  This  suggests  t he i ncrea s i ng saturat ion  observed 

at  the study s po i l  banks  i s  i ndependent of s hort-term trends in annua l  

ra i n fa l l and  may be assoc i a ted wi th p rog ress ive  surfa ce and subsu rface 

weatheri ng  of t he spoi l materi al . 

From soi l  mechan i c s , i ncreas i ng satura ti o n  when accompan i ed by 

an  i ncrease i n  pore water p ressu re i s  known to reduce s hear s treng th 

a l ong p l anes o f  weakness wi th i n an  earthen fi l l  ( 2 1 ) .  Thu s ,  i ncreases 

i n  t he s i ze of the saturated zone noted above ra i se ques t i on a s  to the 

l o ng term stabi l i ty of the s tu dy s poi l ba n ks . Cowan ( 1 1 )  has 

performed a geotechni ca l a na l ys i s  of three contour surface mi n i ng 

spoi l s  i n  the New Ri ver Bas i n  whi ch experi enced major  l andsl ides 

wi th i n one year of mi n i ng . He i denti fi ed two pri nc i p l e  fai l u re 

su rfaces on the downsl ope of these spoi l s .  One a l ong the bou ndary 

of the fi l l  a nd col l uv i a l mater ia l  of the o ri g i na l  s l ope . The second 

a l ong the deeper co l l uv i um-rock i nterface . H i s resu l ts i nd i ca te 

satura ti on was a factor i n  the fa i l u re of the emban kments . The 

confi gurat ion  of  these spoi l s  was s imi l ar to that of the B i l l s  

Branch  Study Spoi l Bank . Long term s l ope stabi l i ty of the contour 
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Tab l e  2 9 .  Corre l at i on o f  Mean Annua l Saturated Zone Cro s s  Sect i o n Area 
w i th Annua l Ra i nfa l l 

Cro s s  Sect i on Area 

I nd i an Fork ( AREA 2 )  

Corre l at i o n  
Coeff i c i e nt ( R ) 

P robab i l i ty > I R I  

Conc l u s i on on  
Corre l at i ona 

Number  of  Years 

B i l l s  Branch ( AREA 4 )  

Corre l at i o n  
Coeff i c i ent  ( R ) 

Probab i l i ty > I R I  

Conc l u s i on on  
Corre l at i on 

Number of  Years 

Rai nfal l Record i ng Stat i on 

Petros Oak  R i dge 

0 . 5603 0 . 3734 

0 . 3259 0 . 5358 

Accept Ho Accept Ho 

5 5 

0 . 8518 0 . 6840 

0 . 1482 0 . 3160 

Accept Ho Accept Ho 

4 4 

a Ho : Rho = 0 ,  i . e . ,  no s i g n i f i cant corre l at i o n  between annual  va l ues  
of  cross  sect i on area and annual  ra i nfal l 
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surface m i n i ng s po i l  i s  o f  env i ronmental concern becau se of the l arge 

sed i ment vol umes genera ted by l ands l i de areas du r i ng storm events . 

The capa c i ty of the contou r surface mi n i ng spo i l to captu re 

and s tore water ha s been ver i f i ed by the wel l  sys tems at  the two 

study s po i l  ba nks . Combi n i ng poro s i ty data wi th the satu ra ted zone 

cro s s  sect ion  areas pre sented i n  the Resu l ts Chapter y ie l ds storage 

vol umes for a one foot w ide cross  sect ion  of the study spo i l bank  

profi l es .  At  the ponded I nd i an Fork Bank  max imum observed hyd ro l og i c  

condi ti on s  correspond to 2890 ft3/ft ( 269 m3/m ) ,  med i an cond i tions , 

2 1 84 ft3/ft ( 203 m3 /m ) ,  and m i n imum condi t i ons , 1 564 ft3/ft ( 1 45 

m3/m ) . At the non-ponded B i l l s  Branch Study Ban k max imum observed 

storage was 2 1 94 ft3/ft ( 204 m3/m ) ,  med ian  storage , 1 1 82 ft3/ft 

( 1 1 0  m3/m ), and the m i n i mum observed vo l ume 51 6 ft3/ft ( 48 m3/m ) .  I f  

these val ues are represen tati ve of the contou r mi n i ng s poi l i n  

genera l , a one m i l e  section  of ponded bench has a surface and sub

surface storage capaci ty of over 265 acre-feet ( 3 .  28 E 5 m3 ) .  A 

s imi l ar secti on of non -ponded spo i l may store over 1 40 acre-feet 

( 1 . 73 E 5 m3 ) of g roundwate r .  Si nce mi n i ng di sturbance on a gi ven 

seam may extend several mi l e s through a wa tershed , storage i n  the 

contou r surface mi ni ng s po i l may substa nti a l l y  i nf l u ence bas i n  

hyd ro l ogy . 

The ex i stence of a satura ted zone a t  l ocati ons  other than the 

study spo i l  banks wa s confi rmed by the success of the observat i o n  

wel l s  a t  access i ng subsurface water i n  suff i c i ent vol ume for c hemi ca l 

sampl i ng .  Of 1 5  i nstal l a t ions , 1 2  had water . Al l ponded s i tes i n  
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the I nd i a n  Fork Study Bas i n  were found  to mai nta i n l arge satu rated 

zones . I t  must  be noted t hat  the observa tion  wel l s  were p l aced a t  

l ocati ons  where surface fea tures sugge sted s ubsu rface water was 

present . However ,  reconna i s sa nce of the downs l ope spo i l that 

accompa n i ed the o bservat i o n  we l l  effort i nd i cates some degree of 

spoi l satura t i o n  t hrou g hou t most of the I nd i an Fork and B i l l s  Branch 

Ba s i n s . Seepage area s ,  catta i l s ,  wi l l ow a nd cottonwood trees are 

pl enti fu l  near the toe as wel l as  l ocal i zed s l ope fai l u res , creepi ng 

and s l i di ng s po i l on  the s l ope te l ow the mi n i ng benc h . Based on 

fi e l d experi ence , the author fee l s confident i n  characteri zi ng the 

spoi l s  exami ned as genera l l y  conta i ni ng a saturated zone . I n  

add i t i on ,  the s i ze o f  thi s zone i s  known to vary spati a l l y  across  the 

spo i l ban k  and i s  a functi on of  s urface cond i t i o ns . 

Several resu l ts from thi s research confl i ct wi th the concl u s i ons 

of Crosby ,  Overton , and Mi near ( 1 2 )  for the ponded and non-ponded con

tou r surface mi n i ng spoi l .  As s tated i n  the Resu l ts , ra p id  change 

observed i n  the I ndi an Fork wel l s  and a ssoc i a ted wi th  changes i n  the 

el evati o n  of the pond wel l ,  Fl , s ug gest the res i dence time of water i n  

the ponded study spo i l bank  may be s horter than the two years cal cu

l ated from the i r  hydro l og i c model i ng .  The l arge vo l ume of water 

stored at  the 83 wel l and the i ncreas i ng satu rat ion observed beneath 

the bench a t  the B i l l s  Bra nc h  Stu dy Spo i l Bank i nd i cate a l arge satur

a ted zone wi l l  form i n  the non -ponded contou r surface mi ni ng s poi l .  

Succes s  of  t he o bs ervati o n  wel l s  at  non-ponded s i tes i n  the two s tudy 

bas i n s  veri fi ed the l ateral extent of thi s sa turati on . The hydro l og i c  

response of the B l  and B 2  wel l s  i nd i cates percol at ion  throu gh  the 
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spoi l to the satu ra ted zone i s  rap i d . Both t he hydrol og i c  and wa ter 

qual i ty resu l ts from the I nd i an Fork F4 wel l sug gest su bstant i a l  

i nfi l trat ion  and percol a t i o n  o f  water separate of i npu t from the 

surface water pond on the bench . Ta ken together these res u l ts suggest  

the a ssumpt ions  u nderlyi ng the  work of  Cros by ,  Overton , and Mi near may 

need mod i fi cati on to better descri be the spoi l materi al  and fi el d 

condi t ion s . 

Water Qu al i ty 

An i deal  res u l t of t he subsurface qual i ty i nvest igati on wou l d  

be a set of consti tuent concentrat ions  represen tative  of s po i l  ba n k  

water qual i ty throu ghout the s tudy ba s i n s  a nd perhaps the enti re New 

Ri ver area . To thi s end , di s tri but ions  of the qual i ty data summari zed 

i n  the Resu l ts Chapter for each s tu dy s poi l bank and for both banks 

comb i ned were tested for norma l i ty .  The nature of the maj or 

consti tuent data i s  presented i n  Tabl e 30 a nd tha t  of the trace 

meta l s a nd addi tiona l  consti tuer.ts i n  Tabl e 3 1 . I n  both , t he 

hypothes i s  that the data represent a random sampl e  taken from a 

norma l l y  d i s tri bu ted popu l ati on  i s  eva l u ated u s i ng ei ther the 

Shapi ro-Wi l k  W-test or the Ko l mogorov-Sm i rnov 0-s ta t i s t i c  depend i ng 

u pon  sampl e  s i z e .  Log and i nverse tra ns formations  on the data were 

a l s o  eva l uated . 

Wi th  the excepti o n  of  Eh , major consti tuents a t  the study ban ks 

tend toward l og norma l i ty or  have no norma l  form .  Thi s  suggests the 

presence of  u nder lyi ng spati a l  and temporal  vari ati on as  di scussed i n  

the Stati sti cal  Methods secti on  of the Experimental Des ign . The 



Tabl e 30 . Eva l u ati o ns of Normal i ty ,  Majo r  

Data Set pH Eh Fe 

I nd i an Fork 

a-stat i s t i c  D . 1252 O . D6D1 D . 2448 
Probabi l i ty > D <D . D1  >D . 15 <D . 01 
Conc l us i on on Hoa Reject Ho Accept Ho Reject Ho 
Eval uat i on of  No norma l Norma 1 No normal 

D i str i buti on form form 

B i l l s  Branch 

a-stati s t i c  0 . 1609 0 . 0826 0 . 2592 
Probab i l i ty > D <D . D1 D . D94 < D . 01  
Conc l us i on on Ho  Reject Ho Accept Ho Reject Ho 
Eva l uat i on of  No normal Normal No normal 

D i s tr i but ion  form form 

Banks Comb i ned 

D- stat i st i c  0 . 1249 0 . 0672 0 . 2251 
Probabi l i ty > D <O. D1 <D . D1 < D .  D1  
Conc l us i on on Ho  Reject Ho Reject Ho Reject Ho 
Eva l ua t i on of  No norma l No normal No normal 

D i stri but i on form form form 

a Ho : Data are a random samp l e  taken from a norma l d i s tr i but ion  

Const i tuents at the 

Tota l D i ssol ved Consti tuents 

Mn Ca 

0 . 1904 0 . 1614 
< 0 . 0 1  <0 . 01 
Reject Ho Reject Ho 
Log Log 
normal norma l 

0 . 1529 0 . 0975 
<0 . 01  0 . 106 
Reject Ho Accept Ho 
No norma l Normal 

form 

0 . 1997 0 . 0828 
< D . D1 <D . D1  
Reject Ho Reject Ho 
No norma l Log 

form normal 

Study Spo i l Banks 

A 1 k a  1 i n i  ty 
as 

Mg CaCD3 

D . 1779 D. 1244 
< 0 . 0 1  • 0 . 01  
Reject Ho  Reject Ho  
I nverse No norma l 

form norma l form 

0 . 1763 0 .  1357 
< 0 .  01 <0 . 01 
Reject Ho Reject Ho 
No normal Log 

form norma l 

0 . 1445 0. 1 307 
<O . D1 < 0 . 01 
Reject Ho Reject Ho 
No norma l No norma l 

form form 

S u l fate 

D . 1479 
< 0 . 0 1  
Reject Ho 
No norma l 

form 

0 . 0981 
0 . 100 

Accept Ho 
Norma l 

0 . 1542 
<0 . 01  
Reject Ho 
No normal 

form 

� 
� 



Tab l e 3 1 . Eval uati on s  of Norma 1 i ty , Trace Metal s a n d  Add i t i on Con st i tuents a t  the 

Total Di s so l ved Consti tuents Total Cons t i tuents 

Data Set Cd Co Cr Cu Pb Zn Al S i  N i  

Indi an Fork 

W- stat i s t i c  0 . 4221 0 . 2006 0 .  7384 0 . 8829 0 . 9501 0 . 3954 0 . 6352 0 . 6155 (D- stat i s t i c )  
Probab i l i ty < W < 0 . 01  <0. 01  <0 . 01  < 0 . 01 0 . 622 <0 . 01  <0 . 01 < 0 . 01 ( P robabi l i ty > D )  
Conc l us i on on Hoa Reject Ho Reject Ho Reject Ho Reject Ho Accept Ho Reject Ho Reject Ho Reject Ho 
Eva l uat i on o f  No normal Log Log Log Normal No normal I nverse 51 Log 

D i stri but i on form normal normal normal form Normal normal 

B i l l s  Branch 

w- stat i s t i c  0 . 4819 0 . 3051 0 .  7967 0 .  7386 0 . 6996 0 . 6581 0 . 5646 0 . 9461 0 . 8785 (D- s tat i s t i c )  
Probab i l i ty < W <0 . 01 <0 . 01 <0 . 01 <0 . 01 0 . 014 <0. 01 <0 . 01 0 . 428 0 . 308 ( Probabi l i ty > D )  
Conc l us i on on Ho Reject Ho Reject Ho Reject Ho Reject Ho Reject Ho Reject Ho Reject Ho Accept Ho Accept Ho 
Eva l uati on o f  I nverse Cd Log Log Log I nverse Pb Log Log Normal Norma l 

D i str ibu t i on normal normal normal normal normal no rma 1 normal 

Banks Comb i ned 

W-stat i s t i c  0 . 3426 (0 . 3090) 0 .  7930 0 .  8472 0 . 5803 0 . 6148 0 . 4842 0 . 8054 0 . 5764 ( D- s tat i st i c )  
Probab i 1 i ty < W <0 . 01  (<0 . 01 )  <0 . 01  <0 . 01  <0 . 01  <0 . 01  <0 . 01  <0 .  01  <0 . 01 ( Probabi l i ty > D )  
Conc l u s i on o n  Ho Reject Ho Reject Ho Reject Ho Reject Ho Reject Ho Reject Ho Reject Ho Reject Ho Reject Ho 
Eva l uat i on o f  N o  normal Log Log Log Log Log No normal Log Log 

D i str ibut ion form normal normal normal normal norma l form normal norma l 

a Ho:  Data are a random samp l e  taken from a normal di stri but i on 

Study 

K 

( 0 . 3029) 

( <0 . 01)  

Reject Ho 
No normal 

form 

0 . 9291 

0 . 509 
Accept Ho 

Normal 

(0 . 3106) 

( < 0 . 01 )  
Reject Ho 
No normal 

form 

Spo i l Banks 

Na 

0 . 9453 

0 . 341 

Accept Ho 
Normal 

0 . 9157 

0 . 455 
Accept Ho 

Normal 

0 . 9743 

0 .  718 
Accept Ho 

Norma l 

...... 

(J1 0 
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combi ned da ta d i s tr i bu t i on s  refl ect the l ack  of norma l i ty at  each 

bank . D i str ibu t i ons  fo r the trace meta l s are i nfl uenced by ex treme 

max imum val ues  and  by a maj o ri ty of o bservat ions a t  or nea r ana lyt i ca l  

detect ion  l imi ts . T hese sampl e s e t s  are sma l l a nd , except for cadm i u m ,  

tend  to b e  l og normal . Al um i n um a n d  potas s i um are a l so i nf l uenced by 

extreme maxi mum va l ues . On l y  the sod i um data s hows norma l i ty at  both 

s tudy spo i l banks . Norma l i ty test i ng was a l so performed for major 

consti tuents a t  t he o bservat ion  we l l s ,  permanent bench ponds , seepage 

samp l es , and i nd iv i dua l  wel l  s i te s . Thi s  work i s  summa ri zed i n  

Tabl e 3 2  and was used to se l ect da ta transforma ti ons  necessary to 

ensure norma l i ty i n  the stati sti cal tes t i ng that fol l ows . 

The genera l l ac k  of norma l i ty for overa l l consti tuent data a t  

each stu dy spo i l ban k  precl udes d i rect stat i sti ca l  ana l ys i s  of the 

observed d i fference between them. Tabl e 32  i nd i ca tes  the transforma 

ti ons  necessary for norma l i ty a t  each s i te are not u n i form . Thu s ,  

s i te by s i te s tati st ica l  compari son at each bank woul d  be improper . 

I n  an attempt  to devel op cons ti tu en t  concentra ti ons  representative  of 

subsu rface water  i n  the two study s po i l ban ks , the average of med i an 

concentrat ions  at  each wel l was compu ted . The med i a n  val ues at each 

bank were fou nd to approx imate a normal d i str i bu t i on suggesti ng thi s  

approach i s  l eg i t imate . T-tests  for maj or consti tuents at  the study 

spoi 1 banks  were performed on these data . These resul ts  and representa

ti ve su bsu rface water qual i ty are presented i n  Tabl e 33 . Al though  

the concentrati o n  d i fference of  a l l  consti tuents between i ndi v i dual  

wel l s  may be g rea t ,  on ly  ca l c i um ,  magnes i um ,  a nd a l kal i n i ty show 

stati st ica l l y  s i g ni ficant d i fference between the two banks . 



Tab l e 3 2 .  Eval uation of Samp l e  Di stri bu t i o ns , Observa t i on Wel l s ,  Permanent Ponds , Seepage Sampl es ,  
and Study Spoi l Bank Wel l s .  

Total D i ssol ved Consti tuents A 1 ka 1 i n i  ty 
as 

Data Set pH Eh Fe Mn Ca Mg CaC03 Sul fate 

Observat i on We l l s  Normal No norma l Log Log Normal Normal Normal Normal 
form Norma l Normal 

Permanent Ponds Norma l Normal Log Log Normal Log 
Normal Normal Norma l 

Seepage Samp l e s  Normal Normal No norma 1 Normal Normal Approx. 
form Normal 

Ind ian  Fork 

Fl Normal Log Log No norma l Normal Normal Norma 1 Norma l 
Normal Normal form 

F2  Normal Normal Log Log Norma 1 Normal Norma l Norma 1 
Normal Normal 

F3 No normal Normal Log Log Normal Norma l Norma l No norma l 
form Normal Normal form 

F4 No normal Log Log Log I nverse Ca Norma 1 l og No norma l 
form Normal Normal Normal Normal Normal form 

F5 Normal Normal Log Norma l Normal Normal Normal Norma l 
Norma 1 

F6 Normal Normal Normal Normal Normal Norma l Log Nomra l 
Normal 

FB Normal Normal Log Log Normal Normal Norma l Norma 1 
Norma l Normal 

8 i 1 1  s Branch 

81  Proton Normal Normal Normal Normal Norma 1 No norma l Log 
normal form Normal 

82 No normal Log No normal No normal Log Log Normal No normal 
form Normal form form Normal Normal form 

83 No normal Normal Normal Norma l Log Normal Norma l Log 
form Normal Norma l 

84 Normal No normal Log Normal Normal Normal Normal Norma l 
form Normal 

85 Normal Normal Normal Normal No normal Normal Norma l Normal 
form _. 

c.n 
N 



Tabl e 33 . Representative Subsu rface Wa ter Qua. l i ty and Stati s ti ca l  Compa ri son of the I nd ian  Fork and 
Bi l l s Branch Study Spo i l  Banks 

Total D i ssol ved Concentrat i ons ( mg/ 1 )  A 1  ka l i n i ty 
as Caco3 Sul fate 

pH E h , v  Fe  Mn  Ca  Mg ( mg/ 1 )  (mg/ 1 )  

Means 

I nd i an Fork 6 . 16 0 . 236 8. 94 3 . 45 51 .  7 18. 5  144 . 8  74 . 9  
B i l l s  B ranch 6 . 36 0 . 219 15 . 49 10. 58 90 . 6  63 . 1  303 . 4  144 . 0 

t- score 1. 2449 -0 . 5131 0 . 7687 1 .  8366 3 . 4700 5 . 4502 2 . 6956 1 . 8383 

Prob > i t i 0 . 2446 0 . 6202 0 . 4618 0 . 0994 0 . 0070 0 . 0004 0 . 0246 0 . 1297 

Conc l us i on on Hoa Accept Ho Accept Ho Accept Ho Accept Ho Reject Ho Reject Ho Reject Ho Accept Ho 

a Ho:  popu l at ion  means are equa l , i . e . , � s i gn i f i cant d i f ference i n  cons t i tuent concentrati ons between the two we l l s  

(J1 
w 
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Summary stati st ics  fo r i nd i v idua l  wel l s  p resented i n  the 

Res u l ts i nd i cate spat ial vari at ion  of consti tuent concentrations  

wi th i n  the two s tudy spo i l  banks . The s i g n i fi cance of th i s var i a t i on 

was tested wi th one way ana l ys i s  of vari ance for fi xed treatment 

effects  on a ba l anced and norma l i zed subset  of the qua l i ty data . The 

resu l ts are presented i n  Tab l e 34  and i ndi cate the above var iat ion  i s  

stat i s ti ca l ly s i g n i fi cant . T hi s resu l t i s  s imi l ar to that of the 

I l l i noi s researc hers for the a rea mi n i ng spoi l (45 ) . Du ncan ' s  

mu l ti pl e  range test was app l i ed to the resu l ts of the ana lys i s  of 

variance to segregate the wel l s  at each bank  i nto g roups  of  s imi l ar 

water qua l i ty .  These resu l ts were i nconcl u s ive  as  the grou p i ng s  for 

each qual i ty consti tuent were d i fferent .  I n  genera l , the I nd ian  

Fork F4 and  F6  and  the B i l l s  B ranch 82 and B3 wel l s  a l ways demon

s trated s i g n i f i cantly  di fferent co nsti tuent concentra tions . 

The spati a l  vari ati on  i n  subsu rface water qua l i ty o bserved a t  

the two s tu dy s poi l banks suggests s i mi l ar var iat i on ex i sts  

l atera l l y  thro ug hout the spoi l .  As  a resu l t ,  the range of  val ves 

observed i n  the permanent wel l s  may not adequately represent s po i l  

water qual i ty throughout the two study bas i n s .  T-tests o f  o bservati on 

wel l qual i ty data as  a group  agai nst that of i nd i v i dua l  wel l s  a t  t he 

study spo i l  ban ks were made to veri fy that the bank qual i ty data i s  

not anoma l ou s .  Thi s ana lys i s  i s  summari zed i n  Tabl e 35 .  

Rejecti on of  the nu l l hypothes i s  impl i es a s i g n i ficant  

di fference between the observat ion  wel l s  and  the study wel l tes ted . 

T-score proba bi l i ti es fa l l i ng outs i de the 0 . 01 rej ecti on cri ter i a  

( 99 percent confi dence l evel ) a re underscored i n  the tabl e .  The resu l ts 



Tabl e 34 . Anal ys i s  of Vari ance for Spat i a l  Vari at ion  at the Study Spoi l Ba nks . 

I nd i a n  Fork 

We l l s :  F3 ,  F4 , F5 ,  F6 , & F8 

F Score 

Probab i l i ty > F 

Conc l us i ons on Hoa 

B i l l s  B ranch 

We l l s :  81 , 82 , & 83 

F Score 

Probabi l i ty > F 

Conc l us i on on Ho 

pH 

4 . 46 

0 . 0051 

Reject Ho 

Eh 

9 .  76 

0 . 0001 

Reject Ho 

5. 2 1  

0 . 0108 

Reject Ho 

F e  

29. 34 

0 . 0001 

Reject Ho 

19. 72 

0 . 0001 

Reject Ho 

Total D i s so l ved Consti tuents 

Mn Ca 

44. 10 37 . 64 

0 . 0001 0 . 0001 

Reject Ho Reject Ho 

61 . 67 2 . 42 

0 . 0001 0 . 1225 

Reject Ho Accept Ho 

Mg 

23 . 90 

0 . 0001 

Rej ect Ho 

6 . 96 

0 . 0080 

Reject Ho 

A l ka l i n i ty 
as 

Caco3 

23 . 08 

0 . 0001 

Reject Ho 

4 . 94 

0. 0139 

Reject Ho 

a Ho : Treatment e f fects are equa l , i . e . , � s i gn i f i cant spati a l  var iat ion among consti tuent concentrat i ons at the i nputted s i tes 

Sul fate 

5 . 99 

0 . 0009 

Reject Ho 

13 . 01 

0 . 0006 

Reject llo 

Ul Ul 



Tabl e 35 . T-tests of Observat ion  Wel l Qua l i ty Da ta wi th Tha t of the Stu dy Spo i l Ban k  We l l  S i tes 
( val ues exceed i ng 0 . 01 reject i on cri teri a are underscored ) a 

Tota l D i sso l ved Consti tuents A l ka l i n i ty 
as 

pH Eh Fe Mn Ca  Mg CaC03 Su l fate 

I nd i an Fork 
F2  t score - 0 . 1481 3 . 9797 - 1 . 7059 3 .  7616 2 . 2979 3 . 5545 1 .  2409 2 . 0753 

P rob > I t I 0 . 8836 0 . 0024 0 . 1351 0 . 0045 0 . 0438 0 . 0058 0 . 2519 0 . 0700 
F 3  t score - 6 . 8294 2. 7678 - 1 .  1945 2 . 4828 l. 6476 l .  4145 0 . 6795 

P rob > I t I 0 . 0001 0 . 0093 0 . 2591 0 . 0181 0 . 1086 0 . 1649 0 . 5005 
F4 t score - 2 . 4695 - 1 . 4641 - 2 . 1279 - 0 . 6410 - 2 . 2304 0 . 5470 

P rob > l t l 0 .  0 177 0 . 1539 0 . 0411 0 . 5379 0 . 0543 0 . 6005 
F5 t score 1 . 4696 - 5 . 6494 3 . 4976 1. 7419 - 1 . 2139 - 2 . 2093 - 0 . 0095 - 2 . 0640 

P rob > l t l 0 . 1537 0 . 0001 0.  0111 0.  1137 0 . 2521 0 . 0526 0 . 9926 0. 0717 
F6 t score 2 . 1742 5 . 9730 - 3 . 8402 - 2 . 8686 0 .  7854 2 . 2688 - 1 . 2402 1. 5245 

P rob > l t l 0 . 0518 0 . 0001 0 . 0082 0 . 0183 0 . 4497 0 . 0480 0 . 2504 0 . 1566 
F8 t score - 1 . 3945 1. 7395 0 . 9949 1. 5903 4.  2727 3 . 5455 2 . 4361 1 .  6991 

P rob > l t l 0 . 1793 0 . 0981 0 . 3356 0 . 1292 0 . 0015 0 . 0069 0 . 0441 0 . 1208 

B i l l s Branch 
B1 t score - 5 . 0527 2 . 0942 2 . 8904 2 . 8385 4 .  7358 3 . 2051 

P rob > l t l 0 . 0001 0 . 0767 0 . 0191 0 . 0119 0 . 0003 0 . 0099 
B2 t score - 2 . 6259 - 2 . 2673 2 . 9473 6 . 7035 2 . 7996 4 . 5879 

P rob  > l t l 0 . 0145  0 . 0519 0 . 0083 0 . 0001 0 . 0099 0 . 0014 
B3 t score - 6 .  7635 5 . 3741 7 . 1023 2 . 1027 3 . 9384 - 5 . 8207 - 2 . 5800 

P rob > l t l 0 . 0001 0 . 0001 0 . 0001 0 . 0654 0 . 0006 0 . 0001 0 .  0171 
Toe (B4 , B5 ) 

t score - 0 . 9264 5 . 5302 - 1 .  6901 - 1 . 6692 - 0 . 5386 -2 . 1617 0 . 1349 - 0 . 5615 
Prob > I t l 0 . 3653 0 . 0001 0 . 1131 0 . 1 145 0 . 5976 0 . 0577 0 . 8944 0 . 5828 

a Ho :  popu l at i on means are equa l , i . e . , no s i gn i f i cant d i fference between the Observat i on We l l s  and the (.]1 0"\ 
Study Spo i l Bank We l l  S i te .  



1 57 

i nd i cate the range of val ues seen at  the observation  wel l s  fa l l s  wi th i n  

that  of  the study s po i l ba n ks . Thus , the permanen t wel l s  appear to 

adequate l y  charac ter ize  s po i l water qua l i ty for the Pewee and B i g  Mary 

seams i n  the I nd i a n  Fork  and B i l l s  Branch study bas i ns ,  respecti vel y .  

A s imi l a r tes ti ng procedure wa s empl oyed to compare qual i ty of the 

permanent bench ponds in I nd i a n  Fork wi th that of the spo i l  ba nk  pond , 

Fl . The resu l ts  are presented i n  Tabl e 36 whi ch i ndi cates no s i gn i fi 

can t  s pat ia l  vari at i on i n  the qual i ty o f  surface wa ter trapped o n  the 

upper bench of  the I nd i an Fork Study Bas i n . 

Thi s ana l ysi s procedu re was a l so used to compare spoi l water 

qu al i ty wi th  tha t of  the und i sturbed seepage sampl es taken from the 

shal l ow groundwater system above mi n i ng di sturbance i n  the s tudy 

bas i n s .  Wi t h  the excepti on of p H ,  a s tati s ti cal l y  s i g n i fi cant 

di fference i n  consti tuent concentrati ons was found for a l l spo i l  

wel l s .  Thi s resu l t  i ndi cates the spoi l ban k i s  the source of 

degraded water qua l i ty observed i n  the mi n i ng d i s tu rbed s tudy ba s i ns . 

I n  addi t ion  to spa t i a l  vari at ion at the study spo i l  bank s ,  

temporal var iat i on may u nderl i e  di stri bu tions  o f  the qual i ty data a t  

each wel l s i te .  Both l ong a nd s ho rt term trends need be cons i dered . 

Long term temporal var i a t i on i s  rel ated to the time s pan of degraded 

wa ter qual i ty associ ated wi th s po i l  dra i nage .  A s i g n i fi cant dec rease 

i n  subsurface concentrations  wou l d  suggest an u l tima te retu rn to 

prem i n i ng cond i ti on s .  Short term tempora l variati on i s  rel ated to 

seasonal a nd hydro l og i c  changes wi th i n the mi n i ng spoi l .  

Tempora l vari at i on i n  cor.st i tuent concentrat ion s  a t  each wel l 

over the course of the study i s  exami ned i n  Tabl e 37 . S i g n if icant 
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Tab l e 36 . T-test of  Permanent Bench Pond Qua l i ty Data w i th the I nd i an 
Fork Pond , Fl 

.A.. l ka 1 i n i ty 
as  

pH Eh  CaC03 S u l fate 

t- score 3 . 2241 - 0 . 3430 - 0 . 4951  0 . 2042 

Probab i l i ty > I t ! 0 . 0026 0 . 7337 0 . 6389 0 . 8461 

Conc l u s i on on Hoa Rej ect Ho Accept Ho Accept Ho Accept Ho 

Tota l D i s s o l ved Const i tuent 

Fe Mn Ca Mg 

t- score - 0 . 3054 0 . 5495 

P robab i l i ty > I t ! 0 .  7719 0 . 2461 

Conc l u s i on on Ho Accept Ho Accept Ho 

a Ho : popu l at i on means are equal , i . e . , no s i gn i f i cant d i fference between 
the  permanent bench  ponds  and the Indi an Fork pond , F1  



Tabl e  37 . Corre l ati on s  of  Subsurface Const i tuent Concentrat ions wi th T ime for the Study Spo i l 
Bank Wel l s  ( s i g n i f i can t correl ati on va l u es are u nderscored )  

Bank and S i t.e pH E h  F e  

I nd i an Fork 

F2  R v a l ue -0 . 2960 0 . 0290 -0 . 5637 
����

e
� I R I  0 . 265B 0 . 9324 0 . 4363 

F 3  R v a l ue 0 . 5167 0 . 3853 -0 . 6518 
P rob > I R I  0 . 0005 0 . 0185 0 . 0002 
S l ope 6 . 814[-3  0 . 0870 - 0 . 0473 

F4 R v a l ue -o .  1350 0 . 5965 -0 . 4899 
Prob > I  R l  0 . 4127 0 . 0002 0. 0 151  
S l ope 0 . 1355 -o. ou6 

F5 R va lue - 0 . 1792 0 . 4761 -0 . 6580 
Prob > I R I  0 . 4628 0 . 0623 0 . 0278 
S l ope -0 . 0224 

F6 R v a l ue 0 . 2218 0 . 0962 -0 . 6183 
Prob > I R I 0 . 4268 0 . 7 330 0 . 0321 
S l ope -0 . 0100 

F8 R v a l ue -0 . 3067 0 . 6257 -0 . 2476 
Prob > I  R l  0 . 3322 0 . 0295 0 . 4903 
S l ope 0 . 1931 

B i l l s  Branch 

B1 R v a l ue -0 . 3425 0. 7237 0 . 4462 
Prob > I R I  0 . 1512 0 . 0007 0 . 2286 
S l ope 0 . 2560 

82 R v a l ue -0 . 4260 0 . 7012 -0 . 5850 
P rob > I R I  0 . 0690 0 . 0012 0 . 0457 
S l ope 0 . 1626 

83 R v a l ue -0 . 4225 0 . 2931 0 . 3895 
Prob > I  Ri 0 . 0354 0 . 1646 0. 1101 
S l ope 

B4 R va l ue 0 . 4986 0 . 3440 -0 . 6957 
Prob > I  RJ 0 . 3926 0 . 5708 0 . 1921 
S l ope 

85 R v a l ue -0 . 7759 0 . 3608 -0 . 9047 
Prob > I R 1 0 . 0236 0 . 3799 0 . 0953 
S l ope -1. 491E-3  

Total D i sso l ved Const i tuents 

Mn 

0 . 9859 
0 . 0141 
3 . 329[-3 

- 0 . 7698 
0 . 0001 

- 3 . 905£-3 
-0 . 4924 

0 . 0124 
-6 . 898£- 3 
-0 . 4861 

0 . 1296 

-0 . 4163 
0 . 1783 

0 . 5786 
0 . 0622 

0 . 5275 
0 . 1445 

-0 . 4326 
0 . 1601 

0 . 5089 
0 . 0310 

-0 . 4265 
0 . 4739 

-0. 7660 
0 . 2339 

Ca 

- 0 . 4321 
0 . 5679 

0. 1381 
0 . 492 1 

-0 . 4355 
0 . 0295 

-0 . 0103 
-0 . 3989 

0 . 2243 

- 0 . 8159 
0 . 0012 

- 0 . 0313 
0 .  4477 
0 . 1673 

- 0 . 2172 
0 . 5745 

- 0 . 6048 
0 . 0372 

-0 . 8825 
0 . 0001 

-0 . 0243 
0. 1700 
0. 7846 

-0 . 9891 
0 . 0109 

- 0 . 1302 

Mg 

-0 . 3688 
0. 6311 

-0 . 1854 
0 . 3546 

-0 . 2571 
0 . 2147 

-o. 3130 
0 . 3486 

-0 . 3864 
0 . 2147 

0 . 6681 
0 . 0246 
4 . 209£-3  

-0 .  7 187 
0 . 0446 

- 0 . 7283 
0 . 0072 

-0 . 0449 

- 0 . 6372 
0 . 0001 

-6 . 545£- 3 
0 . 3128 
0 . 6083 

-0 . 8839 
0. 1 161 

a Apparent 1st order l i near s l ope for s i gn i f i cant corre l at i ons , uni ts of cons t i tuent concentrat i on per day 

A l ka I i n i ty 
as 

CaC03 Su l fate 

0 . 4420 - 0 . 4226 
0 . 2336 0. 0911 

0 .  3732 0 . 1073 
0 . 0297 0 .  5213 
0 . 0981 

-0 . 5324 -0. 1724 
0 . 0014 0 . 2939 

- 0 . 0650 
-o. 4813 -0 . 5314 
0 . 0814 0. 0132 

- 0 . 0209 
- 0 . 5291 - 0 . 0934 

0 . 0425 0 .  7508 

0 . 2898 0 . 5085 
0 . 3608 0 . 0914 

- 0 . 5841 0 . 2074 
0 . 0175 0 .  5177 

-0 . 3241 
- 0 . 2958 -0 . 4219 

0 . 2334 0 .  1510 

-0 . 0720 -0 . 5342 
0 . 7383 0 . 0126 

-0 . 0666 
0. 6477 -o.  nso 
0 . 2373 0 . 1237 

-0 . 8277 -0 . 9934 
0 . 0836 0 . 0731 

U1 
\.0 
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trends detected by the correl ati on ana l ys i s  are underscored , and a 

val ue of the apparent  fi rst order , l i near s l ope i s  prov i ded . Most 

notabl e are decreases i n  i ron  a nd ma nganese seen at the F3 and F4 

wel l s .  These were accompan i ed by an  apparen t i ncrea se i n  pH ,  Eh , a nd 

a l kal i n i ty .  The B i l l s  Branch bench wel l s  experi enced a s i g n i fi cant 

i ncrease in  Eh ,  and the B3 we l l  s howed s i g n i fi cant decrease i n  

concentrati ons of ca l c i um ,  magne s i um , and su l fate . 

Fi gures  for the ti me response of consti tuent concentrations  at  

each  wel l  were generated as a part of thi s research .  Three wi l l  be 

presented here to d i scuss  tempora l vari ation s i nd i cated for the 

F3 a nd B3 wel l s .  The pH and Eh for the F3 we l l  i n  F i g ure 25 su ggest a 

steady i ncreas e  over ti me ,  whereas d i s so l ved i ron and manganese 

concentrations  i nd i cated i n  F i gure 26 dropped sharply i n  the spri ng  

of  1 977  to  rel at i ve ly  constant  l evel s .  Al though not  s hown , the time 

respo nse of these co nsti tuents at  the F4 wel l  was i dentical . 

Compari so n of Fi gu res 25  and 26 wi th prev i ous  F i gure 1 7 ,  page 1 00 ,  

presenti ng the time re sponse of satu rated zone th i ckness at  the F3 

and F4 wel l s  i nd i ca te these c ha nges correspond to the l a rge recharge 

that was observed i n  the s pri ng of 1 97 7  and genera l l y  ma i nta i ned for 

the remai nder of the study . A c l ose compari son of  the f igures for the 

summer of 1 97 7  i l l u s trates s hort term tempora l v ari ati on i n  the spoi l 

and sug gests a rel ati onsh i p  between consti tuent concentra tion  

and  hydro l og i c  condi ti o n .  

F i gu re 2 7  presen ts the time respo nse of  di sso l ved ca l c i um a nd 

magnes i um at  the B3 wel l .  Apparent fi rst  order , l i near  s l opes for the 

rather dramat i c  decreases are -0 . 02 and -0 . 006 mg/1 -day , respect i vel y .  
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Compari son of thi s fig ure wi th  the hydro l og i c  response for B3 

presented i n  F i gure 20, page 1 03 ,  i nd i cates the decrease i n  const i tuent  

concentrati ons  began wi th the l arge and  permanen t i ncrease in  the 

s i ze of the saturated zone i n  November 1 976 . The decrea se of su l fate 

concentrat ions i n  the we l l  paral l e l s those of ca l c i um and magnes i um .  

The hydro l og ic  and qual i ty response o f  the F 3  and F4 wel l s  

suggests i nc rea s i ng satu ra ti on resu l ts i n  a temper i ng o f  pH  and redox 

cond i tions  wi th  a resu l t i ng decrease i n  i ron and ma nganese concentra

t ions and an  i ncrease i n  a l ka l i n i ty .  The obv i ous  d i l u ti on of the 

i n i ti a l mas ses  of cal c i um ,  magnes i um ,  and su l fa te at the B3 we l l  

i ndi cated by i ts hydro l og i c  and qual i ty response sug gest thi s  i s  the 

mechan i sm by wh i ch hyd ro l og i c  c hanges affect subsurface consti tuent 

concentrat ions  i n  the spo i l .  

Var i a t i on of consti tuent concentrat ions wi th hydro l og i c  

cond i ti ons  devel oped earl i er i s  eva l uated for sel ected spoi l bank 

wel l s  i n  Tab l e 38 . Exami nat i on of mean recharged a nd depl eted 

qu a l i ty da ta suggests a s i g n i f i cant d i fference . E l evated const i tuen t 

concentrat ions  are general l y  assoc i a ted wi th peri od s of water defi c i t  

i n  the spo i l .  The p H  and E h  are depres sed . The testi ng resu l ts 

i nd i cate vari at ion w i th hydro l og i c  cond i ti on a t  the F4 wel l i s  

s i gn i f i can t .  The smal l sampl e s i ze (few qual i ty o bservat ions  for 

depl eted condi ti ons  were ava i l ab l e ) and l arge standard dev i ati on  o f  

the data from F3 a n d  8 2  may account for the fa i l u re to produce overa l l  

s i gn i f i cant  resu l ts at these s i tes . I n  genera l , subsurface qua l i ty 

da ta a t  the study s po i l banks shows an  a ssoc i at ion w i th hydrol og i c  

condi t i on . Al though  s i gn i f i cant  l ong term trends are suggested for 



Tabl e 38 . T-tests of Hydro l og i c  Condi t i on for Subsu rface Con sti tuent Concentrati ons at Sel ected 
Study Spoi l Bank Wel l s  

Total Di sso l ved Consti tuents A l ka l i n i ty 
a s  

We l l  pH Eh Fe Mn Ca Mg CaC03 Su l fate 

F 3  
Means 

Recharged 5 . 85 153 8 . 24 1. 54 110 39 . 4 282 124 
Depl eted 5 . 52 88. 8  31 . 9  3 . 00 85 . 0  37 . 3  220 164 

t- score -1 . 3474 1 .  7588 2 . 9968 4 . 3896 - 1 . 6969 -0 . 3390 - 1 .  0253 2 . 0834 
Prob > I  t l  0 . 2386 0 . 1125 0 . 0282 0 . 0014 0 . 1206 0 . 7416 0 . 3294 0 . 0638 
Conc l us ion  on Hoa Accept Ho Accept Ho Reject Ho Reject Ho Accept Ho Accept Ho Accept Ho Reject Ho 

F4 
Means 

Recharged 6 . 49 320 0 . 19 0 . 23 46 . 8 13 . 9 117 67 
Dep l eted 6 . 03 192 14 . 3  10 . 2  61 . 0  19 . 8  209 72 

t- score - 3 . 5580 - 3 . 4035 6 . 2859 2 . 9817 2 . 1661 3 . 5293 3 . 2578 0 . 2988 
Prob > I  t l  0 . 0035 0 . 0059 0 . 0001 0 . 0307 0 . 0729 0 . 0042 0 . 0062 0 .  7702 
Conc l us i on on Ho Reject Ho Reject Ho Reject Ho Reject Ho Reject Ho Reject Ho Reject Ho Accept Ho 

82 
Mean 

Recharged 6 . 05 389 0 . 3 1  0 . 66 80 . 2  58 . 5  252 241 
Dep l eted 6 . 41 291 2 . 47 1. 38 144 100 364 293 

t- score 1 .  3426 - 1 . 7787 1. 6234 1. 8173 3 . 0058 3 . 2060 2 . 6804 1 .  1863 
Prob > l t l 0 . 2326 0 . 1057 0 . 1788 0 . 1067 0 . 0169 0 . 0125 0 . 0231 0 . 3072 
Conc l us i on on Ho Accept Ho Accept Ho Accept Ho Accept Ho Reject Ho Reject Ho Reject Ho Accept Ho 

a Ho: popu l at i on means are equa l , i . e . , � s i gn i f i cant d i f ference between recharged and dep l eted cons t i tuent concentrat i ons 

Cl'l 
U1 
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severa l consti tuents at i n d i v i dual  wel l s , no overa l l decrease i n  s poi l 

concentra t i on s  i s  i nd i cated by the data . 

S i mi l ar to the storage vo l umes presented for each s tudy spo i l  

ban k  i n  the hydrol og i c  d i scu s s ion  the ma ss  of maj or qua l i ty const i tu 

ents may b e  devel oped a t  each ban k .  Us i ng representati ve subsu rface 

concentrat ions  ca l cu l ated earl ier  from med ian va l u es at  the study wel l s ,  

med i an observed satura ted zone cross sec ti on area , and poros i ty, 

mobi l i zed subsurface co nsti tuent  ma s ses for a u n i t wi dth  of the s po i l  

profi l e  are compu ted . These resu l ts a re presented i n  Tab l e 39 a s  

ki l ograms per foot wi dth of the profi l e .  

Subsu rface concentrat ions  a t  the non-ponded B i l l s  Branch S tudy 

Spoi l Ban k are l arger  than a t  I nd ian  Fork , but  s i nce i t s  vo l ume i s  

sma l l , consti tuent ma sses a t  both banks are s imi l ar .  I f  cond i ti on s  a t  

the study ban ks a s  ou tl i ned i n  Tabl e 39 are assumed representative  of  

t he s po i l in  general , a one  m i l e  secti on of  ponded bench  a l ong the 

Pewee coal conta i n s  6380 l bs .  ( 2900 kg ) of mob i l i zed i ro n ,  2420 l bs .  

( 1 1 00 kg ) of manganese , 37 , 1 80 l bs .  ( 1 6 , 900 kg ) of ca l c i um ,  1 3 , 200 l bs .  

( 6000 kg ) of magne s i um ,  1 04 , 060 l bs .  (47 , 300 kg ) o f  a l ka l i n i ty as  

CaC03 , and 53 , 680 l bs .  ( 24 , 400 kg ) of su l fate . I t  i s  i n teresti ng  to 

note tha t  the a l ka l i n i ty cal cu l ated here i s  equ i va l ent to 26 . 5  

metr i c  ton s  of l i me wi th a neu t ra l i z i ng capac i ty for 46 . 4  metr i c  tons 

of su l furi c aci d .  Masses i n  an equ i val ent sect ion of non-ponded s po i l  

a l ong the B i g  Mary coal are s imi l ar i n  magni tude . Thus , the contou r 

m i n i ng spoi l represents a tremendou s reservo i r  of mob i l i zed consti tuent 

ma s s . 



Tab l e  3 9 .  Representati ve Subs urface Concentrati ons  and Mob i l i zed Const i tuent Mass  a t  the Study Spo i l 
Banks  Under Medi an Observed Hydro l og i c  Cond i t i ons  

Total D i s s o l ved Const i tuents 

Study Bank Fe  Mn Ca 

I nd i an Fork  

Representat i ve Subsurface 8 . 94 3 . 45 51 . 7 Concentrati ons  ( mg/ 1 ) 

Mob i l i zed Sub s urface 0 . 553 0 .  213 3 . 20 Const i tuent Mas s ( kg/ft) 

B i l l s  Branch  

Representat i ve Subsurface 15 . 42 10 . 58 90 . 6 Concentrat i ons  ( mg/ 1 ) 

Mob i l i zed  Sub s urface 0 . 516 0 . 354 3 . 03 Con st i tuent Mas s ( kg/ft)  

Mg 

18 . 5  

1 . 14 

6 3 . 1 

2 . 11 

A l ka l i n i ty 
as 

CaC03 

144 . 8 

8 . 96  

303 . 4  

10 . 16 

S u l fate 

74 . 9  

4 . 63  

144 . 0 

4 . 82 

(J) "--J 
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For the spo i l s  exami ned , however , trace meta l ma ss  i s  sma l l .  

I n  the one m i l e  sect i on descri bed above , 265 acre-feet ( 3 . 28 E 5  m3 ) .  

of surface a nd subsu rface water conta i n  l ess  than 4 l bs .  (2  kg ) o f  

each trace co nsti tuent .  

Chemi cal Rel ati onsh i ps i n  the Water Qual i ty Data 

The summary stati st ics  and the time response of the study wel l s  

suggest assoc iat ions  among consti tuents moni tored at the s po i l ban k .  

These are expl ored i n  Tabl e 40 . As before , s i gn i f i cant  correl ati on s  

are underscored . The appa rent fi rst order , l i near sl ope i s  pro v i ded 

for the co l umn varia b l es a s  a funct ion  of each row . S i g n i fi cant Eh  

and pH  assoc i ati on i ndi ca ted by the data is  not  surpri s i ng . Ma ny of 

the hal f cel l s  wh ich  may contro l  redox potenti al  i n  the spoi l have 

u nderlyi ng dependence u pon  hydrogen i on acti vi ty .  For exampl e ,  the 

redox equ i l i bri a between ferro u s  i ron and amorphous  ferri c hydrox i de ,  

Fe ( OH ) 3 ( amorph , s )  + 3H+ + e = Fe+2 + 3 H20 ( 6 . 1 ) 

or between su l fi de a nd su l fate (60 ) , 

( 6 . 2 )  

The i nverse associ ati on of i ron and p H  i s  rel a ted to the ki net i cs of  

ferrous  i ron ox i dat ion and su bsequent preci pi tati o n  as ferri c  

hydro x i de . Thi s reaction  i s  s uffi c i ently rap i d  above p H  6 . 0  to 

contro l total i ron concentrat ions i n  the spoi l and i s  second order 

wi th respect to i ncreas i ng hydrox ide ion acti v i ty ( k " 
pH  6 . 0 = 

I I  
-0 . 25/day ; k pH ? . O  = - 25/day ) . I n  contrast ,  manganese oxi dat ion 



Tabl e 4 0 .  Correl at ion Between Sel ected Subsurface Consti tuents a t  the Study Spo i l Banks ( s i gn i fi cant 
correl at ion s  are underscored ) 

Tota l D i sso l ved Consti tuents A l ka l i n i ty 
as 

Consti tuent Eh Fe Mn Ca Mg CaC03 Sul fate 

pH 
R val ue 0 . 1588 - 0 . 3004 - 0 . 0476 0 . 0414 0 . 0974 0 . 1999 0 . 0428 
����

e
� I R I 0 .  0116 0 . 0001 0 . 5296 0 . 5841 0 . 1973 0. 0022 0 . 5135 

3 3 . 42 - 12 . 91 59 . 50 
Number 252 175 177 177 177 232 235 

E h  
R va l ue - 0 . 330  - 0 . 2780 - 0 . 2807 - 0 . 1226 - 0 . 3044 0 . 0879 
Prob > I  R l  0 . 0001 0 . 0002 0 . 0001 0 . 1029 0 . 0001 0 . 2002 
S l ope - 0 . 0583 - 0 . 0156 - 0 . 0800 - 0 . 3848 
Number 176 178 178 178 228 214 

Su l fate 
R val ue 0 . 0879 - 0 . 2876 - 0 . 2923 0 . 5042 0 . 6450 0 . 1592 
Prob > I R l  0 . 2002 0 . 0001 0 . 0001 0 . 0001 0 . 0001 0 . 0 192 
S l ope - 0 . 0730 - 0 . 0217 0 . 1901 0 . 1651 0 . 2674 
Number 214 170 170 170 170 216 

A l ka l i n i ty 
R va l ue - 0 . 3044 0 . 3016 0 . 5398 0. 7209 0 . 6650 0 . 1592 
Prob > I R I  0 . 0001 0 . 0001 0 . 0001 0 . 0001 0 . 0001 0 . 0192 
S l ope -0 . 2408 0 . 0451 0 . 0239 0 . 1761 0 . 1251 0 . 0948 
Number 228 176 178 178 178 216 

Fe , Mn Ca , Mg A 1 , S i 
R val ue 0 . 5875 R va l ue 0 . 8222 R va l ue 0 . 4561 
Prob > I R I 0 . 0001 Prob > I R l  0 . 0001 Prob > I R I 0 . 0067 
S l ope 1 .  883 S l ope 1 .  055 S l ope 0 . 2758 
Number 183 Number 185 Number 34 

a Apparent f i rst order l i near s l ope s i gn i f i cant corre l at i ons , un i ts of  consti tuent concentrat i on per un i t  
_. 

0'1 
concentrati on .  

I.D 
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requ i res  pH  i n  excess  of 9 . 0  (60 ) . Si nce spo i l  wa ters sel dom exceed 

pH  7 . 0 , ma nganese and pH  show no s i g n i fi cant a s soc i a ti on .  

Di sso l ved l eve l s  of i ron and manganese wou l d be expected to 

i nc rease u nder reduced condi t ions  where the i r  oxi da ti on to i nso l u b l e 

forms i s  retarded . Ta bl e 40 i ndi cates thi s to be the case . The 

strong i nverse assoc i ation of ca l ci um and a l ka l i ni ty wi th redox i s  

i nteresti ng . I f  aci d produ ction  i s  a ssoc i a ted wi th  reduced condi t i on s  

a s  i s  suggested by the posi ti ve correl at ion  of pH and E h ,  a l kal i n i ty 

produced from the di ssol uti on of carbonates s hou l d be dimi n i shed . 

The wel l data , however , suggest  e i ther the parti a l  pressure of carbon 

d iox i de i s  i nc reased u nder reduced condi tions  ( suggesti ng i ncreased 

subsurface mi crobi a l  acti v i ty ) thus dri v i ng more a l kal i n i ty i nto the 

system , or ca l ci um and a l ka l i n i ty i n  the spoi l ori g i nate from 

exchange and neu tral i zat ion  reacti on s  wi th the a l umi no s i l i ca te 

mi neral s .  

S i nce su l fa te concentra t i on i s  a mea su re of the exten t  of  

pyri te ox idati on , the negati ve correl ation  of i ron  and su l fate i s  

i n i ti a l l y  pu zz l i ng .  Al so puzzl i ng i s  the l ac k  of assoc i a t i o n  between 

su l fate and redox . One wou l d expect a g reater yie l d of  su l fate under 

oxi d i z i ng than  under reduci ng condi t i o ns . However , once mob i l i zed ,  

consti tuents travel i ng throu g h  the spoi l experi ence varyi ng redox 

cond i t ions as i ndi ca ted by the spati a l  var i at i o n  seen among the 

s tu dy wel l s .  I ron mobi l i zed at  the head of the spo i l ban k may be 

ox i di zed and prec i pi tate by the time i t  reaches down g radi ent wel l s . 

The same i s  true for manganese . Su l fate , on the other hand , i s  a 
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re l ati vely  conservati ve consti tuent and once mob i l i zed wi l l  stay i n  

so l ut i o n .  T hese fac tors may exp l a i n  the o bserved rel a ti ons h i p s . 

Cal c i um and magnes i um are rel ated to su l fate i nd i rect ly  

throu g h  cha rge bal ance cons i derations  and the concomi ta nt weatheri ng 

of s po i l materi al i n  response to aci d producti on . The l atter 

mechan i sm may account  for the assoc i at i o n  of a l kal i n i ty and su l fate , 

espec i a l l y  i f  a l ka l i n i ty resu l ts from reacti o ns  of the a l umi no s i l i cates .  

The pos i t ive  correl ati on of t he di s sol ved metal s wi th a l kal i n i ty i s  

mos t  certa i nl y  rel ated to cati on/an i on ba l ance i n  the s poi l .  I ron and 

manganese concen trations  are re l ated throug h thei r s imi l a r  response to 

redox cond i t i ons . The associ at ion  of cal c i um and mag nes i um resu l ts 

from thei r s imi l ar chemi ca l characteri st ics  and suggests a s imi l ar 

paren t  sou rce , e i ther carbonate or c l ay .  As soc iat ion  o f  a l umi num a nd 

s i l i con  i s  to be expected si nce thei r on ly  sou rce i s  the cl ay mi nera l s .  

Mol ar rati os  devel oped to characteri ze qua l i ty re l at ion sh i ps  

i n  the  spo i l  and  obtai n c l ues as  to the source of d i sso l ved 

consti tuents are presented i n  Tab l e  4 1 . The d i stri bu ti on for many 

of these rat i o s  was i nfl uenced by ex treme max imum va l u es , resu l t i ng 

i n  a mean unrepresenta tive of t he da ta ' s  overal l res ponse . For th i s  

rea son the med i a n  and the 50 percent spread abou t the med i a n  ( Ql -Q3 ) a re 

presented for compari son agai nst  the mea n and sta ndard devi ati on . 

The range of the rat i o  da ta and eval uat i on s  of i ts d i stri buti o n  a re 

a l so p rov i ded . Al l were centered at the med i a n ,  l eptokurti c ,  o r  

normal  i ndi ca ti ng medi an va l u es wi l l  adequate ly  estimate fi e l d  

cond i t ion s .  



Tab l e  4 1 .  Mo l ar Rat i o s  a n d  Charge Ba l ance f o r  Se l ected Subsurface Consti tuents a t  t h e  Study Spo i l Banks 

Fe/Mn Fe/S04 Ca/Mg Ca/A l ka l i n i ty Ca/S i  

Mean 3 . 09 0 . 655  1 .  46 0 . 935  2 1 . 2 
Std . Dev .  3 . 882 1 .  937 0 . 557  0 . 7064 12 . 43 

Med i an 1 .  62 0 .  0724 1 .  50 0 . 817 19 . 2  
Q1-Q3 3 . 61 0 . 480 0 .  76 0 . 3730 15 . 96 

Max i mum 19 . 7  14 . 4  5 . 72 8 . 32 59 . 6 
M i n i mum 0 . 018 0 . 0003 0 . 342 0 . 191 1 .  67 

· Number  182 160 185 178 28 

Eva l uat i on Centered at Centered at Leptokurt i c  Lepto kurt i c  Normal 
o f  med i an ,  1 arge med i an , l arge wi th  
D i str i b ut i on pos i t i ve s kew pos i t i ve s kew pos i t i ve 

s kew 

Cat i o n s  
Mg/Al ka l i n i ty Mg/S i A l ka l i n i ty/S04 A l ka l i n i ty/S i An i ons  

Mean 0 . 702 16 . 5  4 . 38 27 . 7 1 .  04 
Std . Dev . 0 . 5586 12 . 67 10 . 50 15 . 61 0 . 312 

Med i an 0 . 520 13 . 9  1 .  91  27 . 5 1 .  01 
Q1-Q3 0 . 3627 14 . 32 1 .  79 2 5 . 12 0 . 204 

Max i mum 5 . 48 56 . 3 97 . 0  58 . 6 3 . 81 
M i n i mum 0 . 148 1 .  82 0 . 147 1 . 18 0 . 370 
Number  178 29 207 30  159  

Eva l uat i on Leptokurt i c  Lepto kurt i c  Centered at Norma l Lepto ku rt i c  
o f  wi th wi th  med i an , l arge wi th 
D i str i but i o n  pos i t i ve pos i t i ve pos i t i ve s kew pos i t i ve 

s kew s kew s kew 
__, 

'-.1 
N 
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Rat ios  of i ron to ma nganese , ca l c i um to mag nes i um ,  and 

al ka l i n i ty to su l fate were compu ted to further character i ze cons t i tu-

ent  concen trati ons  i n  the spo i l s  exam i ned .  I ron concentrat ion  

exceeds manganese by a factor of  1 . 6 ,  cal ci um concentrat ion  exceeds 

magne s i um by 1 . 5 ,  and from the a l ka l i n i ty to s u l fa te rati o , b i carbonate 

appears to be the major an ion at mo l ar concentrations  approximately 

twi ce that of  su l fa te .  

From con s i derations  of pyri te ox i dati on ,  t he i ron to su l fate 

ra ti o s hou l d be 0 . 50 (eq  2 . 1 ,  p .  2 1 ) .  The data i nd i cate a l arg e a t-

tenuat i o n  of i ron  occurs i n  the s poi l . Thi s  may be throug h  exc hange 

reacti on w ith  t he c l ays or  ox i dati on  of  ferrous  i ron to i ns o l u b l e 

ferric  hydroxi de . Ass um i ng a carbonate sol i d  pha se system , cal c i um a nd 

magne s i um to al ka l i n i ty rat i os shou l d  both be l es s  than or equal to 

0 . 50 depend i n g  u pon the cat i on compos i t i on o f  t he parent ma ter i a l  ( i . e . , 

CaxMgyCOJ( S )  = xca+2 + yMg+2 + co3-2 , where X +  y = 1 and [a l kal i n i ty] 

= 2 [co3
-2] )  { 60 ) .  From th i s  perspecti ve the da ta i nd i cate a port i on 

of the orig i na l a l ka l i n i ty has been consumed , presuma b l y  i n  

neu tra l i z i ng t he aci d  products 0f pyr i te ox i dati on . 

An a l ternat ive  exp l a nat ion may be the rel ease of  add i t iona l  

cal c i um and  mag nes i um through the acid  weatheri ng of  c l ay mi nera l s .  

For the a l umi nos i l i cates prev i ou s l y  i dent if ied by X-ray d i ffracti on  

at  the  two s tudy s poi l ban ks ( 34 , 52 ) ,  the theoretical  mo l ar cat i o n  to  

s i l i con ra t ios  from aci d weather i ng wi l l  a l l be l es s  than  o ne ( 2 1 , 60 ) .  

Part i cu l ar exampl es from the Geochem i ca l  Factors secti on of the 

Li terature Rev i ew are ca l ci um from Ca-montmori l l on i te ,  0 . 1 25 {eq 2 . 9 ) , 

and magnes i um from i l l i te ,  0 . 208 { eq 2 . 1 0 ) . The l arge ra ti o val ues 
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i n  Tabl e 41 su ggest acid  weatheri ng of c l ay mi nera l s may account  for 

on ly  a sma l l porti on  of tota l ca l c i um and magnes i um i n  the spoi l .  

The pos s i bl e i ndependence of the se cati ons from the a l umi nos i l i cates 

i s  add i t iona l ly  supported by the i r  fai l ure to produ ce s i g n i fi cant  

assoc i at ions  when correl ated wi th corres pondi ng s i l i con  da ta . How

eve r ,  i n  the Resu l ts Cha pter poss i bl e  attenuat ion  of d i sso l ved s i l i con 

due to saturation  wi th  respec t to q uartz was noted.  Th i s  i nd i cates 

l arge rat i o s  of ca l c i um a nd magnes i um to s i l i con may resu l t from 

i ncongruent sol u b i l i ty contro l s on s i l i c i c  ac i d  rel ea sed i n  the 

weather i ng a l umi nos i l i cate mi nera l s .  

The pos s i b i l i ty that su bstanti a l  al ka l i n i ty i s  produced i n  the 

spo i l throug h  the reacti on of a l umi nos i l i ca tes w i th carbon d i ox i de 

i s  exam i ned wi th a mol ar ra t i o  for a l kal i n i ty to s i l i co n .  The genera l  

equat ion p resented i n  the Li terature Review (eq 2 . 6 )  i nd i ca tes th i s  

ra t i o  s hou l d be one . The actu a l  rat io  i s  27 . 5  suggesti ng a l ka l i n i ty 

product ion  i n  excess of the a l um i nosi l i cates . Aga i n , however ,  poss i b l e  

attenuation  of s i l i con concen trat i ons suggested by the spo i l  da ta makes 

thi s resu l t  i nconc l u s i v e .  

Overal l ,  the ra t io  da ta cannot  confi rm o r  deny c l ay mi nera l 

contri bu tion  of cal c i um 9  mag nes i um ,  and a l ka l i n i ty to spo i l  waters . 

The i ncongruent nature of a l um i nosi l i cate wea ther i ng obv ious ly  

comp l i ca te s  i nterpretati on  of the s i l i con rat i os pres ented i n  Tabl e  4 1 . 

However 9 genera l l y  sma l l  concen trati ons of pota s s i um and sodi um i n  the 

s po i l l end support to the i dea that c l ay m i neral weatheri ng i s  sma l l 

compa red to the cong ruent d i sso l u t i on of carbonates . Freeze and 

Cherry ( 2 1 , p. 269 ) in a d i scuss ion  of q uartz d i sso l u t i on and 
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sol u bi l i ty s ta te ,  " Qua rtz and amorphous s i l i ca general l y  d o  not  exert 

an important i nfl uence on  the l evel  of  s i l i ca in g roundwa ter . "  If 

thi s i s  the case for the spoi l s  exami ned , the c l ay m i neral s are no t 

the major  sou rce of ca l c i um ,  mag nes i um ,  and a l kal i n i ty found  i n  

subsurface waters . 

A charge bal ance for the maj or qual i ty consti tuents ( Fe ,  Mn , 

Ca , Mg , Al ka l i n i ty ,  and so4 ) i s  i nc l uded i n  Tab l e 41 . I ts purpose was 

to ver i fy overal l adequacy of the chemi cal ana lyses  performed i n  thi s  

research . The l eptokurti c  di stri bu ti on and cl oseness of the mea n and 

medi an to 1 . 00 i nd i cate on the who l e  the data are good and the major  

consti tuents have been accounted for .  

Rel at i on of the Spo i l  Satu rated Zone to Bas i n  Hydrol ogy and Su rface 

Water Qua 1 i ty 

The u l tima te goal of thi s research i s  to rel ate spo i l  subsu rface 

water qual i ty to s tream qual i ty observed at the mou th of the s tu dy 

bas i ns . Tab l es 42 and 43 present pre and pos t  m i n i ng surface water 

qual i ty for the Lowe Branc h ,  I nd i an  Fork , and Bi l l s  Branch bas i ns . 

Lowe Branch was a n  u nd i s tu rbed ,  " near- pri sti ne 11 wa tershed of approx i 

mately one square mi l e  area l ocated ten mi l es north of I nd ian  Fork and 

Bi l l s  Branc h .  Mi n i ng acti v i ty entered the ba s i n  i n  May of 1 980 . I ts 

topography and u nderlyi ng  geo l ogy are s imi l ar to the other bas i n s . 

Mon i tori ng  o f  fl ow and wa ter qua l i ty a t  Lowe Branch as wel l as  at  the 

mou th of I nd ian Fork  and Bi l l s  B ranch was conducted between 1 97 5  and 

1 98 1  under the comprehens i ve stu dy of whi ch thi s thes i s  i s  a part . 

The premi n i ng record for Lowe Branch i s  a ssumed to represent 

undi sturbed water qual i ty a nd hyd rol ogy in the New River Area . Wi th 



Tab l e  42 . P re and Post M i n i ng Su rface Water  Qua l i ty ,  Major  Const i tuents ; Lowe B ranch , I nd i an Fork and B i l l s  
B ranch  Study Bas i ns 

Total D i s so l ved Concentrati ons  a ( mg/ 1 ) 

Bas i n  pHb Fe Mn Ca  Mg 

Lowe B ranch  ( Prem i n i ng)  

Mean 6 . 02 0 . 17 0 . 002 1. 27 1 .  47 
Std . Dev .  1 .  365E-6 0 . 1581 0 . 0016 0 . 3997 0 . 2315 
Med i an 6 . 30 D L  D L  1 . 1 1 . 4 
Max i mum 7 . 60 0 . 79 0 . 008 2 . 5 2 . 30 
M i n i mum 5 . 10 D L  D L  0 . 85 1 . 1 
F rac t i on D L  0/86 58/84 57/88 0/89 0/87 

I nd i an Fork  ( Po st  Mi n i ng)  

Mean 6 . 84 0 . 67 0 . 80 68 . 4  26 . 6  
Std . Dev .  2 . 153E-7 1 .  337  0 . 4389 30 . 74 10 . 73 
Med i an 7 . 20 0 . 2 0 .  74 61  24 . 6 
Max i mum 8 . 00 10 . 5  2 . 47 170 59 
M i n i mum 5 . 80 D L  0 . 19 19 . 3 9 . 3 
F ract i o n  D L  0/120 46/123 0/123 0/123 0/123 

B i l l s  B ranch  ( Post  Mi n i ng) 

Mean 6 . 76 0 . 14 0 . 082 10 . 5  7 . 07 
Std . Dev . 2 . 069E-7  0 . 1502 0 . 1175 3 . 192 1. 943 
Med i an 7 . 00 D L  D L  10 . 4  7 . 2 
Max i mum 8 . 30  0 . 86 0 . 84 18 11 . 15 
M i n i mum 6 . 00 D L  D L  4 .  7 5  2 . 8 
F ract i on  D L  0/113 77/116 65/117 0/114 0/115 

� 1 1 0 L 1 1 i nd i cates val ues be l ow anal yt i c a l  detect i on l i mi t s 
Standard dev i at i on val ues recorded for pH represent hydrogen i on concentrat i ons  

A l ka l i n i ty 
as Caco3 S u l fate 

mg/ 1 mg/ 1 

6 . 66 11 . 4  
2 . 881 4 . 328 
6 . 3 11 
19 . 7  22 
0 . 24 DL  
0/89 3/89 

2 9 . 87 358 . 7 
10 . 740 203 . 3 
28 . 45 305 
71 . 4  1000 
6 . 9 88 
0/122 0/123 

1 7 . 08 46 . 1  
6 . 044 14 . 43 
16 . 2  46 . 5  
36 . 5  84 
4 5 
1/116 0/116 

'-.J ()') 



Tab l e  43 . P re and Post M i n i ng Surface Water Qual i ty ,  Trace Metal s ;  Lowe B ranc h ,  I nd i an Fork , and B i l l s  B ranch 
Study Bas i ns 

Tota l D i s so l ved Concentrati ons  a mg/ 1 Tota l Tota l D i s s o l ved ( mg/ 1 ) 
N i  

Bas i n  Cd Co C r  C u  mg/ 1 Pb Zm 

Lowe B ranch  ( Premi n i ng) 

Mean 0 . 0003 D L  0 . 0003 0 . 0028 0 . 0016 0 . 0005 0 . 07 
Std . Dev . 5 . 595E-4 8 . 32E-5  2 . 624E- 3  3 . 019E -3  4 . 346E-4 
Med i an DL  D L  D L  0 .  DOll D L  D L  D L  
Max i mum 0 . 0029 0 . 018 0 . 0153 0 . 0015 0 . 07 
M i n i mum D L  D L  D L  D L  D L  D L  
Fract i on  D L  43/70 36/36 22/35 28/87 63/86 38/51 32/33 

I nd i an Fork ( Post  M i n i ng )  

Mean 0 . 0007 0 . 0060 0 .  DOll 0 . 0035 0 . 0166 0 . 0004 0 . 038 
Std . Dev . 1 .  374E- 3 3 . 591E- 3 1 .  356E-3  3 . 743E-3  9 . 450E- 3 4 . 331E-4 6 . 554E- 2 
Med i an D L  0 . 0052 D L  0 . 0022 D L  0 . 0002 0 . 012 
Max i mum 0 . 0060 0 . 0193 0 . 0060 0 . 023 0 . 067 0 . 0012 0 . 47 
M i n i mum D L  0 . 0010 D L  DL  DL  0 . 0001 D L  
Fracti o n  D L  54/101 0/ll6 70/101 4/120 54/75 0/112 39/113 

B i l l s  B ranch  ( Post  M i n i ng) 

Mean 0 . 0012 0 .  DOll 0 .  0011 0 . 0037 0 . 0048 0 . 0007 0 . 033 
Std . Dev . 2 . 286E-3  1 . 154E- 3  1 .  304E- 3 3 . 167E-3  9 . 686E-3  4 . 651E-4 3 . 456E-2  
Med i a n  D L  DL  D L  0 . 0026 0 . 0004 DL  D L  
Max i mum 0 . 0090 0 . 0039 0 . 007 0 . 017 0 . 0070 0 . 0022 0 . 14 
M i n i mum D L  DL  D L  D L  D L  D L  D L  
F ract i o n D L  86/109 82/92 74/107 2/88 34/107 58/73 84/103 

a 1 1 0 L 1 1  i nd i cates val ues be l ow ana l yt i ca l  detecti on  l i m i ts 
-......! -......! 
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the excep ti on of pH , a compari son of med i an val ues for thi s ba s i n  i n  

Tabl e 42 wi th the u nd i s tu rbed seepage samp l es i n  prev i ou s  Ta bl e 20 , 

page l 28 ,  revea l s l i ttl e or no di fference i n  cons t i tuent concentrat ion s .  

Thi s  l ends support to the above as sumpti on for undi sturbed water 

qual i ty .  

Tabl es 4 2  and 43 a l ong wi th addi tional  qual i ty data for s treams 

i n  t he New River Area i ndi cate p H  i s  e l eva ted , and major  con sti tuent 

concentrations  i n  mi n i ng d i sturbed s treams genera l l y  l ower than those 

fou nd in the s po i l .  Sul fate repl aces a l ka l i n i ty as  the maj or a n i o n . 

I n  contras t ,  trace metal s i n  d i sturbed s treams a ppear s i mi l ar to 

spo i l  concentra t ions . Whi l e  B i l l s  Branc h  wa s di sturbed on ly  a l ong the 

Big  Mary seam , seven coal s have been mi ned i n  I ndi an Fork u nder a 

vari ety of techn i ques . Rose ( 51 ) i nd i cated aci d d ra i nage from auger 

hol es a nd abando ned deep m i nes i nfl u ences s tream qual i ty i n  I nd i a n  

For k ,  espec i a l l y  dur i ng peri ods of  l ow fl ow . Thi s i s  refl ected i n  the 

surface qual i ty data by l ow a l ka l i n i ty and h ig h s u l fate concentrati ons . 

The bu l k  of surface m i n i ng d i s tu rbance i n  the bas i n  i s  sp l i t  

between t he Pewee/Wal nu t Mounta i n  and B i g  Mary coal s .  Consti tuent 

concentrati ons  in I nd ian Fork ,  espec i al l y  su l fa te , g reater than 

representat ive concentrations  devel oped for these spo i l s in Tab l es  33  

and 39 ( paqes  1 53 and 1 67 ,  respecti ve l y )  i ndi cate poi n t  source s of  

e l evated concentrati on wi t h i n  t he study bas i n .  Observation wel l s  

numbers 1 a nd 2 were p l aced on  the s l ope bel ow a s tri pped-over deep 

mi ne entrance whi ch was known to dra i n ac i d  waters . Su l fa te concen

trations  i n  excess of 1 000 mg/ 1  were fou nd . Other consti tuents were 

e l evated above l evel s fou nd e l sewhere i n  the s poi l .  These wel l s  
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confi rm the presence of anoma l ou sl y  h i g h po int  sources i n  the I nd i an 

For k  basi n .  

Conti n uous  fi ve mi nute fl ow measurement was performed for the 

stream bas i n s  over t he cou rse of the comprehens i ve study . I n  1 97 6 ,  

Mi near a nd Tschantz (42 ) reported undi s turbed streams i n  the New 

Ri ver area go dry du r i ng peri ods of ra i nfal l defi c i t  wherea s di stu rbed 

streams mai nta i n a mea sura b l e  fl ow .  F ig ure 28 qua nt i fi es  

thi s rel ati onshi p wi th a fl ow durat ion  ana lys i s  of  area normal i zed 

mean da i ly fl ow for the geol og i ca l l y  and hydro l og i cal l y  s im i l ar Lowe 

Branch , I nd i an  Fork , and B i l l s  B ranch Study Ba s i n s .  I t  was con

structed on a l og sca l e  to amp l i fy the l ow f l ow di fference between 

m i n i ng d i sturbed and undi stu rbed s treams . A fl ow of l o-5 cfs/acre 

(6 . 9E-7 m3/ s-ha ) i s  the detecti on l imi t for measu rement a t  the s tream 

gag i ng stati ons  a nd corresponds to approximate ly  0 . 01 cfs ( 2 . 8E-4 m3/ s ) .  

Va l ues  l es s  than 0 . 01 cfs are a ssumed to be zero . Fi e l d  o bserva tions  

confi rm thi s assumpti on . Note that  the hori zontal ax i s  i ndi cates the  

frequency ( or percentage of  time ) a g i ven fl ow i s  exceeded . 

At Ago ( i . e . , fl ow va l ue exceeded 90 percent of the time ) the 

undi sturbed Lowe Bra nch i s  dry .  Bi l l s Branch su stai ned a fl ow of 0 . 06 

cfs ( 1 . 7E-3 m3/ s ) and I nd ian  Fork 1 . 50 cfs ( 0 . 042 m3/ s ) . For these 

bas i n s  fl ow l ess  than Ogo i s  defi ned 1 1su sta i ned fl ow11 and i s  assumed 

to ori g i nate from spoi l storag e .  When p l otted i n  an ari thmeti c sca l e ,  

the s l ope o f  the fl ow curves fl atten towards a n  asymptot ic  l imi t a t  

a pproxima tely  07 5 · As a funct iona l  def i n i t i on fl ow l es s  than 07 5  i s  

consi dered 1 1 l ow fl ow 11 and rep resents the stream fl ow component 

i ndependent of  d i rect ra i nfa l l response . 075 for Lowe Branch i s  
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0 . 05 cfs ( 1 . 4 E-3 m3/ s ) ,  for B i l l s  Bra nc h ,  0 . 25 cfs ( 7 . 0E-3 m3/s ) ,  and 

for I nd i an Fork ,  2 . 70 cfs ( 0 . 076 m3/ s ) .  

A hydro l og i c  bal ance based o n  med i an s u sta i ned and l ow fl ows 

can be used to estima te gros s contri bu ti o n  of the s po i l to s tream 

fl ow i n  the di sturbed study bas i ns ( 21 ) .  For thi s ana lys i s  stream 

fl ow, Os , i s  assumed to resu l t from spoi l ou tput ,  QB , and a contri bu 

tion  from the s hal l ow ,  undi sturbed g roundwater system , OG , such tha t 

(6 . 3 )  

QG i s  obtai ned from Lowe Branch  data a nd under sustai ned fl ow co nd i 

t ions  i s  zero . Resu l ts a re presented i n  Tab l e 44 . 

F l ow rates computed from the spo i l i n  I nd i an For k  a nd Bi l l s  

Branch are two orders of magn i tude l ess  than the rang e  cal cu l a ted from 

hydraul i c properties for s im i l ar spoi l materi a l s  i n  the Beaver Creek 

Study ( 8 , 9 ) . The ca st  overbu rden confi gurat ion  of  the Beaver Creek 

spo i l s  may account  for thi s d i fference . Under su stai ned f l ow cond i ti ons 

tota l fl ow computed from the spo i l  in  I nd i an Fork  i s  three times that 

of Bi l l s  Branc h .  For l ow fl ow stream cond i t ions  i t  i s  1 . 6 times 

grea ter . The permanent bench ponds i n  I nd i an Fork  shou l d  account  for 

thi s .  However , e l evated su l fate concentrat i ons  i n  the s tream i nd i cate 

seepage from auger hol es and abandoned deep mi nes a l so  contr i bu te s  to 

the ca l cu l ated s poi l ban k  f l ow . 

OB cal cu l ated for B i l l s  Branch orig i nates  ent i re l y  from the 

spoi l .  The susta i ned fl ow ou tput corresponds to an annual  rai nfa l l 

over the basi n  of  0 . 6 1 i nc hes  ( 1 . 5 5  em ) .  Low fl ow output corres ponds 

to 1 . 48 i nches (3 . 76 em ) . When norma l i zed for the area of  the s poi l , 



Tab l e 44 . E s t i mate of  Spo i l Contri b ut i on to Stream F l ow from F l ow Durat i on Data for Lowe Branch , I nd i an Fork , 
and  the B i l l s  B ranch Study Bas i ns 

S u sta i ned F l ow Cond i t i on s  (Q�Q90 ) 

QB , 

Area of  Norma l i zed 
M i n i ng for 

Bas i n  D i s turb- D i sturbance 
A rea ance Q95 Q a 

B Area 

Study Bas i n  ( ac re s )  ( acres ) ( c fs/acre ) ( c f s )  ( c fs/acre spoi l )  

Lowe B ranch  588 0 0 - -

I nd i a n  Fork  2 765  641 4 . 70E-4 1 . 3  2 . 03E- 3 

B i l l s  B ranch  429 46 6 . 99E-5  0 . 03 6 . 52E-4 

a QB = Q5 - QG s e e  text for defi n i t i o n of terms 
' 

Low F l ow Cond i t i on s  (Q�Q75 ) 

Q87 . 5  QB 
( c fs/acre ) ( cfs ) 

1 .  70E-5  

6 . 15E-4 1 .  65 

1 .  86E-4 0 . 073 

QB 
Norma l i zed 

for  
D i sturbance 

Area 

( cfs/ac re spo i l )  

2 . 57E- 3 

1 . 59E - 3  

co I' .:I 
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these become 5 . 7 and 1 3 . 8  i nc hes  ( 1 4 . 5  and 35 . 0  em ) ,  respecti ve l y .  

Thu s ,  s torag e i n  the non-ponded , co ntour m i n i ng spo i l i s  a substant i a l  

component o f  basi n  hydrol ogy . Under l ow fl ow cond i ti ons ,  the 

undi s turbed g roundwater system i n  B i l l s Branch contr i butes only 

9 pe rcent of the total stream fl ow vo l ume . 

Const i tuent mass  ou tput from the spo i l can be estimated from 

su rface qual i ty and hydro l og i c  data . Thi s  has been done i n  Tab l e  45 

for s u sta i ned a nd l ow fl ow co nd i t i ons  in  the two mi n i ng d i s turbed 

ba s i n s . Descri pt ive stati s t i c s  for stream qual i ty under these 

cond i t ions  are p resented i n  Append i x  I .  The mas s  ou tpu t da ta , 

expressed i n  terms of Kg/acre s po i l -day , refl ect d i fferences i n  

stream qua l i ty and fl ow between the I nd i an Fork and B i l l s Branch 

ba s i n s . I t  must  be noted tha t  part of the mas s  l eav i ng I nd i an Fork 

ori g i nates at  poi n t  sources of h i g h  concentrat ion  separate from the 

mi n i ng spoi l .  Of the tota l , l ow fl ow consti tuent mas s  l eav i ng each 

s tu dy bas i n ,  the Lowe Bra nch data i nd i cate the sha l l ow ,  undi sturbed 

g roundwater system may accou nt for on ly  1 0  percent . Thi s resu l t 

serves to i l l us trate the impact of the contour  su rface m i n i ng spo i l  

on the hydro l og i c system o f  d i s tu rbed ba s i ns . 

Const i tuent mass outpu ts for the spo i l der i ved from su rface 

qua l i ty and hydro l og i c  data i n  B i l l s Branch were used to obta i n 

estima tes  of  f l ow from the mi n i ng spo i l based u pon consti tuent ma s s  

ba l ances between the ban k  and stream . S imi l ar to the hydro l og i c  

bal ance a l ready presented , consti tuent ma ss  i n  the s tream , O sCs , 

resu l ts from s po i l mass outpu t ,  QB CB , and a contri buti o n  from the 

sha l l ow ,  u nd i sturbed grou ndwa ter system , QGCG , such that 



Tab l e  45 . Const i tuent Mas s  Output f rom the Study Spo i l Ban ks I nd i cated by Surface Hydro l og i c  and Qua l i ty 
Data 

Bas i n  Fe 

I n d i an  Fork  

Susta i ned F l ow Cond i t i on s  1 .  69E- 3 

Low F l ow Cond i t i ons  2 . 27E - 3  

B i l l s  B ranch  

Susta i ned F l ow Cond i t i on s  1 .  O E - 5  

Low F l ow Cond i t i on s  1 .  O E - 5  

Const i tuent Mas s Output ( Kg/acre s po i l - day ) 

Tota l D i s so l ved Const i tuents A l ka l i n i ty 
Mn Ca Mg as  Caco3 

9 . 82E -3  0 . 624 0 . 238 0 . 0586 

9 . 57E-3  0 . 592 0 . 246 0 . 130 

9 . 57E- 5 0 . 0207 0 . 0143 0 . 0405 

1 .  78E-4 0 . 0493 0 . 0331  0 . 0856 

S u l fate 

4 . 02 

3 . 46 

0 . 0925 

0 . 210 

....... 

co +:> 
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( 6 . 4 )  

Here , C represents t he appropr iate consti tuent concentra t i on . 

QGCG i s  obtai ned from Lowe Branch data and under su sta i ned f l ow 

con d i t i on s  i s  zero . Representa ti ve s po i l  ba n k  subsurface concentra

t ions , CB , were devel oped i n  prev i o u s  Ta bl es 33 and 3 9 ,  pages 1 53 and 

1 67 ,  respecti vel y .  S i nce  OsCs i s  known , overal l fl ow from the spo i l  

may be ca l cu l ated , 

( 6 . 5 )  

The resu l ts are pre sented i n  Tab l e 46 for su stai ned and l ow fl ow 

cond i t ions . Most i mportant i s  the ra t i o  of fl ow pred i cted from the 

const i tuent mass ba l ance to fl ow deri ved from surfa ce hyd rol og i c  

data . Al l are l es s  than o ne i nd i cati ng attenuati on  o f  consti tuent 

ma s s  between the s po i l ban k and stream . 

Thi s  resu l t  i s  not surpr i s i ng for a ttenua t ion  of i ron , 

manganese , and a l kal i n i ty have a l ready been observed wi th i n the s po i l  

profi l e .  Waters l eav i ng the spoi l bank enter the s hal l ow g roundwa te r  

system of the basi n  and may become channel i zed i nto su rface runoff 

before reach i ng the mai n  body of the stream . Exposure to the 

atmos phere wi l l  ox i d i ze and preci pi tate i ron  a nd ma nganese . React ion 

wi th  so i l aci ds wi l l  consume a l ka l i n i ty .  Ad sorptio n ,  i on exchange 

and o ther reacti ons  are poss i b l e .  The data i nd i cate g reater than 

99 percent of the i ron and ma nganese l eavi ng the spoi l i s  stored 

somewhere between the spoi l bank  and the mouth  of  the B i l l s Bra nch 

basi n .  N i ne ty-two percent of the a l kal i ni ty i s  consumed or  stored . 



Tab l e 46 . E s t i mate o f  Spo i l Contr i b ut i on to Stream F l ow Based on  Cons t i tuent Mas s  Ba l ances i n  the B i l l s 
B ranch Study Bas i n  

Total D i s so l ved Const i tuents A l ka l i n i ty 
as  

Fe Mn Ca Mg CaC03 S u l fate 

Repres entat i ve Study Bank 1 5 . 42 10 . 58 90 . 6  6 3 . 1 303 . 4 144 . 0 S ub s urface Concentrati ons  (mg/ 1 ) 

Susta i ned F l ow Cond i t i on s  

Repre s entat i ve Stream D L  0 . 06 13 . 0  8 . 95  25 . 4 58 Concentrat i on s  ( mg/ 1 ) 

F l ow f rom M i n i ng Spo i l 
Computed from Consti tuent -- 1 .  70E-4 4 . 30E- 3 4 . 25E-3  2 . 51E-3  1 .  21E-2  
Mas s Ba l a nce ( c fs ) 

QB , Mas s  Ba l ance 

QB , Surface Hydro l og i c  Data 0 . 0057 0 . 144 0 . 142 0 . 0837 0 . 403 

Low F l ow Cond i t i ons  

Repre sentat i ve Stream DL  0 . 046 12 . 7 8 . 52 22 . 05 54 Concentrat i ons  ( mg/1 ) 

F l ow f rom M i n i ng Spo i l 
Computed from Consti tuent - - 3 . 45E-4 l . llE-2 1 .  06E-2 5 . 62E- 3 2 . 95E-2  
Mas s  Ba l ance ( c f s )  

QB , Mas s  Ba l ance 

QB , Surface Hydro l og i c  Data 0 . 0048 0 . 152 0 . 145 0 . 0767 0 . 402 

...... 

co 0'1 
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Some 85 percent of the cal c i um and mag nesium does no t reach the mou th 

of the basi n .  Su l fate , true to i ts conservat ive nature , i s  l ea s t  

a ttenuated w ith  40  percent o f  the i n i ti a l mas s  apparently l eavi ng the 

wa ters hed . The l arge attenuat i on of co nsti tuents l eav i ng the s po i l 

i nd i cates l ong- term recovery of s tream wa ter qua l i ty i n  mi n i ng 

d i sturbed ba s i n s  wi l l  depend not on l y  upon exhaus t i on of pol l utants 

wi th i n  the spoi l , but u pon the abi l i ty of the ba s i n  and s tream to 

fl u sh them sel ves of stored po l l utant ma s s .  



CHAPTER V I I  

SUMMARY AND CONCLU S I ONS 

The contou r surface mi n i ng spo i l s  exam i ned are a heterogeneou s ,  

appa rentl y  an i sotrop i c ,  predom i nately c l ay materi a l  i nterspersed w ith  

weatheri ng fragments of  sand stone and s hal e of vari ous  s i ze .  They are 

genera l l y  saturated al ong the l ower bou nda ry wi th the fl oor of the 

mi n i ng cu t and the mou nta i n  s l ope bel ow the bench . The s i ze of th i s 

saturated zone , however , i s  known to vary l atera l l y  across  the mi ne 

s i te and i s  a fu nct ion  of su rface cond i tion s .  Under the so i l  

cl ass i fi cation  of V i mmerstedt and Stru thers ( 73 )  the s po i l materi a l 

represents  an  ac id  soi l . 

Concentrati ons  of d i ssol ved mi neral consti tu ents found i n  the 

satu rated zone are moderate compared to spoi l s  of ac i d  dra i nage area s 

i n  Eastern Kentucky ( 8 , 9 , 43 )  and of  area mi n i ng i n  g l aci ated areas o f  

I l l i no i s { 45 ) . Overal l pH  i s  s l i ght ly  aci d i c . Ca l c i um and magnesi u m  

are the major cati on s ;  b i carbonate the major an ion . Aci d  a nd redu c i ng 

cond i ti ons  were found to be assoc i ated . Consti tu ent concentrati ons  

show negative  correl at ion  wi th redox potent ia l  and pos i t i ve associ a

tions  wi th  a l ka l i n i ty a nd su l fa te . These rel at ionsh i ps  a re s im i l ar to 

those  observed by o ther researchers exami n i ng s po i l water qual i ty 

( 3 7 ,46 , 49 , 73 ) . 

Major conc l u s i on s  from thi s work are a s  fol l ows : 

1 .  Contou r surface mi n i ng spoi l s  i n  the bas i n s  exami ned are 

genera l l y  saturated a l ong the i r  l ower bou ndary wi th the 
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fl oor of the m i n i ng cu t a nd the mou nta i n  s l ope bel ow the 

benc h .  The vol ume o f  s tored water i s  substanti a l  and 

contri bu tes s i g n i ficantly  to l ow s treamfl ow vo l ume .  

2 .  Rapi d  and assoc i a ted changes i n  saturated zone thi ckness 

observed in the s tudy wel l s  su pport t he hypo thes i s of a 

mov i ng gro undwater system at the two study spoi l banks .  

Recha rge to the satu rated zone from di rec t i n fi l tra tion  

on  the bench and  s l ope i s  apparent ly  l arge . 

1 89 

3 .  The s i ze  of the satu rated zone a t  the two s tu dy s po i l 

ban ks i s  i nc rea s i ng wi th time , apparentl y i ndependent of  

s hort-term trends i n  annual  ra i nfal l .  Thi s  resu l t ra i ses 

quest ion  as  to the l ong term stabi l i ty of swal e and 

pa s tu re backfi l l  spoi l emban kments i n  the New Ri ver area . 

4 .  D i s so l ved consti tuent concentrations  i n  spo i l subsurface 

water are s i g n i ficantly  e l evated above those found i n  the 

s ha l l ow ,  undi s turbed grou ndwater sys tem of the watersheds 

exami ned . Thi s wa te r i s  a l so of poorer qual i ty than deep 

groundwaters fou nd i n  other parts of the Cumberl and P l ateau 

of East Tenne ssee . 

5 .  Stati st i ca l l y  s i g n i f i cant  spati a l  vari ati ons  i n  spoi l water 

qual i ty were o bserved among the wel l s  of eac h  s tudy spo i l  

ban k .  Howeve r ,  t he range o f  val ues observed i n  the l i ne 

of wel l s  at each ban k appears to adequately  c ha racteri ze 

overal l qua l i ty i n  the spoi l .  

6 .  No overa l l ,  l ong-tenm decreas i ng trend i n  subsurface 

cons ti tuent concentrati ons , sugges ti ve of recovery,  was 
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observed i n  the avai l a b l e  s i x  years of spo i l qua l i ty data . 

However,  s hort-term va riati ons  wi th hyd rol og i c  cond i t i on 

were noted . Max imum consti tuent concentra t i on s  correspond 

to depl eted hydro l og i c  cond i t i ons  i n  the spo i l .  

7 . The poss i bi l i ty that weatheri ng of a l umi nosi l i ca te mi neral s 

contri butes substanti a l  ca l c i um ,  mag nes i um ,  a nd a l ka l i n i ty 

to subsurface spoi l waters cou l d not be pos i t ive ly  

confi rmed or deni ed wi th the ava i l abl e qual i ty data . 

I nd i rect evi dence , however, suggests the above contri but i o n  may 

be sma 1 1  compared to the d i  sso 1 uti  on of carbo nate rna ter i a 1 s .  

8 .  The contour su rface m i n i ng s po i l ha s been s hown to repre

sent a l arge reservoi r  of mobi l i zed mi neral con sti tuent ma ss . 

Si gn i fi cant attenua t i on of these consti tuents occurs 

between the spo i l bank and the mouth  of the mi n i ng 

d i sturbed watershed . 

9 .  Heavy metal concentra t ions  mobi l i zed wi thi n  the s po i l s  

exam i ned are smal l ,  genera l l y  l ess  than l evel s descri bed 

by dri nki ng wa ter standards . Thi s and s im i l a r l ow l evel s 

observed i n  s treams dra i n i ng mi n i ng d i sturbed ba s i n s  i n  

the study area i nd i ca te no  potenti a l  publ i c  hea l th 

probl ems are to be expected from heavy meta l s  i n  dra i nage 

from s poi l s  on  the B i g  Mary and Pewee coa l seams . Except 

for poi nt sources of  aci d mi ne dra i nage a ssoc i a ted wi th 

auger hol es and abandoned deep mi nes , th i s  water appears 

su i tabl e for l i vestock , i rr i gati on and , wi th conventi onal  

treatment techno l ogy , wa ter supp ly  purposes . 
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1 0 . The contour su rface m i ni ng spoi l ha s been s hown to have 

a substa n ti al  impact on the l ow fl ow hyd rol ogy of 

d i s tu rbed wa ters heds . Of total l ow fl ow vol ume and 

consti tuent mas s  i n  the Bi l l s  Bra nch Study Bas i n ,  approx i 

ma tel y  90 percent wa s determi ned to ori g i nate from s po i l 

storage . Mi n i ng d i sturbance accou nts for 1 1  percent of the 

Bi l l s  Branch Bas i n  a rea . 



CHAPTER V I I I 

SUGGESTIONS FOR FUTURE WOR K 

Legal  req u i rements for recl amati on and thus contou r surface 

mi n i ng practice  have changed duri ng the period of research descri bed 

i n  th i s  thes i s .  As a resu l t ,  characteri zati ons of the spoi l s  

exami ned may not apply to the pre sent back-to-approxi ma te-or ig i nal 

contou r confi gura t i on requ i red by the Federal Su rface M i n i ng Contro l  

and Rec l amati on Act o f  1 9 77 . A set of wel l s , s im i l ar to those 

emp l oyed i n  thi s research , shou l d  be i ns tal l ed at a bac k-to-contou r 

spo i l  on e i ther the B i g  Mary or Pewee coa l seam and mon i tored for 

grou ndwater el evations to determi ne if satu ra ti on occurs and defi ne 

the overal l confi gurati on of thi s zon e .  Subsu rface water qual i ty 

shou l d be s im i l ar to tha t  observed at the I nd i an Fork and B i l l s  

Bra nch Study Spo i l Ban ks . Thi s hypothesi s  can be tested wi th  qua l i ty 

data from t he new s i te .  

The i ncrea s i ng saturati ng o bserved at the study s po i l banks  i s  

a s i g n i f i cant resu l t  of thi s work and s houl d be i nvestigated further 

from a geotechn ica l  po i nt of v i ew .  I f  the l egal  req u i rements for 

fi l l  pl acement at the mi ne s i te resu l t  i n  a confi gu rati on that 

i s  u l timate ly  unstabl e ,  the i ntent of envi ronmental protecti on has 

not been served and the add i ti onal  cost of compl i ance wa s ted . I t  mu st  

be  kept in  mi nd that actu a l  su rface mi n i ng pract ice in  the  New River  

area , whi l e meeti ng l egal  requ i rements , does not resu l t in  the i d ea l 

i zed and wel l  compacted configurat i on env i s i oned i n  the l aw .  

1 92 
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I n  the opi n i o n  of the author , prev i ou s  a ttempts to model s poi l 

bank hydrol ogy are i nadeq uate for obta i n i ng tru e estimates of 

resi dence time and recha rge mec hani sm , especi al l y  for the non-po nded 

s poi l .  Thi s i nadequacy rel a tes to the heterogeneou s and an i sotro p i c  

nature o f  the spoi l materi al that was not ful l y  taken i nto accou nt by 

Tu rnmi re ( 67 ) ,  and Crosby ,  Overton , and Mi near ( 1 2 ) . The expanded 

hydro l og i c  da ta devel oped i n  th i s  resea rch  shou l d be u sed for a 

hydraul i c ana lys i s of the fl ow reg ime i n  both the ponded and non-ponded 

spoi l . Thi s wor k  wou l d  be an important  part of the geo techn i cal  

i nvestigat ion  descri bed above . 

The pos s i b i l i ty of so l u bi l i ty contro l s on di ssol ved s i l i con i n  

spo i l subsurface waters hi ndered a conc l u s i ve resu l t  a s  to the 

contri but i o n  of a l umi nos i l i ca te mi neral s to spoi l water qua l i ty .  

Thi s a nd the c hemi stry of c l ay mi nera l s i n  the spoi l warrant  further 

i nvesti gat i o n . F i na l ly ,  the attenuati on observed i n  const i tuent mas s  

between the spoi l bank a n d  s tream cou l d  be better quanti fied wi th  a 

set o f  mon i tori ng wel l s  i n  the shal l ow groundwater sys tem extend i ng 

from the toe of the m i n i ng spoi l downgradi ent to the stream c hannel . 
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ANALYTI CAL DETECTION L IM ITS 

Assumi ng a l l other cond i t i ons  are correct ,  the ana l yt i ca l  methods 

emp l oyed i n  th i s research  have thresho l d  l im its  bel ow wh i ch  they do not 

produce a detectabl e response , i . e . , a response s i gn i f i cant ly  above the 

bac kground l evel  for the anal ysi s .  Tabl e A-1 l i sts detect ion  l im i ts 

for the water qua l i ty vari a bl es  exami ned i n  thi s research . The fo l l ow

i ng di sc uss ion  i s  to suppl ement the tab l e .  Al thoug h a detecti o n  l im i t 

i s  pre sented for each variab l e ,  the most impo rtant  are those g i ven for 

the trace metal s .  

Wet Chemi stry 

For p H and Eh measurements the detection  l imi t i s  defi ned by the 

l imi ta ti on s  of the e l ectrodes and t he response measuri ng equ i pment to 

di scern sma l l  changes i n  concentrati on or e l ectr i c  potent i a l . The 

l ower l imi t for the potenti ometri c a l kal i n i ty determi nat ion  i s  

d i ffi cul t to defi ne and i s  c l ose ly  rel ated to i on i c  strength . For the 

range of concentrat i ons and samp l e vo l umes u sed i n  th i s  research  the 

detect ion  l im i t for al ka l i n i ty i s  a pproxima te ly 0 . 2  mg/1  as CaC03 . 

The su l fate detection  l imi t for the research was determined exper i 

menta l ly wi th known standard s . 

Meta l s and Trace Meta l s 

The l ower l evel of detecti on for meta l s  by atom i c  a bsorpt i on i s  

l im i ted by the strength of the absorbance s i gna l  produced by the 

atomi z i ng equ i pment , the opti cs , and e l ectron i cs of t he part i cu l ar  

i nstrument u sed . The va l ues g i ven  i n  Tab l e A-1 were taken from the 
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Uni ted States Env i ronmental Protection  Agency ' s  Methods for Chem ica l  

Ana lys i s  of Water and Wastes and represent typi ca l  detect ion  l imi ts 

for atomi c absorpt ion  u s i ng fl ame and furnace techni ques . Under i deal 

condi t i on s  a ten fo l d  improvement i n  detecti on l imi t was obta i ned for 

several trace meta l s on the Perki n- E lmer equ i pment u sed i n  th i s  

researc h .  The improved detection  l imi ts  are i nd i cated by parenthese s .  

Spec i a l Anal ys i s  

The detection  l imi ts for the spec i al analyses  were determi ned 

experi menta l ly u s i ng known standard s .  



Tab l e A- 1 .  Ana lyt i cal  Detect i o n L i m i ts 

Var i ab l e  

Wet Chemi s try 

p H  

E h  

A l kal i n i ty 

Su l fate 

Meta l s 

Fe  

Mn 

Ca 

Mg 

Trace Meta l s 

Cd 

Co 

Method 

Potenti ometri c  
Standard Methods , 15th edi t i o n  
Method 423 ; 
U . S .  EPA Method 150 . 1 

Se l ect i ve i on e l ectrode 

Potent i ometr i c  T i trat i on 
( pH 4 . 5 )  
Standard Methods , 15th edi t i on 
Method 403 ; 
U . S .  EPA Method 310 . 1 

Turb i d i metr i c  
Standard Method s , 15th edi t i on 
Method 426C ; 
U . S .  EPA Method 375 . 4  

Atom i c  Absorpti on Spectro
p hotometry 
Standard Method s , 15th edi t i o n  
Methods 303 and 304 ; 
U . S .  E PA Methods , Secti on 200 

F l ame 
Furnace 

F l ame 
Furnace 

F l ame 

F l ame 

F l ame 
F urnace 

F l ame 
Furnace 
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Ana lyti ca l  Detecti on 
L i m i t 

+ 0 . 05 pH  un i ts  

+ 10 m i l l i vo l ts 

approx . 0 . 2 mg/ 1 as  
CaC03 

2 mg/ 1 as  S04 

0 . 05 mg/1 
0 . 001 

0 . 01 
0 . 0002 

0 . 01 

0 . 001 

0 . 005 
0 . 0001 

0 . 05 
0 . 001 
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Tabl e A- 1 . ( Conti nued ) 

Var i ab l e 

Trace Meta l s 
(cont)  

Cr  

C u  

N i  

P b  

A l  

K 

Na 

S i  

Zn  

Spec i a l Analys i s  

Method 

F l ame 
Fun race 

F l ame 
F urnace 

F l ame 
Furnace 

F l ame 
F urnace 

F l ame 
F urnace 

F l ame 

F l ame 

F l ame 

F l ame 
Furnace 

Ana lyt i ca l  Detect i on  
L i m i t 

0 . 05 mg/ 1 
0 . 001 ( 0 . 000 1 )  

0 . 02 
0 . 001 ( 0 . 0001)  

0 . 04 
0 . 001 

0 . 1 
0 .  001 ( 0 .  0001)  

0 . 1 
0 . 003 

0 . 0 1  

0 . 002 

0 . 1 

0 . 005 
0 . 00005 

Organ i c  Carbon Combust i on- I nfrared 2 . 0 mg/ 1 as Carbon 

Ferrous I ron  

Su l f i de 

N i trate 

Standard Methods , 15th ed i t i on 
Method 505 ; 
U . S .  EPA Method 415 . 1 

Phenanthro l i ne Method 0 . 05 mg/ 1 
Standard Methods , 15th edi t i on 
Method 3 158 

Se l ecti ve i on e l ectrode 0 . 05  mg/ 1 as S u l f i de 

Se l ecti ve i on e l ectrode 0 . 5/mg/ 1 as N i trate 
Standard Methods , 15th edi t i on 
Method 4188 



Tab l e  A - 1 . ( Cont i nued ) 

Va r i ab l e 

Spec i a l  Analys i s  
( co n t )  

P h o s p hate 

Method 

Ab s o rb i c  Ac i d  Method w i th 
p e r s u l fate d i ges t i o n 
S tandard Methods , 15th edi t i o n 
Methods 424C and F 
U . S .  EPA Method 365 . 3 

Ana l yt i ca l  Detec t i o n  
L i m i t 

0 . 001 mg/ 1 as P h o s 
p h o r u s  
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Tab l e B-1 . 

CALENDAY 

8 3. P R 7 5  
1 '1 � P 0 7 S  

2 2 A P R 7 S  

2 q ,\ EJ :' 7 S  

f :-! � Y 7 S  

1 1 � H 7 S  

2 1; :1 H 7 S 
2 7 M. P.. Y 7 5 

1J :J :V 7 5  

2 0 J fJ N 7 5  

2 7J rJ N 7 5 

7 J U L 7 5  

1 4 ,! rJ L 7 5 
2 1 .J fJ L 7 5  

2 8 J U L 7 5  

S -\ U G 7 5  

1 1 A U G 7 S  

2 C .1\ U G 7 5  
2 7 A rJ G 7 5  

4S !: P 7 5  

9 S  E P 7 5 

1 f. S  :;: ?  7 5 

2 2 S E P 7 5  

2 9 S  S P  7 5  

g :) (.  7 7  s 
1 4 J :::: ''!' 7 5  

� 1 -") C. -. 7 ')  

7� o v  7 5 
1 4 �1 J V  7 S 

2 1 �1 0  v 7 5 

1 o ::: c.. 7 s  

R n  E C  7 S 

1 S D E C 7 5  

2 2 D E C 7 5  

3 1 9 2 C.. 7 S  

5J !\. N 7 n  

1 S J �� N 7 A  

2 2J A N  7 6  

3 0,1 A. N 7 f., 
5 F E: B 7 fi 

1 2 P :: B 7 6 

1 9 F E D 7 6  

2 fi F S B 7 f:i  

I nd i a n  Fork Stud� Spoi l Bank Grou ndwater 
E l evati ons ( Feet ) 

J U L IAN F l  F2  F3 F4  

7 S ') q g  1 4  L 5 1  1 7. <J . 2 () '1 4 , 4 n  7 0  • I� (. 
7 ') 1 0 ')  1 4  3 .  c:, l 1 3 C . 7 J  -1 4 . 9 2 7 0 . f' 1  

7 s 1 1 2 1 4 3 , ') 9 n 2 . F 0 Y 4 . a 3  7 C . 6 4 
7 '1 1 1 9  1 4  3 .  H O  1 3 2 .  3 2  --J C: , Q 7  7 0 . 9 6  

7 S 1 2 F. 1 4 3 , 4 9  1 1 1 . '1 5 g c, . ') 4  7 1 . ') 0  

7 '1 1 3 3  1 4 1 . ') 2  n � . 0 s '-) lJ • 9 Ll 7 0 . 9 7 
7 s 1 q 0 1 4 3 . 'l f) 1 2 9 , ,') 1  '1 1! , 9 q  7 ') , '1 2  

7 s 1 4  7 1 4 3 . 4 4 1 F l . 0 1  g c; . 0 2  7 1 . 2 c:, 
7 S 1 S 4  1 4 3 . 4 1  1 3  c .  8 0  1 4 . 9 5 7 1 .  1 0  
7 s 1 7 1 1 4 3 . 4 7 n o . 2 0  9 F . 4 7  7 0 . 9 2  

7 5 1 7 8  1 4 4 . 6 i) 1 2 9 . 9 2 9 4 . 8 3 7 0 . 7 4 

7 '1 1 -1 8  1 4 3 . 7 1  1 2 4 . 4 3 9 � . 6 2 7 0 . 6 4 

7 S 1 CJ S  1 2 :� .  4 4  <; 4 . 1 4  7 0 . S S 
7 5 2 0 2  1 2 7 . 1 8  7 0 . 7 8 

7 r::; 2 0 9  1 4 2 . 5 '1 1 2 7 .  n O  q I� • 1 2 7 0 . 7 0  

7 � 7. 1 7  1 4 1 . 3 9 1 2  f) .  7 0  1 4 .  1 2 7 0 , 7 0 

7 s � n s  1 4 1 . 6 n 1 2 6 . 5 7  g u .  1 7 7 0 . 7 0 
7 S 2 3 2  1 4 2 . '1 9 1 2 6 . R C  9 1� . 1 7  7 0 . 7 0  

7 5 2  3 9  1 4 1 , 8 1  1 2 f> . s o  g ·� . g 2 7 0 . 7 0 

7 5 2 4 7  n H .  7 4  1 2 6 . 1 0  9 4 . 1 7  7 0 .  1 () 
7 '3 2 '1 2 1 3 8 . 'i 8 1 2 S . 4 8  9 4 , 4 2 7 0 . 1 0 

7 c; 2 5 9 1 1  P .  7 4  1 :? '3 . 2 3 9 4 . 2 2  7 0 . 1 0 
7 5 2 f\ S  1 ) q , 6 1) 1 2 6 . 0 5  9 4 . 9 2 7 0 . 7 0  

7 5 2 7  2 1 4 1 . 5 7 1 2 7 . 4 8  9 4 , ') 9  7 1 . 2 4 

7 S 2 >3 2 1 4  L O S 1 2 7 .  3 6  <; "; . 1 7  7 5 , U O 

7 5 2  '-1 7  1 4 3 . 5 7  1 2 7 . 'i 1  9 S . 3 7 7 5 . � ')  
7 C:, J I) 4  1 1+ 3 • g !) 1 2 7 . 1 5  q c , r� :z 7 S . f. S  
7 ') 1 1 1  1 4 4 . () 9 1 2 2 . n o  CJ S , !P 7 7 . '1 ') 
7 ') 3 1 8  1 4  L � q  1 2  g .  5 0  q c , 3 :z 7 R , S C  
7 5 3  7. S  1 4 3 . -1 f) 1 2 9 . 6 0  9 f . 0 2  7 F. . 2 1) 

7 5 1 1 '1  1 4 3 . 9 3 1 1  c .  3 6  g f. .  1 7  7 n . 2 3 
7 5 1 4 2  1 4 3 . 7 7 1 3  c .  6 5  9 6 . 8 2  7 f. . g s 
7 5 3  4 9  1 4 3 .  7 >3  1 2 9 . 4 4 1 0 C . 5 4  7 6 . 4 4 

7 5 3 ') 6 1 4 3 . 8 2 1 2 9 . 7 1 9 F. . R 4  7 F. . 9 0  

7 S l f  S 1 4 1 . 8 2  1 1 2 . 0 7 g P , 1 2  7 1 . S 7  
7 () 0 1) 5  1 4 1 . 8 9 n 3 .  5 7  9 7 . 0 9  7 f-. .  1 ?.  
7 '' 0 1 5  1 4  L 9 1  1 3 4 . � 2  1 0 2 . 9 4 7 f. . 1 2  
7 f) ':: 2 2 1 4 3 . 3 6 1 ? >3 . 9 0 1 F, . 2 1  7 1 . 2 7  

7 A 0 3 ()  1 4 l . Fl 2  1 3 1 . fi 5 9 8 . 4 2  7 5 . 2 1  

7 6 0  3 6  1 4 3 . 8 1)  1 3 C: . 'i 2  7 5 . 0 7 

7 f 0 4 3 1 4 ] . 7 4 n P .  2 4  9 f1 . >3 4  7 1 . 0 7 

7 r, o s o  1 4  3 . 9 S  1 1 1 . 1 8  1 C f . 7. CJ 7 5 . 1 5 
7 f, C S 7  1 4 3 . 7 .S 1 J  2 .  0 7  9 ':1 . S O  7 1 . 0 7 

2 1 1 

F6 F8 



Tabl e B - 1 . ( Conti nued ) 

CAL EN DAY 

lL � i\ F 7 t' 

1 1 "! .'\ :\ 7 i::> 
1 7 '1 1\ 0 7 6  

2 £) �� �. :' 7 ;) 

1 � t' ? :  f 
'L'\ D f 7 '> 

1 ? \ t-' � 7 6  

2 () <\ D ?, 7 ?-.  
2 h t", D ? 7 6  

1 1 '1 A Y 7 1) 

1 �-J r-� r\ Y 7 n  

2 S � A V 7 �  

u r r :J 7 6 

9 J U N 7 6  

1 c;,r u � 7 6 
2 2 J f l N 7 F  

2 'J.T i: � 7 f  
h J U L 7 6  

1 � J U L 7 E:-

2 OJ n L  7 6  

2 7 J U L 7 6  

] �_ IJ G 7 6 
1 0 A. TJ !, 7 f)  
1 n U G 7 f> 

2 L+I\ 1 J G 7 f'  

1. 0 �� rJ G 7 6 
7 S = !J 7 r:. 

1 4 3 :.: ? 7 6  

/ 1 � : �  [) 7 (:., 
1 d "� C --: 7 6  
2 2:J 1,� --: 7 6 

S N C� V 7 6  

1 8� 0 V 7 6  

1 1 .J A N 7 7  

1 ':JJ f, '.:1 7  7 

"J � .H 7 7  

1 7'1 '1. y 7 7 

'LJ fJ N 7  7 
) l.J T ! N  7 7 

6 J i ! L 7 7 
1 1J L: L 7 7 

2 O J 'J L 7 7  

H, i J G 7 7  

1 r; r. I ) �� 7 7 

JUL IAN F l  

7 f, l r: 4 1 4 3 . 7 ·) 
7 f- r' 7 1 1 4 3 . 8 2 

7 r. r: -q 1 4 3 . 7 --l 
7 ?-. ( .J, C.,  1 4 � • :) 1 

7 (, ; ') 2 1 4 - � . ::j 4 
7 f- �-� ·� q 1 4 ) . 7 /J. 

7 ;, 1 ·"I l 1 4 1 . f1 R 

7 (. 1 1 1  1 4 3 . 2 4 

7 fS 1 1 7  1 4 1 . 7 ')  

7 r 1 � 2 1 4 1 . 7 ° 

7 ( 1 3 9 1 4 3 . r3 S  

7 6 1  4 6  1 4 3 . h 0 
H· 1 S 1 n 3 . 7 'i 

7 6 1 6  1 1 4 3 . r; 1  

7 G 1 t-- 7 1 4 :?. . ') 7 

7 h 1 7 I� 1 4 3 . 7 1:. 

7 i) 1 P 1 1 4 '1, . 6 f; 
7 6 1 3 8 1 4 3 . <J S  

7 h 1 q 5 1 4 3 . >� 2  
7 6 2 0 2  1 4 3 . 6 1 

7 F- 2 () 9  1 4 3 . 4 q 
7 1') 2 1 6  1 4 1 • 1 ') 
7 1') 2 � 3  1 4  3 .  \) 7 
7 F, 2 1 0 1 4 2 . � (, 
7 f> 2 J'7 1 4 2 . ,') 7  

7 r< ' 4 3 1 4 2 . 1 2 

7 f. 2 C 1 1 4 :C' . i J 7  

7 f. 2 S 8  1 4 2 . r' 7 

7 f<:> P )  1 4 1 . 7 4 

7 f 2 0 2  1 4 � . (; ?. 
7 t:- 2 q 6  1 4 J . S l 
7 f,] 1 () 1 4 3 . 9 1  

7 6 1 2 1  1 4 1 . >h1 

7 7 0 1 1  1 4 4 . 1 2 

7 7 0  1 g 1 4 4 . 1f'i 

7 7 1 2 c:: 1 4 � . 1 1  

7 7 1 1. 7  1 4 4 . ") 7  
7 7 1 t• <J 1 4 2 . q 2  

7 7 1 7 4 1 4 � . <1 1) 

7 7 1 � 7 1 4 3 . 7 0 
7 7 1 'l 4  

7 7 )_() 1 

7 7 2 1 s 1 4 2 • 4 ·� 

7 7 .!. 2 2  1 4 1 .  ·n 

F2  

1 '"' ;l L � • 1 2 
n � - ·� ::  
n r .  < )  
1 1 4 . 4 :·3 

1 1  4 . 'H � 
1 1 0 . S 7  
1 J q .  ') 1) 
1 2  ·: L .n 
1 2 >1 . 2 1 
1 2 El . ':l 2  

11 l .  "i 2  
1 1 1 . () 7  

1 3 4 . f1 5 

1 1 2 . C 7 

1 2 ·i . 1 2  

1 / >-l � . J. 7  
1 2 >3 . 4 () 

n 2 . r �  r :) 
1 2 ') . S 6  
1 2 4 . 4 8 
1 2 8 . 0 9  

1 2 7 . 7 7  

1 2  7 .  4 0  

1 2 6 .  ii 7  
1 2 6 .  3 2 

1 2 6 . 4 C 
n s .  q �=,  

1 2 5 . 7 7  
1 2 f . ? 5  
1 2 7 . 2 3  

1 2 7 . 4 6 

1 2 il . S H  

1 3 1 . ·1 1  

1 1 4 . 1) R  

n 4 .  1 1  
1 2 ;� . ') 4 

1 ?  7 . p 
1 ?  ·< . ? l 

F3 

} F . S 1 
:,) q :\ :\ . ' -
·:n . 2 c., 
� 7 . 4 ?.  

1 ;') J • ; :) 

9 s .  4 )  
g g _ c:., 4  

9 S . 2 1  

1 0 4 .  n 
1 ,� J . � U 

HP . '-� C  
1 8 3 • <j s 
1 ) 1 . S l 

1 CL 0 4 

1 i) ') • 4 2 
1 f) 2 • s '} 

9 6 . 4 q 
9 9 . q 2 

1 0 2 . 2 '3 
1 0 1 . ') 9 

1 0 1 . 2 S  

1 0 ) . 4 f'i 
1 C l . 8 4  

1 0 1 . () ,) 
1 0 1 . 6 7  

1 � 1 J· 7  

1 0 1 . Q i) 

1 :1 2 . r 1 

1 0 4 . 2 S  

1 ·') 3 . S 9  
H l l . 7 9  

1 0 3 . 9 6 
1 0  3 . 5 9  

1 0 ': . 4 4  
1 0 '1 . 3 ') 
1 '1 4 . S S 

1 I) i� • ') q 
1 0 4 . 7 7  
1 r: '.+ • r� 2 

1 0 4 . 1  � 
' l  ,_. • 'l 1 

1 () 1 • 11 { 

2 1 2 

F4 F6 F8 

7 '� .  ' H  
7 l • ·� 2 
7 1 . () 7  

7 ) . 'V) 
7 7 . � I) 
7 � .  '} 7 
7 ) .  7 1. 
7 1 .  s 2 
n . 1 ·] 
7 f, .  J ) 
7 8 . 1 2  

7 L 4 1:l 

7 2 .  1 s 
7 ? .  3 2 
7 ') • '1 t; 
7 1 • 

'1 i) 
7 1  0 I� -{ 

7 4 . 1 c:; 
7 :!. . " 7 

I) O . q q  
7 0 . q ?  

7 r L  �l 2 

7 C'; . '� /  

7 0 . f> S 
7 C . 7 1 
7 (J .  9 -1 
7 0 . '1 0  

7 0 . o 4  

7 I) . 4 -l 
7 U . q R  
7 0 . S 7  
7 ,  • 1 5 
7 P. . () 7  
7 8 . 0 7 
8 0 . <1 9  
7 7 .  h 3 

7 1  • ,.., 7 
8 1 . 7 1 

9 1 . 2 3 
7 1 . 9 h 

7 1 . 8 1)  

7 () • s ·�  
7 1) . 1 )  3 4 .  n 



Tabl e B - 1 . ( Conti nued ) 

CALENDAY 

1 � l  -'\ f) ; ; 7 7 

� '-P. · r -., 7 7  

1 -;  '·. ? 7  7 
q :-:_  "' P  7 7  

1 "' :3  "' P 7 7  
.2 1 ·-; .:: " 7 7 

' :.. - 7 7  
1 2 1 C � 7 7  

2 P.n �: � 7 7 
4 V. C V 7 7  

1 1 '1 '] v 7 7 

1 d 'I J V 7 7  
l o :. c 7 7  

2 'U .'1. ':0 -'1 
1 4 F :: n, 7 .� 

2 ') ?  �: l_\7 d 
7 �  -� :; 7 8 
1 l\ �) P 7 f-3 

2 S .'\ 01 R 7 8  
1 3 '1 A Y 7 >i 
2 f; 'll ,, y 7 :-l 

7 -J U  N 7  8 
1 l,J U N 7 8  

2 q J U N 7 8  
1 :l ,J r r  L 7 q 
7 n w; 7 ti 
1 q ) :· ? 7 i3 
) f ";  :;' ;'1 7 p. 

[') () (.. � 7  q 
1 un C ::'  7 ;� 
2 o n ::.::- 7 8 
3 1 0 C I 7 8  

1 � 0 V 7 8  
1 1 N O V 7 A  

1 11 N •2 V 7 0 
7 D  FC 7 H 

1 } � ;-- c. 7 il 

2 q �-, :: c 7 8 
4 J f, N 7 '1 

2 CJJ l: �� 7 'J 

3 '11 A F 7 9  

"iM ,\ Y 7 9 
1 '-l � -\¥ 7 '1  

2J f l  i� 7 9 
1 4 J  fJ L 7 '1 
2 [': 'i ·.r '-� 7 . ;  

JUL IAN 
7 7 :: 3 n 
7 7 �� { � 
7 7 }  11 I! 
7 7 ' S }  
7 7 y-::_ ) 
7 7 ) ,:., � 

7 7 ::_ Yj 

7 7 ;:_ :; -::, 

7 7 � 0 1 
7 7 V '; -� 
7 7 1 1 ')  
7 rp 2 
7 7 3 1 7  
7 ) j ? Q 
7 ·J i' I+ ') 
7 ·l ) ": (; 
7 '--\f' h ;, 
7 - �  \ )  • 1 

7 8 1 1 s 
7 8 1 1 1  
7 tl 1 4 6  

7 '1 1 c, 3  
7 R 1 r; 4 

7 Q 1 n n 
7 ' n q :.  
7 Q 2 l �  
7 ,, 2 (, ? 
7 tl / ;. q 
7 Q :? 7 '1  
7 8 2 ,_, 7 
7 ,q 2 q 3 
7 rl l ':' 4  

7 q ] (j 7  

7 f31 1 5  

7 tl 3 1 4  
7 Q 1 4  1 
7 4 3 1! F 
7 d V ·  3 
7 0 () () 4  
7 '1 0 ? 9  
7 'l ;) { 2 
7 9 1 2 ') 

7 ') 1 3 � 
7 ;1 1 [') �  
7 ' l 1 ·• ": 

Fl 

1 4  2 .  h :-, 
1 I� 1 , h 7 
1 4 L • ·l r; 
1 4 l .  j 'i 
1 � j J 1 

1 4 3 .  p 
1 4  l .  I+ l 
n 3 .  h 7  
1 ] 0 • s -� 
, :+ 1 .  ) [) 
1 4 1 . ') q  

1 4 l . r) 2  
1 4 3 . :) �  

1 4 l . l 3  
1 4 1 . 7 l 
1 : n . 1 �  
1 4 3 . .., �J 
1 4 l , I� Cj  

1 4  L S �  
1 4 � . 0 4 
1 4 3 • '� ' 1  
1 4 L t� S  

1 4 3 . 4 �  

1 4 2 . q '1 
1 1� L 4 1  

1 !i � .  � ' 1  
1 � �  .2 .  7 4 
1 u , . 7 q 
1 '! 1 . 1 '1 
1 4 ,; • ;.., � 
1 4 0 . 0 1  
n 9 .  n fi  
1 3 9 . 4 '1  
1 3 9 . 2 9 
1 4 L 'J q 

1 4 J . ( i) 

1 4 3 . "' 2  
1 4 J . S S  

1 4 3 . H O 

1 4 1 . 7 "> 

, �� � • ·1 ? 
1 :� 1 • �� l 
1 't � • 7 2 
1 �� j • l 1) 
1 1 l :2 0 ·1 c) 

F2 

n n .  �n 
1 3 1 • 'J \) 
1 I 'l . 4 7 
1 1 ; • ;:, 7 

1 1 4 . ? 1  

1 2 '1 .  4 �  
1 3 l . f l 
1 � 1 .  3 9  
1 3 0 . 1 �  
1 1 2 . 8 9  
1 3 4 . 4 9  

1 j 4 .  n 
1 3 4 .  n c  
1 l 4 .  2 8  
n t� . R R  
1 3 4 , q ') 
1 3 4 . 7 1 
1 ] U , '3 1  
n u .  'i S  
1 3  4 .  1 4  
1 3 1 . S J  
1 3 1 . 9 6 

1 2 l1 . 7 ') 

1 2 q .  7 0  
H .'/ .  n 
1 !  ? .  n 
1 7 '1 . / 1  

1 2 J . q f3 

1 1 r  • . / /  
1 2 � . 4 1  

1 2 7 . '1 ;-) 

1 2 8 .  7 �  

1 2 8 . 1 ')  

1 2 9 .  � 2  

1 l C . 4 1 

1 2 1 , <; 0  
1 1 2 . 1 � 
n 1 . >1 1  

1 31' . 73 

1 3 0 .  :) � 
1 � r . -� 0  
n o . q ,  
1 3 4 .  7 ··, 
1 � ) .  :1 r, 
1 '- ') .  i.> s 

F3 

1 •) 0 • 7 4 
1 1 2 . 1 1 
1 ' ) � .  p 
1 ·J"· . 1 3 
1 \) � • 4 7 

1 'J 4 . l q  

1 ·l r, . ;.:,  4 

1 •) h • f) 2 

1 i) c, • 1 '1 
1 () C: . 7 fi 

1 0  L 7 4  

1 ,') 5 . 3 7 

1 J S . S 2  
1 c c: . n  

1 'l "i .  >. �  
1 !) c: .  1 1  

1 (i 'i . 2 7  

1 0 c: . 1 s  

1 0 '1 . 1 1• 
1 C r::; . 7 0 
1 0 S . 1 g  

1-J 4 . 9 0  
1 0 4 . <) 4  

1 0 4 . 7 1  
1 0 "i . 1� 4  
1 :') 4 . J 5  

1 0  l .  1 4  

l l 1 . S '1 

1 ) !) . 4 J  

1 0 f:. l 1  

1 0 0 . 4 9  

1 0 0 . 4 4 

� l .  3 8  
1 0 4 . 4 7 

1 C 5 . 4 0  
1 0 C: . 2 �  
1 0 4 . q n 
1 0 5 . 1 7 

1 J S . 6 7  

1': ': . 1 S  
1 ') ) . ') U  
1 �) I� 0 ') 4 
F: s . s o  
1 f1 2  • .  � 2  
1 ·� l • il ' :  

F4 

7 'i . " ·1 
q l . (, :) 
{, q .  7 (, 
7 '' .  I', 7 

:l r . "i h 
7 1 .  2 f"\ 

;) 1 • 3 1 
:o h .  2 7 
d '3 . 5 7  

q � .  2 1 
p q , q J  
R 9 . 1 S 

H 8 . S S 

:i F- , 0 2  
>< r., . s g 
·1 2 .  7 8 
7 q . 9 f: 

>3 2 . 0 G 
8 7 . 7 2 
7 4 . 4 7  

7 3 . '� 2  

7 7 . 0 ?  

7 L q c; 
7 s .  -1 1.! 
7 .2 . C:. O 

7 2 . � () 

7 2 .  s 1 
7 1 . C:. O 

7 1 .  11) 
7 1  • , 1 
6 g . 4 ')  

7 7 . 9 9 

>-1 1  • 5 � 
Q 2 . ·I 1 
�l o .  7 1 

9 6 . R O  
-� 2 . 2 0 
8 2 .  3 7 

8 (3.  3 ') 
e 1 • s q 
8 7 .  1 � 
;1 7 .  , Q 
7 ,�, • ") f ,  

F6 ---

S 4 . 1 1 
5 1.J . () U, 
c, ::; ,  i V) 
') f , H cl 
s c: .  F i  
s c: .  2 7  
'l e:: . 1 7 
5 f .  i '.J 

S f .  3 5  

s E .  8 q  
5 7 .  1 ')  
S E .  '3 1  

r::, ;:, .  1 4  
s f . 2 � 
') f . ') g  

S 6 . 7 l  

5 6 .  2 8  
s : .  4 1  

5 6 .  3 8 

s c: .  1 1  
S 4 .  1 •1 
5 3 . U R 
5 J .  4 q 
s � . 2 s 
5 • • 0 9  
5 2 .  Rf) 
s 2 .  4 4 

s 2 .  � 1 
S 2 . 0 4 

s : .  n H 
5 6 .  - n  
S f . I} S  

s s .  s 1 

5 7 .  7 1  
5 7 . 4 8  
s f .  5 9  
s p .  7. 7  

s E .  c g  

5 7 . (, 1 

s r • 2 rl 
s 4 .  2 l 

2 1 3  

F8 

3 1 . '1 1  
2 g • 5 1  
'3 1 .  "'t 2 
3 2 • 2 c:; 
1 0 . t:' q 

J O . f1 3  

J O . fn 
3 0 . 6 0 

l C . 1 4 

3 0 . Q S 

3 0 . g 1 

3 1  • 0 1  
1 1  • ] g 
J 1 .  1'� 
3 1 . 4 7 

3 0 . 4 2  
3 1 . 8  2 

3 0 . 8 5 
3 0 . 7 1  
2 9 . 8 8 
2 9 . 4 1  
2 9 . 4 () 

2 8 . S 4 

2 8 . 2 2  

2 8 . 2 3 

2 A  . 2  3 
2 8 . 1 1)  
1 1  • 6 4 

< 1 . 7 A 

1 () , F! 9 
J o  • .  g u  
3 2 . 2  8 
3 2 . 2 8  

3 2 .  () ) 

3 1 . 7 4 

3 1  • 3 1  

3 / . 4 9  

J 0 . 7 n 



Tabl e B-2 . Indi an  Fork Study Spo i l Ban k  Saturat ion  
Zone Thi ckness ( Feet )  

CALENDAY JU LIAN Fl 

g !\ P !) 7 S  7 s n q :� 2 7 . 5 2 

1 S a ? F 7 5 7 S 1 n c:; 2 7 .  S 4 

2 2 A ? 2 7 5  7 s 1 1 2 2 1 .  6( 1  
2 9 ,\ ? < 7 5  7 s 1 1 g 2 7 . '3 1 

f. ¥: 1 Y 7 5 7 s 1 2 f> 2 7 . 5 0 
1 1 " .� Y 7 S  7 s 1 l  � 2 7 . 1 1 
7 0 :"' '\ Y 7 S  7 ') 1 4 0 2 7 .  ':1 7 

2 7,_, A Y 7 5 7 c; 1 4 7 2 7 .  4 s 

J J U  ':O S  7 "> 1 ) 1� 2 7 . 4  7 
2 1)J u � 7 ') 7 S 1 7 1  2 7 .  4 -) 

2 7 J U N 7 5 7 5 1 7 R 2 8 .  6 1 

7,J lJ L 7 5 7 5 1 Q 8  2 7 . 7 2 

1 4 J iJ L  7 5  1 s 1 g 5 

2 1 ,J U L 7 5 7 5 2 0  2 

2 Ft1 1J L 7 5  7 S 2 0 9  2 6 . 7 0 

5 .H' G 7 S 7 S 2 1 7 2 ') . 4 :) 
1 1 A.  '� G 7 S 7 S ) 2 5  2 5 . () 7  

2 O A  ;J G 7 5  7 S 2  3 2 2 6 • f) ·1 
2 7 A i l G 7 S  7 5 2 l g 2 S . 9 0 

4 S :: P 7 S  7 5 2 4 7 2 2 .  7 s 
() S  E P  7 5  7 5 2 5 2  2 2 . S 'l  

1 6 S ? P 7 S 7 5 2 C) 9  2 2 . 7 S 

2 2 S E P 7 5  7 S 2 6 5  2 3 .  6 7 

2 1 s -;:: p 7 c; 7 S 2 7 2  2 7 .  ') i� 
q'} C T  7 5 7 S 2 R 2  2 7 .  O F· 

1 4 n c. T 7 S  7 S ?. 8 7  2 7 • "i r1 
� n c -:: 7 s  7 S � r 4  2 7  • . > n  

7 'J O V 7 S  7 r:, � 1 1 2 >1 .  1 () 
1 Li� c v 7 s 7 C:, -� 1 �  2 7 • • 0 
2 1 ' F W 7 ) 7 S l 2 S 2 7 . - P 

1 0 E C 7 5 7 S � 1 S 2 7 .  q 4  

R D E C 7 '1  7 s ]  4 2 2 7 . 7 :� 
1 5 D E C 7 5  7 s l 4 g  2 7 . 7 q 
2 2 D E C 7 '1  7 5 1 5 6 2 7 . 8 3  
1 1 :"� P. : 7 5  7 5 � f, C)  2 7 .  8 � 

5 J A N 7 6  7 F- 0  () 5 2 7 . Q :1 
1 C,,J !\ N 7 b 7 f 0 1 S  2 7 .  1 1  
2 2 J A N 7 r- 7 H )  2 2  2 7 . '3 7  
� O J A N 7 6  7 f> () H ) : n  . H  1 

S F' S B 7 h  7 S il 1 F 2 7 . � 1 

1 2 F i:: B 7 b  7 b 0 4 1 2 7 . 7 5  

1 q F ::: n 7 6 7 f rl 5 ()  2 7 .  q F  

2 ( f � R 7 1)  7 h 0 S 7  2 7 . 7 g  

�� � .� ] 7 n  7 F> O A 4  2 7 .  7 1  

1 1 ''L\f 7 (, 7 f> 0 7 1  2 1 . '3 3  

F2 

1 3 .  2 1 

1 4 .  7 4 

1 11 . () 1 

H . n 
1 c: .  s r. 
1 r, • i) r 

1 J .  n 2 
1 /.J , (l � 

1 4 .  8 1 
1 4 .  2 1  

1 l .  g 1 
1 2 .  4 4 

1 2 .  4 5 
1 1 .  g y 
1 1 • 6 1  
1 0 .  7 1  

1 r . S d  

1 0 .  R 1 

1 0 .  5 1  

1 c .  3 1 

9 . 4 9 
9 .  2 4  

1 0 . 1) 6 

1 1 .  4 9 

1 1 . n 
1 1 .  s 2 

1 1 • 1 � 
1 2 .  F 1 
1 3 • 5 1  
1 ] • F 1 
1 4 .  n 
1 1+ . 6 6 

1 1 . 4 '1 

1 3 .  7 4  

1 1J . C R 

1 7 . 1) 8 
1 8 .  1 1  
1 2 • .  l 1  

1 7 . fi 6 
1 1L S 1 
2 2 .  2 c; 
1 7 . 'j :j 
1 F , 0 8 

1 2 .  � 1 
1 7 .  � J 

F3 

·� • 3 c )  
l .  7 f) 

L 7 7  

3 • q 1 
3 , H 8  
L 7 '3  

< • s l 
1 .  r; r;  
3 . 7 9  

') • 1 1  

3 . 6 7  

S . 4 f1  
1 .  1 8  

2 . 1 f  
..-, ,� ,-L • 1 n 
1 . 0 1  

.� • 0 1 
2 . 7 b  

3 • 0 1 

1 . 2 rS  
1 .  0 6 
1 .  7 6  

3 .  4 1 

4 • 11 1  

4 .  1 6  

4 , ). f)  
�� . ' 6  
4 • 1 f) 
4 . rl 6 
S . t) 1  

5 . 6 h  

9 . 1 '3  
� . 6 8  
7 .  H i  
s . q 1  

1 1 .  f d  
c: . o s  

7 . 2 !1  

c; .  6 8 
g . ') q 
Q . l 4 
c; .  (n 
(.. • -l 4 

F4 

f> . O S 
f) , ? /"\  
6 .  2 3 
h .  c; 5 

r, , r:- 8  
f, ' r· 

• ) 0 
f, • 4 1 

F .  E' 4 

6 , 1'- g 
h .  s 1 
6 . 3 1  
F .  2 1  

f, • 1 4 

6 .  � 7 

n . 2 g 
F, , 2 Q 
f .  2 g 
h . 2 9 

6 . 2 1  

C:, , R 9  

5 .  6 )  

5 .  f, 9 
6 . 2 9  

6 .  R 3 

1 0 .  9 g 

1 1 .  1 q 
1 1  • � 4 

1 1 . ·� 9 
1 4 .  1 '-) 

1 1  • 7 g 
1 1  • R ? 
1 2 .  5 4  

1 2 . 0 1  

1 2 .  4 9 
9 .  1 6  

1 1 .  9 1 

1 1 • g 1 

h , 8 Fi 

1 0 . 8 2 

1 0 . fd'-

f, , (. F, 
1 0 .  7 4 

6 . F f1 
6 . S 7  

7 . 4 1 

2 1 4 

F6 F8 



2 1 5 

Tabl e B - 2 . ( Conti nued ) 

CALENDAY JUL IAN Fl F2 F3 F4 F6 F8 ----------------·-----�------------ ---- --------

1 ; vr  i � 7 f.. 
:_: 'i � .\ ? 1 (, 

1 A ; ) ? 7  I,  
.:J; i1 T:: 7 h 

1 ,... ' ·r ·u. 
1 Q V: '\Y 7 A  
2 s �  ..... v 7 b 

1 ,J ! '  N 7  A 
'J,J r ; ;.; 7 f) 

1 S J rT ro o 
2 7 J Ti 7 f. 
2 '1 .n �n r 

f· . T P L 7 f.. 
1 ·p rJ L 7 r, 
2 fl .J f i L 7 6  
7 7J P L 7 6 

3 A P G 7 G  

1 ° !l. l ! G 7 6  

1 7 � d T G 7 6 
2 4 ",. lJ G 7 6  
1 o r� : r r, 7 t', 

7 S '� P 7 h  
1 4 :: '·' "::' 7 {, 
) 1 c: : ·  ;; 7 r. 
1 H X """: 7 f� 
2 ,21: r · ;: 7 r, 

"i �i J V 7 t 
1 q •.; , l V 7 f1  
1 LJl\ "' 7 7 
1 Cl.J A N 7 7  

; ':'! ;1.Y 7 7 

1 7"' r, Y 7 7 

1 ,1 [ J �l 7 7  
2 lH N 7 7 

r, , J l i  L 7 7 
1 1 ,J fl L 7 7 

? 0 J f 1 L 7 7  
v ' r c; 7 7  

1 () ·\ ' : \ : 7 7  

1 'i ,; () (; 7 '7 

2 4 '. T J  ;; 7 7 

7 b (1 7 7  
7 f.. ,.., P. s 
7 " 0  (1 ? 
7 f, :1 q g 
'1 f.. 1 ') 1 
7 .... , 1 1 
7 ?, 1 1 7 
7 f.. 1 p 
7 ;, 1 ·� ·� 
7 f· 1 4 h 

7 6 1 S 1  
7 b 1 (, 1 

' 6 1 6 7  

7 6 1 7 1-l 
7 1l 1 R 1 
7 F� 1 '1 ;:;  
7 f. 1 <1 '1  
7 h 2 '1 2 
7 6 7. P q 
7 6 2 1 6  
7 6 ?  2 3 
7 f) 2 3 0 
7 r:. z  n 
7 6 .'� 4 ]  
7 F ::' ') 1 
7 f- ) C 8 

7 h ? •· s 
7 •.:: J 2 
7 f:. 2 Cl fJ  
7 ti � 1 0 

7 f, l 2 1  
1 7 n  1 1  
7 7 0 1 9  

7 7 1 2 ') 

7 7 1 1 7  

7 7 1 6  0 

7 7 1 7 4 
7 7 1 >; 7 
7 7 1  q 4 
7 7 ,.: 11 1 

7 7 2 1  ') 

7 7 2 2 2  
7 7 ?  1 0  

7 7 / � f, 

: n .  7 J  
2 7 . ) ; 
2 ::< .  ) ! 
2 7 .  r-, 
) 7 . ,, � 
2 7 . ? '1 
2 7 .  7 , 
2 7 . 7 -> 
l. 7 .  ·l i 
) 7 .  F 1 
2 7 . 7 9 
2 7 .  n )  
2 6 .  � q 
2 7 . 7 c-, 

2 7 . o 7  
2 7 .  l i , 

2 7 • .:-3 l 
2 1 . h 2  
2 7 .  ) f)  
2 7 . 4 1) 
2 7 . \) :::l. 
2 b . q 7  
2 f- .  :') '-1 
2 0 .  p 
;: r . r: Q 
2 G .  ,) i 
2 S .  7 �, 
2 7 , C'1 
2 7 .  ) IJ 
2 1 . :n 
2 7 •

. p 
2 -3 . 1 1  

2 r .  1 7 
2 7 . 1 2 
2 8 . 'l q 
2 6 . 9 � 
2 7 . 1 1  
2 7 .  7 1 

2f- . 4 S  
2 ::,  • •  � :� 

:u, . {) "  
2 7 . h >1  

1 4 .  H 
1 p .  '-1 9 
1 'i . ' ) q 
1 !j . ; . l  
1 2 .  · ) 1 
1 ? • ! 3 
1 .2 . 2 4  
1 � .  •n 
1 7 .  c: l 
1 " . " -"1 

1 p .  6 0 
1 F- , C H 
1 7 .  :H 
1 2 .  7 8 
1 2 .  4 1 
1 f, • i) n 
1 l .  1-i 7 

..-l • !4 '}  
1 2 .  1 0  

1 1 .  7 g 
1 1 • 4 1 

1 0 .  g 3 
1 0 .  1 1  
1 c .  4 1 

'i .  : n  
g .  7 d  

1 c .  '2 4  
1 1 ,  2 4 
1 1 • ,_. 7 

1 2 .  c:: q 
1 7 . W;>  

1 '1 . h g 
1 •3 . 4 0  
1 2 . S S  
1 1 • l 1  
1 2 . 1 '1 
1 U . 0 -1 
1 S . l 1 

H .  n 
;} • l � 
q .  _1 �, 

1 2 .  q 7 
1 2 , A ;l 
1 1 . 7 4  

1 2 .  y 2 
1 2 .  1 4  
1 1 • •H i 
1 1 . ? 6 

1 1 • 4 1 
cJ • � 2 
� .  7 (, 

1 1 • I) 9 
1 c .  4 1 
1 0 • ') -1 
1 1 • l 1) 
1 C .  F. B 

c . 8 4  
1 '1 . cJ 1  
HL S 1 

1 11 . ,_) 0  

1 1 • s 1 
1 i . ·l '1 
1 L .  u 3 
1 2 . F. l 
1 2 . �l 0  

1 2  . ·n 
1 U . / R 

1 4 .  1 9 
1 j .  3 q 
1 1 . �  '3 
n , h  1 
1 2 . '\ f)  

1 2 . ') 7 

p .  2 l 
1 ( . 7 7 

� . S H  
1 1 . 1 1 

l .  � 2 
7 • 1 1 
:.) � Q  • I .· 

1 1 .  l 1 
1 4  • 4 1 

<1 , 1) 7 
7 . 7 4  

7 .  g 1 
{.. , 4 '1 

h , <l )  
7 , 0 7  
r) , 7 4 
:i • 1 ') 
) • '=, 7 

{-, .  4 1 

F. • 2 4 
f. .  1 2 
o . S 7  
f) , 4 q 

F- , 0 7  
" • ·" 7 
h .  1 h 
f) . 7 4 

1 3 .  6 f=. 
1 � . 6 r., 
1 (, .  5 7  
n .  2 2  

7 .  1 6 
1 7 . l 0 
1 1) . q ')  

7 . 4 S  
7 .  4 r., 
r, • 1 q 
6 .  3 1  

1 4 .  1 7 

1 '1 . 1 g 

f .  2 1  



Tabl e B -2 .  ( Conti nued ) 

CAL EN DAY 

H '" P 7 7  

J ') ? t' 7 7  
1 (, � 2. ? 7 7 

2 1 ,; '" ?  7 7 
1 2 '1 C '� T 7  
2 :Yl :� � 7 7 

V I. J V 7 7  
1 1 \� �· v 7 7 
1 � �·I J V 7 7  

3 J F ·: 7 7  

2 Cl :J .1\ N 7  P, 
1 4 F :: :J 7 8  

2 '1 f "" ;<. 7 9 
7� .\ R 7 f-l 
1 !\ � £: 7 :::� 

2 5 \ " [1 7 Fl  
1 ) '� l\ Y 7 'i  
2 f "'- A Y 7 3 

2 .1 fJ :n s 
1 lJ n 'i  7 s 
2 9 J U N 7 8  
1 t1 J U L 7 8  

2 1 1\ U G 7 R  

1 g S �, P7 8 

2 f S :0:: ? 7 R 

� n c : 7 3 

1 Llf) c :  7 8 
2 () 1 (_ :' 7 8 

l 1 � :� � 7 H  
3 �l O V 7  8 

1 1 \f O V '7 >i 

3 0 �J C V 7 B  
7D 'E. C 7 P.  

1 2 ') ;: C 7 8 

2 q D F C 7 t3  

1U �� N 7 q 
) Q.P 'i 7 9  

3 ·� !, :- 7  J 
5M :\ Y 7 g 

1 8 :1 li. Y 7 9  

2J [T � 7 Cj 
1 4 ,J U L 7 <J  

2 S 1\ fJ :; 7 g  

JU L I AN 

7 ' ' '� 4  

7 7 ! r; 2  

77 2 C, q 
7 7 ;H-. 4 

7 7 2 '1 S  
7 7 � " 1 

7 7 l )  -1 
7 7 1 1 ')  

7 :  L 2  2 
7 7 '1 1 7  

7 8 0  2 9  
7 p �  4 5  

7 8 1) ') {} 

7 >1 !' ( (:,  
7 q ,.., ., 1 

7 8 1 1 s 
7 8 1  n 
7 3 1 4 f-
7 8 1 5 3  
7 A 1 f) 4 

7 >j1 H 0  
7 R 1 g g  

1 e �  1 3 
7 8 2 6  2 
7 :-1 2 '> q  

7 t3 ' 7  '� 
'7 p ') ·,; 7 
7 ;-< 2 q 1 
7 d i � 4  
7 R V ) 7  
7 p 3 1  5 
7 s n 4  

7 8 1 4 1 
7 R 3 4  E 
7 8 1 f l  
7 9 0  I) 4 

7 g r ;: a  
7 '-J :) ;.. 2 
7 Q 1 2 s 
7 '1 1 1 •l 

7 q 1 s 3 
7 ·� 1 y c:; 
7 q 2 1 7 

Fl  

2 f; • : l  h 
2 7 .  1 h  
2 7 . G -� 
2 7 . 1 1-i 

,n . ,-:, 8 
.., 2 .  r-, 4 
2 7 .  r; r  
'! 7 . S 9  

2 7 .  h l 
2 7 .  t-. 4  
2 7 . ) 4 
2 7 .  7 4 
2 7 . 7 c, 
2 7 . 7 ') 
2 7 .  'H, 

2 7 . 'l l 

2 � . n c; 
2 7 . S t") 
2 7 . 4 7  

2 7 .  4 g 

2 7 . 0 0 
2 7 . 4 2  

2 7 . '1 0 

2 f. . 2 S 

,? 5 .  7 Y  
) C. . i.! () 
2 4 . ?� 0  
.2 4 . 0 2 
) ' h '7 ·- j • 

2 3 .  4 ;; 
2 1 • 'l ,)  
2 7 . S 9 
? 7 .  f 1 

2 7 . 6 1  
2 7 .  ') h  
2 7 . 8 1 

2 7 .  7 fi  

2 7 .  :-n 
2 7 .  C:, ·) 

2 7 .  7 1  
2 7 . '1 1  

2 t  4 . ") 

F2 

1 2 . 4 '' 

1 'L fi R  
1 '1 • 1 2  

1 L 'l 1 
1 7 . F, U 
1 S . '. P) 
1 1l • :J 4  

1 Fi . � O 

1 '1 . c:; 0 

1 tl . g 4 

1 9 . 0 9 
1 R .  2 9  
1 -l .  W1 
1 :-3 .  f) 6 
1 '3 .  7 2 
1 .'1 . 9 4 

1 ;� • :-=1 F 
1 � . 1 s 
1 S . c. 4 

1 7 .  1) 7  
1 1 .  2 h 
1 J .  7 1  

1 n . 2 4 
1 2 .  1 4  
1 2 . :? 2  

1 2 .  4 g  
1 � . 2 1  
1 ) • 4 2 
1 1 • 9 7 

1 2 .  7 y 

1 2 .  1 0  

1 .l . 1 3  
1 4 . 4 ? 

1 1 . 'i <J 

1 1) . 1 4 
1 C, . . :1 2  
1 4 .  7 4 

, !.! • lj 4 

1 4 .  1 1  

1 4 .  R 2 

Pl . 7 E  
1 "i .  r; 7 

1 l .  4 q 

2 1 6  

F3 F4 F6 F8 
1 2 . '1 6 C) .  � 'l E • c I� 1 • 3 �� 
1 1 . '1 7 1 4 .  ) 1', S . R I) 2 . 8 g 
1 4 • � 1 2 2 . 1 ')  1 (' . 0 ") 4 . 1 2  

1 l. ?  i � .  7 q s .  1 5  1 • g c:; 
1 4 . t� :) 2 1 • p (.. 1 ( .  1 7  2 . 7 0  

1 l • 2 � 2 1l . 1 ., F' ' . H 2 • 4 7 
1 lj • l ,) 
1 2 .  s � � � . >F)  1 0 .  1 5  2 ,CI 1  
1 4 • 2 1 .! I� • 4 2 1 c .  Q g 2 . 7 2  

1 4 . 1 o  2 4 . 7 4 1 1 • 1 1 � . 6 8  
1 4 . o r, 2 4 .  1 4 1 C . 'i 1 2 . 9 0  
1 '+ • 0 9 2 1 . f, 1  1 0 .  1 4  3 . 2 S 
1 4 . 1 ') 2 1 • 1 9 1 c .  2 3  3 • O S  

1 4 • 1 1  2 4 .  n 1 0 . ') 9  L 1 4  
1 1 .  <H 1 'J .  4 t) 

1 ·l . (H 1 7 . n s  1 c .  7 1  2 . 4 7 
1 {j • s 4 :n .  1 1  
1 Ll • ) ) 1 0 .  n F, 1 0 . 2 P  
n .  7 '� q .  c; 1 s .  4 1  2 . 2 9  
1 � . 7 13 1 2 . A 1  1 0 .  1 8  1 . 6 9 

n .  s s  1 .  4 4 c: • 3 1 2 . 7 2 

1 4 .  2 -3 1 1 • 4 1 P .  3 B  2 . 5 R 
1 1 . 1 -1 8 .  1 g 7 .  4 8  1 • 7 s 
1 2 .  H i1 . f\ s 7 . 4 R 1 . 2 8 

1 C . �� 2  H .  1 0 7 .  2 5 1 • 2 7 
q .  :? 7 7 . () l 7 . 0 9  0 .  4 1 

c; .  1 7  F . 7 S f • q F. o . o g  
( � . ·� ·� f, .  7 i f .  4 4  0 . 1 0 

s .  2 ·� Cj • �) 4 f • n 0 .  1 0 
2 .  2 )  6 .  0 4 " . 8 1  

1 1 • '3 1 1 � .  S R C: .  fi R  3 .  S 1  

1 4 • 2 4 1 7 .  1 7 1 c .  n 3 .  6 1  
1 4 . 1) 7  1 7 . G O  1 c .  c c:; 2 . 7 6  

1 1 . 8 ') 1 (, .  1 2  q .  s 1 2 . 7 1  

1 4 . 1) 1 7 2 .  'l 1  1 1 • 7 1 4 .  1 s 
1 4 • ) 1 , 7 .  7 q 1 1 .  4 3  4 .  1 5 

1 r::: • 1 q 1 7 .  1 h 1 2 .  c:: g J . CJ n  
1 4 .  3 3 2 l . ii q 1 2 .  ? 7  3 .  6 1 

1 3 • 7 8 1 7 .  1 8 1 C .  0 9  1 .  2 0 
1 4 • 1 4  2 L 4 ?  1 1 .  f. 1 

1 1 . () 1) 2 2 .  7 7 1 c .  7. 8 4 .  H ·  
1 2 .  2 4 1 n .  r� s e .  7 1  2 . 6 1  



Tabl e B-3 . Bi l l s  Branch Study Spoi l Bank Grou ndwater 
E l evat ion s  ( Feet ) 

CALENDAY 

2 2 J :\ �j 7 . �  
P �- �� ;< 7 A  

1 'cl ;.· !=: i.l 7 '--. 
)J-, ; � - q F  

4 '4 ;, 7 7 (, 

1 1  �. ; �- 7 ,c, 
1 7 -� .'\ i- 7 f• 
,? S 1 :'\ Z' 7 t-

1 .\ i:.' "\ 7 f-. 
1 .'\ ? 'J 7 f� 

1 1  •, p �; 7 6 
2 r1 :\ ? :: 7 f  
2 7 '\ ? �· lf  

il � :\ y 7 f, 
1 1  " ,\ Y 7 r· 
l '-l i'I ,� Y 7 r· 
) S  -� A v 7 r. 

U T' i 7 !, 

'� J :J N 7  (, 

1 S TT N 7 6  
2 2 J LJ  ;� 7 (, 

2 9 J  ; J :I 7 6 
( J I! L 7 f, 

1 � ,J rr L 7 c. 
7 0 J ! J !. 7 h  
2 7 J'l i. 7 1' 

l ·, 'j r-; 7 t--
1 �'L\ rJ , ;  7 "  

1 7  �_ - , ( � 7 i · 
2 4 \ fl ( � 7 f, 

l 1 .; f J G 7 b  

7 :3 ?. P 7 f>  

1 4 ·:; -;;: p 7 6 
2 1 .3 :: P 7 6 

1 1 C: C T 7 6  

') �F )  v 7 1:'>  

1 ·) ': rp 7 (-, 
1 1  ,J A :-i 7 7 

1 S JU N 7 7  
2 l TJ !i 7 7  

f; .n L 7 7  
1 urJ L 7 7  

2 1) ,; : 1 1  7 7 

JUL IAN 

] h .''; ? 2  
7 f 0 L H  
: r �; c:, :) 
'f h () C) "1 
7 (- � {-. 4 

7 f· J 7 1 

7 (• fA 7 7  

7 t-- ) q 2 
7 f. (l g q 

7 A 1 C � 

7 F- 1 1 1  

7 f  1 F l  
7 6 1 2 '1 

7 r, 1 � ). 

"7 (. 1 3 ·.f 
7 f, 1 4 n 

7 f-. 1 'l 3 

I r; 1f. l) 
7 f. 1 6 7 

7 F- 1 7 4 

7 (, 1 (3 1  

7 (. 1 0, S 
7 r 1 s s 

7 {-. 2 0 2  
7 F / (' ') 
7 �� 2 v, 
I (, 2 2 1  
7 ; 2 '1{) 

7 £. /_  1 7  
7 h 2 4 4  
7 F 2 c; 1  

7 {:.. 2 c:, q  
7 F- 2 6 S  
7 f, 2 R ') 
7 fd 1 0  
7 f  J 7 4  
7 7 () 1 1 

7 7 1 F F. 
7 7 1 7  i,! 
7 7 1 11 7  

7 7 1 'q 
7 7 7 f' 1  

Cl  

1:.2(' . 2 7 

P 'L 2 1 
1 2 l . l f 
1 .: 0 . U 4 
P '' . H -
1 2 :1 . 1+ 4  
1 2 1) . 4 4 
1 2 iJ . l r:. 
1 2 0 . 4 4 
1 2 1) . 4 H 

1 2 r' . S .., 
P IJ . l� >i  
1 .2 . )  • ') :2 
1 .2 :� • I! ;1 
1 2 :1 . 4 (1 

1 1 J . 1 4 

1 .2 :1 . 4 4 

1 2 J . l f· 

1 2!1 . 4 €-

1 2 1 . 7 7 

1 2 1) . 4 1� 

1 2 1 . 1 1 

1 ,2 <) • ') .2 
1 :> .� • 1 r:., 

1 � ·1 . 1 C)  
P "' . 2 7  
1 2 .� • 1 1 
1 2 " . 2 7 

1 2 0 .  ') f.  
1 ?. ·') . 2 7 

1 2 0 . 2 7 
1 2 (' . 2 7 

1 2 0 . 4 4 

1 2 0 . 1 1 

1 2 il . S 2 
1 2 :' . 4 1: 
1 2  ij • 4 (I 
1 2 '1 . :: 1 

1 2 1 . 1� ('  
1 2 1 )  • 1 c, 

1 2 ' '. • ,> 1 

Bl  

1 ') 7 . 4 1  

1 J 7 . U 7  

1 1 7 . 1 1  

1 i) r, . P g  

1 f'l 7 . 4 7  

1 C 7 . 1! 4  

1 0 '1 . 'i Y  

1 !) 7 . d 1 

1 C 7 . b 4  

1 f H . B 1 

1 0 7 . 3 9  

1 0 7 . q 7 

1 ·l 7 . 'l 7 

1 0 7 . CI S  

1 i) 7 • 7 2 

1 1 2 . K C  

1 0 7 . 7 f 

1 .; 7 · '' c;  
1 0 7 . 1 ?  

1 1) 7 . '1 6  

1 1) 7 . 4 7 

1 ·� 7 . 6 4  

1 C: 7 . Y 1  

1 •') G . i3 CJ  

1 0 7 . 7 2  

1 p .  � c 
1 0 7 . 4 7 
1 r 7 . 1 4 
1 ') 7 . 2 2  

1 0 7 . 1 1! 

1 1J 7 . [l l  

1 0 7 . 2 2  

1 '' 7 • 2 2 

1 1) 7 . 4 7  

1 0 7 . 1 4  

1 0 7 . G P 

1 1 1 . :n 

1 0 7 . 2 <?  
1 11 7 . 1 f  

1 1 i) . h f  

1 '! 6 . 9 S 

1 ". 7 . 1) '� 

B2 

q '! • 3 9 
� n . c.) r� 
1 4 . 0 ()  
1 ') • f� 1 

q .:  J d l 

n .  h 4  
g � . d r, 
') 1 .  f> 4 
'H . ( 4  
9 3 .  4 R 
'l 2 . <) �  

9 2 . 'l 1 

1 2 .  7 3 
·1 2 . 5 !1 
'1 2 .  6 () 
Cj f, . q 1 

g 2 .  9 i_l 
'i 2 • �3 s 
r :n . o �> 
Q 2 . 6 4 

q 2 . S ?  
q o . 8 1  
'J 2 . 9 3 
9 1 • 4 3 
9 2 . 4 P 
1 7 . 4 R  
') 2 • 1 4 

9 2 . 1 9  
9 2 .  3 g 
·� 2 .  4 8 
'l 2 . 4 l 

9 7. .  4 1 
9 2 . 5 6  

9 2 . 4 �  
'} 2 • c:; ;;  
Q 2 . S 6 
1 2 .  S F  
q 2 .  g 1 
q z .  c; 1 

'-1 Fl . ll f3 
9 7 . 9 7  
y 2 .  7 1  

q 2 . 4 F3 

B3 

S 2 . 8 R 
S 2 .  R 4 
S 2 . 7 2 

"i 2 . F, l  
t; 2 . 7 6 

c:; ? .  1 � 
s 1 .  g 7 
5 4 . 9 ? 

c:; L n 7 
S f> . 2 7 
') {:.. • 0 <; 
') 7 . 1 4  

S 7 . 0, P 

r; n . o s 
S J . s c:  
') 1 . 9 7 

') I.J . � 7  
'1 2 . q � 

11 3 . 1 7 

S 4 . 8 C 
s 7 .  1 ? 
5 1 . 0 9 
6 J .  1 c 
'J l .  2 2  
s r:. . 1 c 
5 4 . 1 c 
h 1 • 2 2 
r:-, 1 . n s 
f- 2 . 0 1  
h 1 .  7 (_ 
h 1 • 6 1 

6 1 . fi 1  

6 1 • 5 2  

8 5  

4 0 . "1 8  

4 1"' .  2 s 
4 n • 1 1  
4 0 . 4 2  
4 0 . 4 2 

I! ') • 4 ::' 

4 0 . S :' 
4 0 . S O  

4 " . "i 0  
4 0 . 4 2  
4 0 . 4 2 

u n . 4 2 

4 0 . '1 1) 

4 0 . S 0 

4 0 . '1 1) 
4 0 .  7 ,  

4 :J . 7 C., 

4 0 . S 8  
4 0 . 4  7. 
4 0 . 4 "  
4 0 . 4 ? 

4 1  • 4 2 
4 0 . 4 2  

'.! 0 . 0 0 

4 1) . 2 S 
4 1'J . 2 'l  

�� 0 . n 

4 0 . 4  2 

4 0 . 4 1':  

4 0 . S O 
4 0 . 4 6  
4 0 . 4 7 
l <J . g ]  
4 0 . 4 7.  
4 0 . 4 7 

4 0 . 4 �  

4 2 . 8 2 

4 2 . S 4 
3 9 . 7 '1 
1 <:1 . 1.� 1  

2 1 7 



Tab l e B - 3 .  ( Cont i nued ) 

CALENDAY 

3 \ ' l  1 ; 7  7 
1 ! � fJ G 7 7  
1 1  �. f J S 7  7 
2 r, _; v� 7 7 
1 •• -; :: [' 7 7 

2 1 " :: P 7 7  
;, � :_ �  7 7 

1 ! J C� 7 7 
� ;1 (\ ::: -= 7 7 
1 1  �; o v  7 7 
1 -J, 'r .J V  7 7 

l r1 E C 7 7 
1 4 f ::: D 7 -i  

y , l:' ::: :J H 
7 "0 . :- 7 8 
1 t-1 ? ? 7 '� 

2 S ,\ P R 7 8 
H M t\ O tl  
2 "' '� 1\ Y 7 8 

? J 'l N 7 ·� 
1 3  J TJ N 7 3 
2 J  -1 '1 L 7 f1 
2 1  11_ ! 1  r:; 7 R 
1 q :-; ;: ;> 7 P  

s :: c :- 7 ;3 
l 1 ·Y� ;- 7 ,::, 
2 1 ,T :1 \ 7 1 

l 'r \ ') 7 ! 
q -._ ,; y 7 1 

1 'l " ,\ '{ 7 (� 
: J r J  �n q 

�- 'i \ 'J G 7 9 
1 4 J \J L 7 g  

JUL IAN 

7 7 � 1 ') 
7 1 2 ? .2 
·p :� H) 
7 7 :2 l -� 
7 7  2 c: y  
'7 / ._2 ( 4  
7 7  ) 7 �  
7 7 2 H S 
7 ..., { �� 1 
7 7 i 1 )  
7 7 1 ? 2  

7 7  1 3 7  

7 '1 0 4 5 
7 Q f) 'j {j 
7 � 0 f ,:) 
7 ·l 0 :; 1 

7 -i l 1 ') 
7 � 1 l 3 
7 q 1 lt 0 
7 'l 1 ': 1 
7 '� 1 6 4 

7 '3 2 0 1  

7 g 2 ] 3  
7 8 2 F 2  
7 q 2 7 -J,  
7 3 1 " 4 
7 ') 0 2 Q 
7 ) ,J (- -� 
7 '1 1 2 ;l 
7 q 1 1 1  

7 g 1 s � 
7 Q 2 .l 7  

7 q 1 g ') 

Cl  

1 .2 1 . 1 S  
1:n . �� s 
1 2 2 . 'i 7  
1 2 1 • 7 ,_l 
1 ' 2 . (J l 
1 :? 1 • q -� 
1 ? 1 . -1 :; 
1 .? � . 1 R  

1 2 2 . 4 'i 
1 2 ,' . 5 0 
1 2 1 . S 1  
1 2 ) .  '! 4 
P ') . P U  
1 2 1 . Y c; 

p ) .  7 1  
1 2 .J . 0 1  
p _) . ') y 
1 2 � . 7 0 

1 ) "l  . 4 4 
1 2 2 . 1 7  
1 2 2 . 4 7.  
1 2 2 . 1 2 
1 2 2 . 2 6 
1 2'� . 4 2  

1 2  .2 • 4 q 
1 2 1 • <; f: 
n � . r: q 
1 ) ! . ' ') 
1 2  ;' . ·F i  
1 � 2 . 2 l  
1 2 ? . 7 1  
1 2 1 . 0 0  
1 2 2. • 'j 1 

8 1  

, ,; r, . <J l  
1 1)7 • 0 4 
1 ,, 7 • 7 f 
1 ·) 7 . 4 s 
1 'J 7 . l fi 

1 . ) 7 . 4 C: 
1 ) 7 , 1 7 
1 ') 7 . l S  
1 1 3 . 4 0  

1 0 7 . C I� 
1 G 7  . r F  
1 il 7 . 1 g  
1 1) 7 . u <  
1 0 7 . f; 9  

1 Cl 7 , C, q 
H ; R , Q  l 
1 1' 1 , 1 h  
H )  7 , 1! ] 
1 0 7 . ? .0  
1 �6 • 7 0 
1 0 7 .  � 2 
1 r:J 6 . 'lfi 
1 0 6 . R 9  

1 C 7 . 1 7 
1 -! 7 .  1 g 
1 0 7 J 9  
1 1 S . 'l -� 

1 1 ') , } 0  
1 1 4 • ·� g 
1 0 6  • 2 4 
1 0 6 . 7 &:: 
1 D 5 . CJ 9  
1 1 4 . 9 1 

82 
'1 ) . 6 7 
'1 2 . 8 9 
g 1 .  R 7 
') 2 . .. , '1 
') ;, • g 1 
'n .  7 1  
q � • ;, l 
q 2 .  7 1 
0 2 . 8 7  
Y 4 , F- 1  

i) J . 7 8 
Q -1 , C, f, 
9 1 . 2 h 
·� 2 .  7 4 
'l J • �� 2 
l n . r, 7 

' l 2 .  7 1  
'-) h J\3 
'-l 2 . F- l  
1 2 . 5 1  
g 4 .  1 J 
. p . 7 0 
0 2 . 7 3  
9 :? . C) 1  
<:J 2 . q 0 
q 1 • 1 6 
en . <; � 
1 'J . '"S 1  
q 7 .  � 7 
'l ') . l lJ 
g y . R q 
q 1 .  1 7  
<l i) . Y f> 

2 1 8  

83 85  -------
; , . l 3 
h 1 , 7 f) 
:� 1 • () f
(, 1 , '1 1  
h 1 .  � 2 
H .  4 U  
f; 1 • , 1 
r ,  . s � 
F, 1 • h 7 

E- 1 . S 7  

f.. 1 • h 7 
(, 1 .. (J c: 
{, ] . 1 2  
6 2 .  1 � 
(, 1 , 7 F
r 1 • � c 
.., 1 • 0 q 
6 0 . <:; <: 
F. 1 . U Q  
F, f) , n 7 
6 0 . 4 €' 
6 0 . 2 5 
') Q . 1 ( 
s 1 .  2 7 
5 0 . ')  t 
S 0 . 7 S 

f,(1 • 4 4 
1) " . !-+ C:: 
�' 1 • 0 4 
{, ""' • 4 7 
F () , 1 C'  
') 8 .  2 4 
t. n . u c  

4 :" . 7 (, 
1� 1; . 9 ') 

4 (' . 7 7 

4 (\ • 8 �� 
'! 1 , 6 ') 
l� f1 . 1 7 
4 � , c, r; 
'+ •] • g c 
�� I) • 7 s 
u n . u 1  
4 0 . 1 (' 
1� 1 . 1 ')  
4 1 • 2 s 
4 1 . 7 7  

4 "\ • 1 l  

'+ ') • . � f

� ') . 1 q 
4 1  • ') 1 

4 0 .  2 7 
V l . g q 

4 0 . 2 0  

4 0 . 4 5 



Tab l e B-4 . B i l l s  Branch S tudy Spoi l Ban k  Saturat ion  
Zone Thickness ( Feet ) 

CALENDAY 

2 ' J :; 'J 7 (, 
1 7  f �: !37 (' 
1 g f C: [ 7 t' 
2 H· :: � 7 r-

4 'I .·\ '; 7 0 
1 1 .'i A ? 7 > . 
1 7 "' :'; ;{ 7 f-,  
�) C) :1 ,\ ;: 7 ., 

1 '\ 2 3 7 i) 
�� A P ?  7 .. � 

1 1 l\ :-> G 7 f)  

2 !) A P ? 7 ;:;  

2. 7 !l. ':' fl 7 f  
4 � -,., y 7 f., 

1 1 :1 A V 7 6  

F l '1 �·. Y 7 "  

2 '>  .··L'\ Y 7 b  

1 J f j  �J 7 t' 
q J f J :17 ?; 

1 5 . J r r N 7 f  

?. 2 J 1J :n r; 
2 "l .J U N 7 F  

f ,JU L 7 F, 
1 1 J fJ L 7 6  

2 0  .J!J  I. 7 '' 
2 7J iJ L  7 f. 

1 ; l] r, ] r;  

1 ·1 .� ·r �; 7 f 
1 7  1\. U  r; 7 {, 

2 4 A rr G 7 � 
J 1 A r r ; 7 r, 

7 S l\ P 7 r> 

1 4 S :: P 7 (  

2 1 S E: P 7 f, 

1 1 'J C T 7 f)  

S N O V 7 n  

1 9  N O V 7 6  

1 1 J A N 7 7 

1 ') ,J fJ �! 7 7 
2 i ,HJ �; 7 7 

f, ,J :J L 7 7 
1 3 ,J U :. 7 7  

2 iU !J L 7 7  

JU L IAN 
7 (.,(' 2 2 
7 F, 0 (.! )j 
7 1'-, ') Cj () 
7 f.,  r., r:, 7 
7 b C f- �  
7 6 () 7 1 
7 i; l) 7 7  
7 r, Q q 'J 
7 6 C  q 7  
7 " 0 9 1  

7 Ft 1 C 4 

7 f, 1 1 1 

7 f.. 1 1 i 

7 r.. 1 2 S 

7 h 1 3 2 
7 b  1 1 <1 
7 r 1 4 ii 
7 f.. 1 C'. J  
7 r:. 1 H 
7 o 1 f: 7 

7 F· 1 7 4 

7 1', 1 8 1  

7 6 1 8 8 
7 (, 1 <; 5 

1 r:. 2 o 2  
7 F 2 0 9  
7 ( 2 1 h 

'"1 ;, 2 :!  l 
7 >� ) j () 
7 t � 3 7  
7 h 2 1� 4  
7 f, ) C'. 1 

7 (: .2 C'. 8 
7 f 2 6 S  
7 fi 7. P S 

7 (l ] 1 1) 

7 6 3 2 1� 
7 7 0 1 1  

7 7 1 tJi  

7 7 1 7 1� 

7 7 1 8 7 

7 7 1 '1 4 

7 7 :2 0 1  

Cl 
/_ P. , 7 �l 

:? 0 . '1 1 
2 1 .  5 3  
) >.l � ') "-- • 'J "--
? � .  7 0  

? ·1 • (:, ) 
2 i3 • 7 () 
) :) • 7 '! 
2 '-l . 6 2 

? :·3 . 7 0 
2 q . 7 4 

2 8 , 7 8 

2 � . 7 !.1 
2 8 . 7 H  
2 ·1 . 7 4 
2 '3 , f, A 
�: 9 . 2 ':  
2 � .  7 ·1 
:? q . l) 2 

/_':J. • 7 2 

3 1) . 0 3 

2 H . 7 0  
2 8 .  l, 7 
2 8 , 7 R  
:2 8 . 6 2 
2 il . u 1 

:! ;� . '> �  
2 H .  S 7 
! H , "j \ 
2 '1 , 8 2 
2 R . c) l  
2 Q . "i 3 
2 � .  5 l 
2 '1 . 1 0  
2 Q . 1 7 
2 3 . 7 8 

'2 � • h f, 
2 8 , ?. f. 
? g . 4 7 
? 'j , (, 6  
2 '3 . 4 1 

2 �� • 4 7 

B l  
1 ) ,  n q 
1 1 . 7 �  

1 5 .  ') 7 

1 S , 1 c;  

, ') .  7 1 
1 5  • 7 c 
1 R • 1 S 
1 n . r 7 
1 <j , g C  
1 () , 0 7  
1 0  • 1 s 
1 ;:; . 2 3 
1 1) . 2 3  

1 FJ . 1 1 

1 s .  g p 
/ 1 . C• 6  

1 6 . 0 2 

1 I) , 1 1 

1 f. • 1 9 
1 S . '3 2  

1 s .  1 3 
1 5 . q c 
1fi . 0 7  
1 5 .  1 s 
1 S . 9 R 

1 h • 1 1 

2 ;) , f, C:: 
1 ') . 7 3  

1 "J . 4 C 
1 s .  4 q 
1 5 , 4 (  
1 5 .  6 g 
1 5 . 4 8  

1 5 . 4 8 
1 5 .  7 l 
1 S , 4 C  
1 ') . 9 4  

1 s .  4 9 

1 s .  r:; r; 
1 S . U 4  

1 8 . 9 2 
lS • 2 S 
1 ') . ) 9 

82 

2 .  ;, s 
1 • 2 4 

2 . 3 2 

1 . 0 7 

!J , Y ()  
') , () ()  
1 • 1 2 

1 • q 0 
7 . 9 ·') 
1 • 7 1-+ 

1 • 2 4 
1 .  0 7  

0 . 9 9 

0 . 11 7. 
0 .  8 f) 
S . 0 7 

1 .  2 4 
1 • 1 1 

1 .  J 2 
0 . 9 0 
0 . 7 8 

0 . 0 0 
1 .  1 q 
o . o o 
0 . 7 4 
0 . 7 4 

() .  4 0 
0 . 6 S 
[) • (i ') 
C . 7 4 

0 , 6 0 
0 . 6 Q 
0 . 8 2 

0 . 7 4 
0 . 8 2 
'). 8 2 

0 . 8 2 

1 .  I) 7 

') .  7 7  

4 . 3 4 

{j • 2 3 
o , g q 
1 . 7 4 

83 

q .  2 6 
q .  5 1  
0 . 9 2 
Q • 8 p 

q .  7 f 
q . f- 7  

9 , 8 C 
Q . 1 7  

1 1 , 1) 1 

1 1 o C) f 
1 (' . 7 1  

1 3 .  2 F 
1 J .  1 3 
1 1� .  J P  
1 4 . 9 2 
1 ') . 0 9  

1 0 . 5 S 

1 1  • 0 1 

1 , • 7 1  

l .  q 2 
2 () . 2 1  
1 1 , 11 4 
1 4 .  1 7 
1 "' • 1 3 
2 0 . 3 4  

1 0 . 2 11  

1 ? .  J 4 

1 1  • 3 4  
1 p .  2 f 
/ f' , () -1 
1 Q , () C: 
1 R .  n c 
1 8 .  6 5 
1 ' L 6 c: 

1i .  s 6 

2 1 9 

B5 
1 y .  7 2 
1 q , l q  

1 g .  4 7 
1 1 . "i 6  
1 CJ . S F: 

1 q .  s f  
1 q . 6 4  
1 '? . 6 4 
1 ') . 6 4 

1 <) • 5 6 

1 9 . S n 

1 <"� , 5 6  

1 q .  h 4 
1 '1 . 6 4 

1 9 . fd�  

1 <"� , 8 ') 
1 q .  6 4 

1 9 . 3 9 
1 9 . 7 2 

1 9 . 5 fi 

1 9 . 6 f)  

1 9 . 5 fi 

2 0 . 5 6 
1 9 . ') 1; 

1 g • 1 4 
1 "l • 1 9 

1 q .  1 9 

1 ':) . 4 7 

1f:l , ') 6 
1 q .  6 r 
H .  6 4 
1 Q , 6 0  
1 9 . 5 6 

1 P . 9 7 

1 9 . 5 6 

1 9 . 5 6 
1 c� . f. :J  

2 1  , 9 f; 

2 1 . 6  q 
1 8  • 8 9 
H .  S S  



Tabl e B -4 . ( Cont i nued ) 

CALENDAY 

1 � f ! r ; 7 7  
1 ' \  : 1  G 7 7 

1 - 1 ; r u; 7 7  
2 1'-. '1 '] : ; 7 7  

1 e, � :: ;o 7 7  
-� , ·� :" p 7 7 

' ) ' ' c  � 7  7 
1 2  .-:: c � 7 7 
7 � .: C '' 7 7 
1 1 ;: c v 7 7 

1 � �i () v 7 7 
\ J F C.  7 7 

1 1� >:' :;' '?. 7 .0,  

2 S f ::: :37 '1 
7 �� ; ;: 7 q  
1 i, � '< 7 ·< 

)"j \ ? '' 7 ':1 
H ":  ,� Y 7 ':l  
2 " :1 .1\ Y 7 ;� 

2 J  '! :� 7 ;� 

1 ·u r : � 7 '� 

2 :1 ,J U L 7  R 
2 1 A U •-; 7 H  

n ::; :: P 7 �  
s �, c:: 7 � 

3 1 / � l "' 7 'l 
2 ·) .� ;., '1 7 ' )  

\ " i-. '. 7 ) 
"' ' r v 7 ' l  

1 !  :'l A  '! 7 �  
/ .] 'J 'i 7 ) 

1 U J TJ L 7 q  
2 s a,  : r  ·:; 7 q 

JU L I AN 

7 7 ]. 1 ')  
7 7 :! ? ! 
7 7 :) V) 
7 7 -:: � 'i 
, 7 "1 r='" �  I .  • , 

7 7 }. f � 
7 7 2 7 ' ! 
7 7 ..2 � ') 
7 7  � :'; 1 

7 7 1 1 '1 

7 7 "  2 2  
1 1  J n 
7 lJ 0 4 'i 
7 �� � '; f l  
· 7  �. ') f n 
7 'i ·,-, 0 1 

7 � 1 1 )  

..., ;l 1 � 1 
7 0, 1 4 0  
7 '� 1 S 1 
7 ·1 1 h 4 
7 Q ? () 1 

7 8 2 ' 3  

7 (1 2 (, 2  
7 q 2 7 ·3 

7 Q j (1 �  
I q ) ! l 
: ' ) ) ;.. '� 
7 '4 1 7 1  
7 q  1 H 
7 9 1 5 � 
7 q 1 ') 5 
7 9 2  J 7  

C l  

) ') . 4 1 

l 1 • j 1 
3 ' 1 . 7 p 

I 1 • 1 ! 
) ' • 1 j 
l ) • 1 (, 
� ') . :.; �� 
� "' • 7 1 
� ) • 7 {, 
2 'l • 7 7 

� J • 7 ') 

� 1 . 1 0 

� I) • 2 1 

� :� . '� ') 
� ' • 2. 7 

l '" . i� c;  
1 ') • �� r; 
j n , 7 J 

1 ,, • u 1 
l ') • ;.., (3 

3 " . S � 
l "� , ;) Q 
� 11 

• 7 r:, 
l ) • 2 2 
3 : . ·j c;  

l i � • 'l (; 
1 1 • 1 , 
1 () • '.l 1 
1 r: • '� 7 
, 1 • 1 7  

::n .  z r,  

B l  

, ') • 1<:; 
1 S . H 1 

1 ;0; , !) 2  
1 'i . 7 1  

FJ , i- 4 
1 s . 7 1 
1 fi . 6 1  
1 s . r_, r:; 
:? 1 . 7 � 
1 'i . 1 4  
1 S  • 3 2 
1 S . 4 S  
1 r) . t; S  
1 s . 9 � 
1 ') • 8 c:: 
1 7 , :'1 0 

1 7 . 4 :,;  
1 S . f1 fJ 

1 S . c:: 4 
n . 9  f 
1 'J . 'i 9  
1 '1 . 2 2  
1 s . 1 5 

1 5 .  u 3 
1 ') . 1.� 5  
1 S . 3 C: 
2 4 • 1 q 
L LI , f· C  
. u . 7 s 
1 4 .  "i c 
1 "> . 0 2  
2 3 .  1 7 

1 4 . 1 '1  

B2 

) • 9 l 
1 • 1 C) 
0 • 1 � 
., • q c, 
J .  1 7  
: ) • 1 7  

") .  9 q 
1 • 1 1 
-� • i� 9 
1 • ') u 
7 .  1 ? 
1 .  1 2  
1 • () •J 
:) • 2 H 
4 .  8 1 

) • 'l q 

() • t� g 

:) , 7 9 

2 .  1 g 

") . g 6 
:) • q g 
1 .  1 7  

1 • n � 
�) • o n  
'') . 7 ) 

7 .  7 7 

'i • 4 � 
3 .  "' G  
·L 1 4  

s . 1 2 
0 . 0 0 

B3 

1 :.:! .  3 7 
1 .'1 • · 1  n 
1 <1 . 1 ( 

� �:l . �, r> 
1 P .  6 F 
2 r1 , 4 P  
1 "� .  1 �  
H • .; 2 
p .  7 1  
1 p .  6 1 
p .  7 1  

1 >4 . :3 C 

1 q .  1 f 
1 Q • 1 q 
1 p • 8 c 
1 R • !� 1 

1 (1 • 1 3 
1 7 .  s g 
1 � .  4 4 
1 7 . 7 1 

1 7 . S O  

1 7 . 2 g  

1 6  • 1 4 

1 f. • 3 1 

1 F • 6 2 
1 f. . 7 � 

1 7 .  4 8 

1 7 . 4 q 
n .  () P 
1 7 .  4 �'  

1 7 . 1 q 
1 2 .  1 2 
1 S . 2 8 

BS 

1 'l , Q C  
1 'L q 1 
1 'l • q 1 
1 '1 , 1 '\ 
' " . 7 Cl 
p .  c; 1 

220 

1 CJ . 6 1� 
2 (i • 0 !� 

1 q , g g 
1 9 . <:; 7 
1 g .  2 4 

2 " . 2 q  
2 () , 1 C  

1 '1 . 4 1  

1 9 . 2 7  
1 q . ') tj 
1 q • 1 � 
2 r'1 . f S 
1 g .  4 1 

1 g • 1 1 
1 Q .  1 4  
1 9 . 5 0  
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SATURATED  ZONE CROSS SECTION AREAS 

Mode l s for Saturated Zone Cross  Sect ion 

Qual i tat ive  eva l uat ion of the hydro l og i c  data for i ndi v idua l  

wel l s  at the two study spo i l  ban ks ha s to be made when construct i ng 

the i r saturated zone cross  sec ti ons .  At the I ndi an Fork Study Spoi l 

Ban k  a l l wel l s  suffi ci ent ly  penetrated the spoi l to fu l l y  characteri ze 

fl uctuati ons of the phreati c surface . As a resu l t ,  on l y two cross 

secti ons  were con structed . The fi rst , Area 1 ,  con s i ders the bank 

profi l e  from the hi g hwa l l  to the F4 wel l .  I t  i s  defi ned by the 

impermeabl e l ayer and groundwater el evat ions  observed i n  the benc h 

pond ( F l ) , F2 , F3 , and F4 wel l s . The second I ndi a n  Fork cross 

sect ion , Area 2 ,  extends from the h i g hwa l l to the extreme edge of the 

toe at the F8 wel l .  I t  i s  defi ned by the impermeabl e l ayer and by 

groundwater el evations a t  the Fl , F2 , F3 , F4 , F6 , and F8 wel l s .  As 

descri bed i n  the text , i nterpo l ated val ues , l i nked to hydro l og i c  

cond i t i on a t  u pg radient wel l s ,  were u sed a t  the F6 and F8 wel l s  for the 

fi rst 2-1 /2  years of the hydro l og i c  record . On ly  the I nd i a n  Fork Area 

2 i s  referred to i n  the Resu l ts and Di scu s si on chapters of the tex t .  

Because both the B i l l s  Branch B l  and B5  wel l s  fai l ed to ful l y  

penetrate the s poi l t o  the impermeabl e  l ayer , the u se  of the i r  data 

must  be qual i fi ed .  I n  addi ti on , the extent o f  the seepage area , B6 , a t  

the base of the spoi l i s  known to vary , a t  t imes  g o i ng comp l ete ly  dry 

but genera l ly extendi ng 6 to 8 feet u p  the toe embankment . Based upon 

these observa ti on s ,  four cros s  secti ons  were constructed for the B i l l s  
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Bra nch  Study Spoi l Ban k .  Al l con s i der t he enti re prof i l e  from h i g hwal l 

to toe . 

B i l l s  Branch Area 1 i s  defined by the impermeab l e  l ayer , the 

u pper l im i t of saturation  at t he toe , and groundwater e l evat i ons at 

the B 2 ,  B3 , a nd B5 wel l s .  I t  i s  not cons idered i n  the text . Area 2 i s  

defi ned by the impermeabl e l ayer , the u pper l im i t  of satu ra tion  at the 

toe , a nd grou ndwater el evations  at a l l the we l l s  i n c l udi ng  B l . B i l l s  

Branch  Area 2 i s  taken to represent the max imum extent of satu rati on at 

the study ba nk and i s  o n ly  val i d  for dates when the phreati c surface 

r i ses  s i g ni fi cantly above the bottom of the B l  a nd B5 we l l s .  Area 3 i s  

constru cted to represent m i n imum condi ti ons  when the phreat i c  s urface 

i s  be l ow the bottom of the B l  and B5 wel l s  a nd the toe i s  dry .  I t  i s  

defi ned by the i mpermeabl e l ayer ,  the base of the toe emban kment , and 

grou ndwater e l evati ons i n  the B2  and B3 wel l s .  Med i a n  saturated zone 

condi t i on s  are defi ned by Area 4 .  Here , the u pper l im i t  of satu rat ion  

at  the  toe  embankment and g roundwater el evat i ons  at  the  B2 a nd B3  wel l s  

are cons i dered . Thi s cro ss sect ion  corresponds to fi e l d observat ions  

that a l arge saturated area general l y  remai ns at  the toe embankment 

even though  the Bl and B5 wel l s  may be dry .  

Area val ues for the cros s  secti ons descri bed above are presented 

i n  Tabl e s  C-1 and C-2 . 



Tabl e C-1 . Indi an  Fork Study Spo i l Bank  Satu ra ted Zone 
Cro ss  Sect i on Areas (Sq . Ft . ) 

CAL EN DAY 

H A  r:> :-:: '7 C  
1 c; ,, ;: � 7 ·-; 
2 2  D ?  7 C:.  

2 J :, t: : 7 S  
fl .'-' i\ Y 7 -:: 

1 � '� ' '1 7 r, 

2 7 " ?. v 7 r:: 
� ,J r T 'l 7 r, 

2 0 J i ! '1, 7 r; 

? 7 .J '1 'l 7 r:, 
7 .TJ L 7 S  

1 4 ,� < J L  1 S  
2 1  .i'J L 7 5  

ru ·n 7 r:) 

S ·, T; 7 rc, 
1 3 :, :! ' ; 7 ') 
2 " '\. J � 7 S  
2 7 ;. f T  :_; 7 S 

4 :.; � ?  7 S  

9 S ': P 7 S  

1 £> •-=; :: :-J 7 5  

2 2 '>0: P 7 '1 
2 ·) S _,. .,  7 S 

'i ' C  � 7 r, 
1 'V '· �  7 S  
3 1 , �_ - r:. 

7 �r �-� v 7 s 
1 4 \ : '! 7 '1 
2 1 \ ·! 'l 7 S 

1 J :: c 7 r:,  

8 D :::C: 7 S 

1 S o ::: c 7 'i 

2 2" :.  .o:: -:_ 7 S  

3 1 : :. c 7 ':  

S .J \ \J 7 '-
1 '1 . T'\ :'<7 (:. 
.2 2 .1'A \1 7 F. 
L) J \ :-1 7 1'-

S F :: q  7 F, 
1 2 F :-- ;-> 7 �'• 
1 '1 �, :-- :: I (, 
2 f. r- ;: :> 7 f> 

1� '� 1\ �• 7 "' 
1 1  "'i ;__ :· h 

JUL IAN 

7 s r  · 1  ii 
7 S 1 D r:, 
7 s 1 1  2 
7 ') 1 1 ' l  
7 s 1 7 :, 
7 c. , l 1 
7 5 1 � ; 
7 r:; 1 1  .. 7 

7 s 1 C") 4 
7 ') 1 7 1 

7 5 1 7 f� 

7 S  H 1 
7 S 1 9 CS  

7 S ?Jl  2 
7 c; 2 ') 0 
7 fj 2 1 7 
7 5 2 ? c, 
7 5 2 � 2  
7 '1 2'3 1  

7 "i 2 1  .. 7 
7 S 2 S 2 
7 5 2 5  q 
7 Cj ) f, ')  

7 S 2 7 !  

7 ": 2 q 2 

/ C:.. "H17 
7 r:: 3 () U  

7 s 1 1  1 
7 s 1 1  q 
7 c; � 2 S 
7 c; � -� 5 
7 ) 1 4 2  
7 c: 3 4  9 
7 5 1 '1 6  

7 r:: 1 h 'i  

7 f.. c :; ') 

7 ·� ·J 1 c:. 
7 F ()?  2 

7 U ) l  !") 
7 F () � f. 
7 F· \1 4 l 
1 r. n s �' 
7 ( ,l -, 7 
7 r. n ;:.. 4 
7 C)7 1 

AREA 1 

3 8 1 f . 1 5  
1 S S I .  E F  
4 C 1 t . 1', 9  
4 1 1 U . 4 7 

4 (' 3 2 . 4 3  

� C f. 1 . 2 1 

·� ·:! ? � . 1 1  
V:l 2 2 .  u c:  
J 9 6  L 8 5  
4 () 1 C: . 2 J  
4 C 0 1 . 1 R 
3 9 1 U . 3 .3  
1 7 1� U . 8 2 

3 F 7 S .  P 7  

1 E 1 1 .  7 1  

1 t.P 3 . '"l 1  

3 4 U J . I.!f 
"3 5 4 2 . 7 2  
l 4 4 c:: . 7 3  
3 1 3 3 . 4 3  
3 C � S . 4 2  

3 0 S 5 . '< 6  

3 2 S S . 7 4 

3 7 1 C . 7 7 

] Q 2 (: . 4 5  

1 9 n 0 . 4 1J  

1 c ,; 4 .  H 
<+ C 9 5 . 6 n 
4 1 'J f . (l< 

4 1 3 4 . 0 9 

4 2 0 4 . 1 1 
4 2 F 8 . 2 7 
u � :.JJ S . P. C  
4 } 0 7 . 9 fi  
U 3 6 c: . 7 1  
4 4 R l . fi 6 

u c 7 S . 1 4 

3 tJ S S . 4 9  

u c: l r: .  1 4  

4 2 'l 9 . Q U  

4 6  3 4 . 1 0  

4 6 7 2 . /. C  
u ? �". r . c; s  
1 9 1 1 . S 3  
!.j lJ -:  c .  :_; r:: 

AREA 2 

U � F. -� . 9 7 

4 S 0 <1 . 0 '  
!.Hi 4 R . 8 1  
�� 6 7 1! . s s 
!� 5 9 S . g ') 
!f F- 2 1 . '1 P 
LI 4 3 4 . 7 S  

4 � Fl 9 . 8 2  
4 5 3 "' . 4 7 
4 5 7 4 . 3 4  

4 S S f:. .  O C  
4 4 6 f. . 4 5 

4 ? 9 4 . 11 9  

4 2 1 5 . 4 9  

4 1 F t; .  3 c:  
3 0 7 7 . 4 3 
1 9 t.} 7 . 0 f 
{� 1 0 2 .  l 4 
� g q q . 3 (: 

l n 7 7 . 0 C) 

1 fi O R . 0 3  

3 5 '1 3 . 8 8 

3 8 1 3 . 1 :  
4 2 9 7 . S 9 

u F. 9 0 . 7 E  
4 7 7 " . 7 1 
4 7 7 C:. . 9 7 
S 0 ' '' . 1 q  
S 1 0 7 . H 

5 0 1 9 . 4 2 
S 0 9 0 . 1 S  

5 1 7 2 . 3 5  

"i 2 A 1 . 1 2 
'1 1 1 0 . 7 8 
5 1 B S . 2 S 

') 3 7 1 . 9 9 
5 7 6 7 . 4 7 

4 5 2 1 .  3 F  

s J g 1 . 4 2 

c, 1 1 7 . 0 2 

S 1 9 fi . 9 f 

S S 3 1 . 2 A 

4 9 2 1 . 4 1  

4 U 7 4 . 1 S 
S 0 0 1 . R 7 
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Tabl e C - 1 . ( Cont i nued ) 

----�C�A�L�EN=D�AY�--�J�U�L�IA�N�----�A�REA 1 

1 7 '-' :\ i ' 7 '· 
::. ') 'A ,� :C 7 f� 

1 :\ !' ? 7 !',  

:·, -� ;) ::' , .. 
1 1 '1 ' v 7 f, 
1 · l  :'J ;', v 7 ;, 
7 � ;� .1\ y 7 h  

1 ,J l ]  �; 7 t

\1 T \  7 �'-
1 c, _1 ' J '� 7 >, 

2 2 .J  � l 'l 7 ?, 
2 1 ,] [ '  'i 7 ;._ 

, , , j q ::.. 7 (. 
1 � .1 ' 1 !, 7 : 
�' II , J rJ L 7 (, 
2 7 . J fJ L 7 F-

3 A : r r, 7 6  
1 1 .11. w; u; 
1 7 1\ iJG; 7 f, 
2 4 ; U G 7 n  
� ') ,"; q r, 7 f.. 

7 .'3 ;'. :' 7 (, 

1 4 :� ::: n 7 r 
� 1 ·� ·_ ? 7 (, 
1 -< 1 : C -:- 7 '· 
_l ,? r : � - 7 (, 

S 'I ClV 7t: 
1 )'J i )  v 7 f  

1 Ln :n 7 

1 '1 .1 :'\ '! 7 7  
') "'1 .'\ v 7 7  

1 7 i1 A Y 7 7  
'l . r :; '·! 7 '  

2 l 1  q \l 7 7  
' J : ! L 7 7  

1 j , T " J I  7 7  

2 J . J �; L 7 7 
� �  ' r c-; 7 7  

1 ! \ U '; 7 7 
1 ·l � .. rr � 7 7 
2 '� �. r r , ; 7 '  

1 r '" P 7 7  

7 ?, ,, : 7 

7 ( -� 1 �-
7 ;<': ' 7 
7 r ., i q 
h 1 :n 
7 � 1 1 1 
J 1 1 7 
7 r 1 3 )  
7 r 1 � q 
7 f) 1 4 6  
7 f) 1 ') 1  
7 tl 1 ?-, 1 
7 6 1 ;:., 7 
7 n 1 7 4 
7 ;; 1 \.l l 
7 {, 1 '\ :-l 
7 "' 1 ' J S  
7 (-. ) ' )  2 
7 {, "J I) C,  
7 6 2 1 h 
7 h 2. 2  � 
7 f-,?_ 1 ') 

7 �; ?.  n 

7 f-, 2 i� 1 

7 e.. _l r; 1 
7 � 1 r; 9 
7 " J ;:.. � 
7 ,� l. ( 1 7 
7 "' }_  l �� 
7 ,, � 1 0 
7 � 1 7 3 
7 7() 1 1 
7 7 1 1 1 
7 7 1 .� r::; 
7 7 1  l 7 
7 7 1  ( I)  
7 7 1  7 � 
7 7 1 1 7 
7 7 1 -� ·� 
7 7 2 '1 1  
7 7 2 1  c-, 
7 7 2 ? 2  
7 7 ;> 1 "  
·n :. � "  
7 7) � l,l 

[j 1 1)  3 • :·l (. 
1+ 4 7 1 . � 1 

4 P 2 � . 4 A 
4 i 4 ": . 7 . ,  
4 1 G C . f S  
�� '·� ') l • 1 7 
i! 1 4 4 • ·� :" 
4 .:" 6 L '-h  
q C) F LI . (� ;:;  
4 C, 1 8 . f-. 4  
� 7 7 LJ . f, 7  
4 1'; 4  5 .  n 
4 ;; s q . 0, c  
� H � f . -l 1  
·� 2 7 c . c 2 
'.P:., >J � . "i >) 
�� 0 7 2 .  l l 
1 8 n 2 .  ·l 'J 
4 / C F: . O C  
4 1 H . 7 fi 
4 C 'l <: . e g 
4 0 7 C . 'l 9 
1 g 1 ? . 1 1  

3 2 q 2 . � 7 
1 >1 7 ( . ? ':) 
J > HJ 7 . C C  
4 1 7 � . -' :J  
:� 7 7 t • . ? l 
4 2 8 1 . ·� 1  
4 1' 1 13 . 9 �  
� :; c s . 1 5  
4 ') 4 4 . 0 7 
4 7 4 S . J 4 

4 7 1 5 . 9 F-
4 ' 4 C:: . � 2 
c; C 'l � • , -) - �  
S 1 H . i C  
4 ' 7 7 . C 9 
4 3 4 C . ': 4  
L·:P 7 . 17  
!� c ,_. 1 • l r:; 
4 4 f.,  2 .  1 .:; 
�� 7 '1 C .  ) ,::. 
I� ,1 � C • i j 1 � 

JI.REA 2 
·---

u r� f1 (. . 7 '  
) " q l , 4 'l 
r:; 7 i� ,� . -, c_  
l) .) ) q • c; c... 
4 :{ (' fl • u <: 
4 � -� 7 • ) ,.) 
·� t=l 1 r:.. • 1 ;.: 
5 1 "1 ' . 1 '  

s 1 1 q . <1 2  

t:; ) (; t� . � · 
') 2 3 G . 4 5 
U 8 P . A 2  
:� R ' f . '1 1� 
I� R 1� r) • 1 l 
S P 1 L 4 4 

� fi 7 :> .  ? C.  
�� 1 1  n • r; 1 
4 7 6 4 . F, 2  
4 6 q 1 . 3 '3 
4 h 1 f; . 5 1  

1! 6 ?. 7 . 7 0 

4 4 7 n . 4 F 

Ll 4 'l 4 . S 7 
LJ. tf c ? . r, E  

1! 4 1 '� . 1 1  

!! 4 i () • 1 1 
4 7 2 h . Q � 
4 ·l 2 t} • ·� 4 
I! : �  � ,  • n 
4 H 7 L 7 C 
') 4 q 1 . 4 ?  
S 4 7 6 . 1 S  
'1 7 5 4 . 1 7  

S fi 1 7 . 1l 4 
S 1 1 c; . 2 C 
6 1 2 2 . F 1  
F, 1 4 g . 7 � 

5 1 5 0 . 7 1  

!! () : 21 . 1 E  
4 4 7 8 . 0 4 
'.i l) l 7 . f �  
c-, 2 1 1 . 6 8 
r:, 7 ;; i . '1 2  
' I  7 ,lfl . C.. 1 

2 2 5  



Tabl e C - 1 . ( Cont i nued ) 

CALENDAY 

i ' ; ·: n  7 7  
1 b S � :"' 7 7 
!.. 1 1 :;- ? 7 7  

I •  '' C :' 7 7 
1 2 .' C �  7 '7 
L: 'l < C :- 7 7 

u · : · ' V  7 7  
1 1 � l ( )V  7 7 
, ' l  ': i) v 7 7 

J i� i:: l 7 7 

2 ') ,1 �- �: 7 2 
1 4 F 7 r:1 7 (J 
2 S f' � :l 7 'l  

7 ' q ?  7 ;i 
1 .'\ :' ,., 7 ;.:  

�' 'J ' 7 :' 7 i-<  
1 3 "J A V 7 :1 
2 h "l .n. V 7 R  

2 ,T I J � 7 8  

1 3 ,1:J N 7 8 
2 J JU �n q 

1 R J ' ! L 7 R  

2 1 .1\ 'J (,  7 '� 

1 1 � 2 P 7 8  
2 (, S ": P 7 d  

s ' � : �  7 ;J. 

1 4 - ,·_ - 7 -l  
-� ') ·r: � 7 1l 
J 1 ! (_ T' 7 >\ 

3 ':0 V 7 'i  

1 1 :F ' V  7 R 
1 (J X :J V  7 R  

7 ! E C 7 0.  

1 2 i; !: C 7 R  

2 'J c ;;: c. 7 R  
iLJ 'I N  7 ' l  

.2 'i J !\ '.J Fl 
3 :1 •\ ? 7 -l 

'1 '! H 7 CJ 
1 : H' A Y 7 9 

2 J n  N 7 '1 
1 4 J ! J  l. 7 ' 1  
2 5 .� rJG 7 'l 

JUL IAN 

7 7 }  c, ). 
7 7 :' r-, 'l 

7 '1 ) 7 rl 
7 7 ) ,, c, 
7 7 \ ! 1 
7 7 ·1 n :'· 
7 '? < 1 r: 
7 7 l ) ) 
7 7 'P . 7 
7 <l i) 2 '} 
7 R i) 4 c> 
7 R G S  r 
7 1Vlf· r.. 
7 2> C' I 1 
7 ,·< 1 1 ') 
7 ·J 1 1 �  
7 •i 1 1l n  
7 R 1 ; 1 
7 H 1 (, I� 
7 � 1 l n 
7 8 1  1 y 
7 fL!. 1 3  

7 ;4, ? (, 2 
7 >3}. r q 
7 •J/ 7 :) 
7 q ,> ..;  7 
7 <i 2 · l l 
7 'i l '1 l l  
7 ; J  3 i' 7 

7 � ] 1 ') 

7 t3 l l 4  
7 H ! I� 1 
7 _;n :� r, 
7 W, 3 ;., � 
7 'Hi  0 !l 
7 ' l  ": ..: 1 
7 ' ) ') i ) 
7 '' 1 .z r, 
7 j 1 l q 
7'' 1 'i l 
7 ' 1 1 '1 11  
7 ') )  � 7 

AREA 1 

c. 7 7 n . r, s 
r; -; •.) 7 • 'j 8 
Ll � l 4 . c• 'i 
i+ 7 l 7 .  ? r: 
r, ) ') r. . }< c  
4 F C) / . ( C  
') 1 (' 7 .  l (j 
) 1 r' 7 . u 2  

') 3 ..: q . 7 'J 
S 4 1 C . 7 P 
s � '1 • . 7 c 
S ?. 7 7 . 7 3  

S ? 1  "- •  f 8  
'1 4 iJ 1 . S ::l 

") 1 (1 1 , 4 <1 
') 1 7 7 . f. 2  

') '-� 2 _ . --; 1  

�� ') 7 r; • q Cj 
4 F <) • . C 1  
4 <J S 6 . g fJ 
4 c:: 1 C . 1 c;  
4 5 4 'i . q f. 
tl E 3 1 .  S c: 
4 2 H C . 1 g  
4 1 h 4 , 1) C:: 

4 0 7 :.-l . 1 4  
4 ) :l r: . ,.; c:  
-l 7 9 3 . 7 :i  
1 7 < f . 1 C  
3 7 ,� l . ') �  
-� � 1 I • c: q 
� �; v--: . :? 1 

ll F 7 c • < g 
U ;-1 :2 ( . 0 7 
u � c; c: . E 7  
":. 1 2 P , 3 i1 
4 c u c: . s P 

) i 'J 7 . 1. 1  

! 1 3 C . >= 2  
4 c:. ,-1 ( . ·� g 
<=: 1 7 h • •1 r 
4 <-; n :;: , f'l r: 
4 4 3 C .  � .j  

AREA 2 

r:, ,) 7 1 . ' -:'  
<J 4 ' 1 . 1 C  
c) 1 '') r, • (l Q 
r, 7 J. '< . 4 L_ 
r, 1 rl q . s r 
S d 1 iJ . c, 7  
:, 1 7 ' . ;:) 1  
h J l 7 , 1; 1  
6 5 7 } . ] ::>  
{:. (� 4 ·l . 7 2  
" "d '- . 1 E  
il ' 9 C:. . 3 1  
fi l .. 1!'' , 4 1  
(, &:, (1 } . 6 4 
A (l 7 l . P F 
�- 1 'i 7 . 5 7 

6 r:, 7 n .  � c  
') 7 1 2 . 1 '1  

�) ll 4 2 • 3 4 
S 8 f- 1 . 9 fi 
!) H. S . 4 f 
5 2 9 q . 5 4 
S S R ;; , 6 � 

il ,:j q ?  • 2 7 
4 7 :C, 1 , 7 iJ 

Lj ') f, S , 8 7 

:. i ," 1 . d '�' 
'l 2 _) -� • c:; u 
4 1 F � . 2 F· 
J i-l () F , G C: 
S S 1 1' . li 4 
r:; ':J Y 2 . 'i 4 
S >1 1 L V J 
r:, q p o . c; F 
C, j ') ) . 'i 1  
•· n �� • • u 7 
i l ') F . 1 :.1 

;, t� o r . •  2 4  
r; -� ;· f\ • l 4 

f, 1 c: 1 . S 1 
r:, 1 7 1 . ':1 1  
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2 2 7  

Tab l e C-2 . B i l l s  Branch Study Spoi l Ban k Saturated Zone Cross 
Section Areas  (Sq . Ft . ) 

CALENDAY JUL IAN AREA 1 AREA 2 AREA 3 AREA 4 

1 1\ D � 7 /-,  7 r, " o  2 V · 2 B . Y S 4 1 3 l . v =, 2 1 7 '� .  H ::> q J 3 .  4 7  
'3 \ p c 7 f / f, Q y q 2 f-> 7 1 . 2 4 3 S 7 4 .  7 4 1 4 2 7 . 1 7  2 C' S O . c:; l 

1 L � r i,: 7 f- 7 6 1 0 4 2 6 1 ') . 3 2 1 "i 7 S . 4 0  1 4 r; ( ;  • 1 ;l 2 " ? 2 .  ! :)  
2 : 1  :'\. P :-' 7 6  7 {.. 1 1 1  2>-. i) U . I) S J '=j ') g  • .  q g  1 1 f; ,< • J ? 1 WW . 1 g 
? 7 .:. r :. 7 r.  7 F, 1 1 d 2 c:;  4 L 7 1  � "i 4 4 . h 1  1 3 4 !1  • •Y1 1 q h ; .  ') ()  

·� � A  v 7 r, 7 h 1 2 ')  2 5 t! 7 . 1 S  3 S 1 1 .  1 1  1 5 C 1 . I,! fJ 1 ° ? 4 . :-:' c:: 

1 1 � A Y 7 ..,  7 ':: 1 3 .� ) C:: f) 7 . 3 2 1 c:: 2 C . fi � 1 1 �) /� 0 C) (, 1 i 4 '1 . rl l  
1 1  :·1 A v 7 (, 7 r, 1 3 9 3 1 il l . 0 6 4 1 q 1 . 2 J 1 9 1 2 . 7 9 :._> £:; 3 7 . 4 1 
2 S :·: A Y 7 b 7 G 1 !.+ 6  2. 7 5 f.. . / R { fl 8 2 . 1fi 1 ') 4 0 . 4 '1 ? 1 h: 9 . 1 'l 

1 J TJ N 7 6  7 f. 1 S 3 2 8 5 2 . f> 1 3 7 9 f . 1 8 1 f. 4 1 . >i S 2 2 'l 6 . 0 2 
� J U N 7 6 7 f, 1 6 l) � 7 4 2 . 2 7 � r, 7 q . R 2  1 S 1 4 . h 1 2 1 1 3 . 4 7  

1 S J o :n r,  7 6 1  f> 7  2 Cl J F-. .  1 6  � P 7 6 .  H f; 1 7 7 r:; . s J 2 3 8 4 . P / 

2 2 J :J tn f) 7 f> 1 7 4 2 <1 0 '1 . 8 4 3 R 4 8 . 4 4  1 7 1 �l • 7 c; 2 1 4 'l . S 3  
2 q JT J N 7 6  7 e:, 1 8 1  2 7 f 4 . � 8 1 R 2 S . 4 1  1 A ? >i .  S 7 7 / l l . t fi  

f, ,J f l :. 7 i� 7 (, 1 Vl l 2 ?. � . g 3 I� 1 r) 1 • 1 1  2 () l l! • 1 3  2 ;:: 1 8 . C C 
1 1 ."T'J :. 7 f· 7 fJ 1 '3 'i 2 'n -1 . ? 6 1 1 1 3 . 0 2 1 P 1 -:) . 1') 2 4 2 0 . 7 9  

2 :) ,J U L 7 b 7 r, 2 rl 2 2(. 1) (J . fl l  1 S f> C . o 1 1 4 0 7 . () (: 2 (! 2 F- . 1 1 
2 7 1' ' 1. 7 r  7 f1 ,: 0 '� � {, 6 (' . 7 3  H <J. 0 . � 1  1 4 fi (i .  ' \ 7  1 1) 7 8 . 7 0  

1 r, ·J 1 ;7 ::.. 7 f 2 1 f- 2 F· H  1 .  O F- ) g ') 7 .  >1 3  1 4 9 r; . q R 2 1 1 1 . 9 8 
1 " �. f l l ; 7 6  7 F; 2 2 3  2 ') � 1 . 1 8  3 4 8 .3 . 9 8 1 1 0 6 . 6 �"· 1 Q 2 .>3 . 4 7  
1 7 ;.. : T  r; 7 E· 7 f  2 3 0 l F-. 2 9 . 0 7 4 c:; S 9 . C 6  ? t· 2 S . 8 F 1 2 1 2 . 1 0  
2 4  a. u r. 7 11  7 f, 2 3 7  2 7 S q . 8 '1 1 f1 8 9 . 2 1  1 ') 1) 7 . � 2  7 1 R 2 . 2 4  

3 1  A fJ 1 ; 7  h 7 6  2 4 4 1 0 0 2 . 0 4 3 9 � 9 . S C  1 g s q . o s  2 4 F 4 . S 6 

7 S ""'. P 7 F- 7 () 2 ': 1  2 5 7 S . 3 6 3 5 2 1 . 1 1  , -n 9 . 1 4 1 q f) l) . ) 7 

1 4 S ":;' P 7 (, 7 f:'  2 S8 ) h 7 8 . 2 h 4 6 0 2 .  : s  2 F. 7 } . ') 0 1 2 S S . 1 3  

2 1 �) � � 7 1)  7 h 2 � S  ? ') q 1 • 07 1 5 2 1 .  n 1 3 ?; 4 . '> 9 1 q �v, .  1 4 

1 1 :i l :' 7 6  7 ,; 2 1-\ S � k 'J 1.! • f) () 1 'l 3 4 . C 8 1 7 7 3 . 0 <1 2 l q ? . G 9 
') �: D 1f 7 6 7 6  3 D  2 7 1 1 • 1! 4 1 H Q . 7 1  1 c:, 1 r-, . n · l  ,., n ? . s q  

1 1 ':i (1 V 7 h 7 F  3 2 4  -3 4 ') ! )  • f'; Q  tl 4 0 8 . C 1  2 4 '1 S . -l 1  2 rl g C:, . )) ")  
1 1 J ; U 7 7  7 7  0 1 1  ) f) ll 1 . 4 4 4 f. O O . F. 2  J ( ) " ) . ? A ' 2 h l .  g g  
1 ') ,Jij 'l 7 7 7 7 1 F n  l h 7 7 .  2 tl  4 6 0 S .  1 6  2 4 9 \� . -i P V ' K 6 . 4 1; 

2 3J U �J 7 7  7 7 1 7 4 1� 2 :> S . R 9 4 g ?  s .  7 4 3 0 3 4 . 7. (' 1 6 2 2 . 7 2  

6 J U  L 7 7 7 7 1 8 7 4 4 9 2 . l f> ') 2 9 2 . 4 7  3 3 1 5 . 3 4  1 9 0 4 . 4 1 

1 1 J rJ L 7 7  7 7 1 9 4 J 4  p 0 • ('7 4 1 7 9 . 1 6  ? 4 1 7. . 4 C. ) ('· 7 1 . '1 1 
2 0  ,Jll L 7 7  7 7 2 0 1  3 4 n g . g 1  4 J ? F . 2 P  2 4 3 1 . 1 4 3 C /. O . c: 6 

l A l J G 7 7 7 7 2 1 S  ' r::; n c:; .  7 2  4 4 0  4 .  A 2 2 1! V > .  q l 1 1) 2 7 . 0 6  
1 0  ,\ r J  G 7 7 7 7 2 2 2 l S <f 2 . 17  4 It 8 4 .  1 3 2 C::. 7. 7 . 1 C:  1 1 1 c; . s 7 
1 q 1\ fT (� 7 7 7 7  2 10 3 1 r:; rl . 5 2 4 � S 2 . J (j 2 2 7 '1 . 0 7 ;> � F- 6 . 2 2 
2 f, \ 'J G 7 7 7 7  2 18 1 S  1 L 1 7  U 4 6 3 . 7 Q 2 4 6 1 .  ? I� 1 1: 5 2 .  f 9  
1 (, c; ;:: p 7 7  7 7 2 c;, g 4 ? (; 7 . 7 1 4 g 2 1 . e c:  1 1 4 R . 1 1l  l 7 1 7 . 1 9  

2 1 S F: P 7 7  7 7 2 f 4 1 7 1 1 . 1 9 4 f. U O . c: s  2 7 1 4 . 4 2 3 2 9 6 . f. 4  

f) ,J l '7' 7 '7  7 7 2 7 9  � IH· H .  f3 1 4 l g 4 . 1 8  2 4 1 1 . 9 4 1 ('; 0 2 . 8 0  
1 2 " C '' 7 7  7 7 ? P S  1 s c:: n . • n 1� 1� 7 C. .  1 4 2 4 7 8 . ') fl 1 0 6 7 . 7 9 

? P 'J C "':. 7 7 7 7  H l 1  l S Fl • 0 0 4 8 7 3 . •,; '-1 2 5 1 2 . 4 1  � 1 ') 1 . 7 7 



Tabl e C - 2 . ( Cont i nued ) 

CAL ENDAY 

1 1 \' 0 V 7 7 

1 H \ \' V 7 7  

1 : ; :' C 7 7  

1 /n· :c :3 7 '1 
) '> F :: �' 7 H  

7 " ', ? 7  :j 
1 _, : ' ·'  7 ·I 

�) s \ l' ;.;  7 ;.)  
1 1 � � y 7 �3 
J i'-: 'l i\ Y 7 �  

2 J fl '-4 7 f3 
1 3 J1l  � 7  R 
2 :) J U L  7 H  

2 1  .l. P C; 7 �  

1 Ci ·:� '" t) 7 .j 
S -, r_ � 7 H  

1 1 ..., ( � 7 �  
? 1 .J A N 7 :J 

l -�A rt 7 9  

g � '\ Y 7 q  

1 g ·� A y 7 I� 
2 J 'J N  7 '1 

1 4  ._; r; L 7 9  

2 'J ,\ ' J G 7 1  

JUL IAN 

7 7 3 1 ')  

7 ' 1 2 2 
7 7 1 3 7 
7 (1 •J U 'i 
7 R O 'i h 
7 P ) r; r. 
7 P C 'l l  
7 q 1 1 5  

7 8 1  3 1  
7 8 1 4 h 

7 8 1 5 3 

7 f! 1 6 4 

7 R 2 G 1 
7 8 2 1 3  
7 R 2 f 2  
7 g 7 7 d 
' 8  J C 4 

7 9 0  2 9  
7 9 () E 2 

7 0 1  28 

7 q 1 3 '-J  

7 9 1 5 3 

7 9 1 9 5 
7 9  2 1 7 

AREA 1 

3 >-J / 1 . rl r;  

J S 1 f . 9 0 
U f- :< 1 . 2 2 
3 7 \F• . ::> O 
J S 7 2 . 4 7 

3 4 :-) 7 . '1 1 
4 1 ' ( . 7 (1 

1 4 '1 3 . 1 1  

4 1 1 2 . 3 1 

3 4 7 S .  1 0  

3 3 !) 1 . 8 4 

J f, () g . 1 ') 
1 1 7 S . '3 1 

1 2 �� '> . U ':t 
·n l 7. . 1 4 
.3 3 2 7 . � 9  

1 0 >-1 4 • 1 7  

4 1 7 0 . :� 0  

4 4 H 6 . S 8 

4 2 ') 1'. . 8 1) 

3 ii 2 n . c:. 7 

4 5 1 1 . 5 2 
1H) k f) . () 5  
2 '1 2 6 . 1 3  

AREA 2 

4 (, () f, • ') �� 
4 4 1 1 .  2 S  
S H 2 . 2 q  
!� f 2 C . F- 2_  
4 S 1 S . C 7  
4 l � s .  �1 7 
J. 8 7 9 . 2 8 
4 4 R 9 . '! 2  
4 R CH� . f1 4 

4 � q e . s R 

4 2 'i 7 . 2 ') 
4 4 4 C . C 8 
4 7 7 4 . q 0  

4 1 'i e . 2 S  
4 2 1 1 . 2 3  

4 2 3 4 . R P  

4 C S · J . 1 6  

� 1 1 C . 9 2  
S 'i 2 S . A S 
S J 1 7 . 3 0  
4 5 0 7 . P 2  

4 g 4  7 .  1 c 
S 1 9 8 . 1 0  

1 R S 4 . 2 2  

AREA 3 

.2 7 7 q . 1 1  
2 4 9 8 . 1C· 
1 ') () 0 , ) 1  
2_ F .. r, 7 , U _2  
� "i 'J 1 . !.l �  
J � >-1 4 . '1 7 
l il f-> 4 , ) 1(  

:2 4 1 S .  '1 1  
2 q .n . g � 
2 4 3 9 . S 7 

2 1 7 9 . Y 7  

2 5 S 7 , ,� 0  

2 J C 7 . 9 2 
2 1 'J 0 . Y 1 

2 2 1(). 1 7  
2 2 3 2 . 7 7.  
1 'l ' l  � • �l ,, 
1 IH S .  �) (, 
3 1• 1 1 . r) 7  

3 1 9 4 . 1� 1  

2 7 4 4 . 3 q 

3 4 3 1 . 3 1 
2 9 8 3 . 4 2 
1 3 G 1 • I. !. 

AREA 4 

J 1 1'-: g . r, 4  

H ' 8 h . q r:;  
4 1 ':3 7 . 1 0  

1 2 4 4 . � 4  
1 1 1J 1) . 4 A 
) 0 7 7 . �� 0  
1 t-i q� . u s 
1 0 C f . r.. r; 
1 S q 0 .  ) 9  
J 0 2 g . 4 4 

2 g 2 2 . 4 7 

l 1 5 0 . f 0  

/ H 9 7 , 1 0  

2 7 S :1 , 4 1 

,l : J  C R • ! 2 
2 . -P 9 . 4 1 
.1 c:; rp . 9 4  
1 h R 8 . C, 3  
4 0 0 4 . 5 0 

3 7 8 5 . 6 1 

3 3 1 7 . 9 4  

4 0 2 5 . 8 9  

_1 S 7 7 . C 4  

2 4 0 3 .  1 6  
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APPEND IX  D 

MAJOR CONSTI TU ENT QUAL ITY DATA 



N 
w 

0 

Tab l e  D- 1 . Spoi l Ban k ,  Water Qual i ty Data Base 

Eh Iron Manganese 
(Bank} (Vo lts}  (mgLl l Ti:�e �H (mgLl l 

Si t: >? : !3 1  (Bi l l s  Branch)  

c 1. l e n n a  r N O .  

2 1  A P R 7 6  , T o <:  a l  6 .  3 0 0 .  0 1  1 2 3 . 0 0  6 .  4 0 

2 8  A P P 7 fi  1 T o t a l  7 . 8 0  0 .  OS 9 4 . 0 0 8 .  1 0  

1 q !'1A Y 1 6  1 T o i:  a l  6 .  s o  0 .  1 2  1 0 . 0 0 1 1 . 0 0  

2 6 M A Y 7 6 1 T o t:  a 1 7 .  0 0  0 .  1 ')  1 1 A . O O 9 . 0 0 

1 J U  N 7 6  1 T o t al 7 .  1 0  o .  01 <; 3 .  0 c 9 . 7 0 

2 1 J !J N 7 6  1 'T' o t. a l  6 . "i 0  0 .  1 4  � - 0 0 9 . 2 0 

9 ,l !J L 76 1 D i s s  6 . 3 0  o .  2 5  7 . 0 0  8 .  1 0  

9J U L  76 1 T o t a l  1 0 0 . 0 0  9 .  3 0  

1 2 S E P 7 6  1 D i s  s 6 .  3 0  o .  20 3 . 0 0  8 . 0 0 

1 2 S E P i 6 1 T o t a l  

1 2 S E P 7 6 2 D i s s 6 .  3 0  0 .  1 7  1 .  0 0  1 . q o 
1 2 S E' P 7 6 2 T ot a l  

1 2  S 'S P  7 6 3 D is s  6 .  1 0 0 .  1 fl 6 . 0 0  7 . 0 0 

1 2  S F: P 76 3 Tot a l  

5 O C 'T 7 (, 1 D i s s 6 .  4 0  o .  n <1 . 0 0  7 . 2 0  

') O C T 7 n 1 Tot a l  1 8 5 . 0 0 1 1 .  0 0 

B M  A R  7 7  1 D i s !': 6 .  3 0 0 . 2 5  1 .  1 0  1 1 . 0 0  

B M A  P. 7 7  1 T o t a l  

Ca l e i  urn Ma{"es i um Al kal i n i ty Sul fate 
(mgLn mg[l } (mg[ 1 Ca COJ} (mg/ 1 ) 

5 4 . 0 0 7 4 . 0 0  

5 6 . 0 0 8 2 . 0 0  

1 1 1 • 0 0  A A . O O  8 0 9 . ( 0 

5 7 . 0 0 6 5 . 0 0 5 2 4 . ( 0 

1 1 3 . 0 0 7 9 . 0 0 4 9 4 . 0 0 

1 1 1 . 0 0 8 2 . 0 0  ') 1 1 . 0 0 

S 6 . 0 0  8 2 . 0 0 4 5 "i . O O 

1 0 8 . 0 0 8 0 . 0 0  

1 1 0 . 0 0 7 6 . 0 0  4 4 8 . 00 1 4 0 

1 1 1 . 0 0 7 6 . 0 0 4 4 8 . C O 1 4 5 

1 0 8 . 0 0 7 3 . 0 0 4 4 8 . C O 

1 C 2 . 0 0 7 0 . 0 0 ll ] 6 . 0 0  1 2 1  

� f) . 0 0 8 2 .  0 0  

1 2 0 . 0 0 7 6 . 0 0 4 5 5 . C O 1 2 0  



Tab l e 0 - 1 . ( Cont i nued ) 

{Bank} Tl�e 

S i t e :  B 1  { Bi l l s  Branch)  

c a l e n d a r  N O .  

A M I\ R 7 7 
8 M A R 7 7 

8 M A  P T I  
A M A R 7 7 

2 0 CT 7 7 

1 1 0 C T 7 7  

1 D E C  7 7  

1 A  F E B 7 8  

7 M A P 7 8  

1 J\ P r7 A  

1 A P P 7 A  

2 5  A P P 7 A  

2 5 A P R 7 A 

2 6 M A Y 7 8  

1 1 ,J U N 7 8  

2 
2 

1 
3 

1 

1 

1 

1 

1 

1 

2 

1 

2 

1 

, 

D i s  s 
To t a l 

Di s s  
Tot a l  

D i s s 

Di s s  

D i s s 

D i s s  

Di s s  

Di s s  
D i s s 

D i s  s 
D i s s  

D i s s  

Di s s  

Eh 
�H {Vol ts)  

6 .  2 0 o .  2 4  

n .  2 0  o .  2 4  

6 . ') 0  0 . 4 3  

6 . 4 0  0 . 2 9  

6 . 6 0  - o .  1 0  

7 . 4 0  0 . 2 3  

6 . 4 0  o . 1 8  

f:i .  1 0  () .  � 1 

6 .  2 0  o .  3 0  

6 . 0 0  o .  3 5  
6 . 0 0 0 . 2 9  

6 .  1 0  0 . 3 1  

6 . 3 5  o .  21 

Iron Manganese Ca l c i um 
(mg[l )  (mg[l ) {mg[l ) 

4 . 6 0 1 1 . 0 0 1 2 ") . 0 0 

r; .  4 0 1 0 . 0 0  1 :2 0 . 0 0 

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

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

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

9 . 1 0  1 0 . 0 0 1 1 7 . 0 0 

1 2 . 0 0 1 3 . 0 0 1 4 7 . 0 0 

� . 2 0  s . o o  c;> .  0 0  

E .  2 0  8 .  1 0 f 4 . 0 0 

4 .  2 0  1 1 .  4 0 s o . o o 

4 . 7 0 1 1 . 0 0  fl7 . 0 0  

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

1 4 . 0 0 8 .  6 0 7 1 . 0 0 

Ma{nes i um  
mg[l }  

Al kal i n i ty 
{mg[l Ca COJ} 

A 1 .  0 0  I.J 4 4 . 0 0 

9 1 . 0 0 4 6 0 . 0 0 

- - - - - 4 7 9 . C C  

- - - - - 4 9 5 . ( 0 

- - - - - 4 6 3 . 0 0 

6 0 . 0 0 5 5 0 . ( 0 

7 8 . 0 0  5 3 1 . ( 0 

3 4 . 0 0 1 4 2 . C O 

3 5 . 0 0 1 4 6 . 0 0 

5 1 . 0 0 2 0 2 . 0 0 
5 1 . 0 0 1 9 7 . C O 

- - - - - - - - - -

4 2 . 0 0  1 5 0 . C C 

Su l fate 
{mg/ 1 )  

3 2 5  

3 1 5  

1 6 ')  

1 8 5 

1 7 5 

2 4 0  

1 8 ') 

1 6 0  

1 6 0  

2 1 0 

2 0 5  

2 1 0  

2 1 '1  

N 

w 



Tabl e D- 1 . ( Conti nued ) 

Eh I ron Manganese Ca l c ium Ma{nes i um  Al kal i ni ty Sul fate 
(Bank) Tt�e (!H {Vo lts)  {mg£1} (mg[l ) {mgll ) mg[l ) (mg[l CaCOJ) {mg/ 1 ) 

S i t e :  � 2  ( Bi l l s  Branch }  

c a l e n d a r  N O . 

2 1 l\ P P 7 1>  1 T o t a l  - - - - - - o . 1 0  4 R . O O - - - - - 4 0 . 0 0 1 0 . 0 0 

1 Y M A Y 7 (, 1 r o • 'al 6 .  3 0  o .  3 0  1 6 . 0 0  2 . 4  0 9 0 . 0 0 8 5 . 0 0  1 8 2 . ( 0 

/. 6 M A Y 7 6  1 T o t a l  f) .  5 0  o .  1 9  1 f .  c 0 1 7 . 0 0 E 9 . 0 0 8 2 . 0 0 

1 J IJ N 7 6  1 To t al 6 .  6 0  o .  2 6  1 1 .  0 0 1 .  A O  S 7 . 0 0 8 ') . 0 0 3 3 4 . 0 0 

2 1 ,J U N 7 6  1 T o� a l  6 . 6 0 0 .  1 5  1 1 .  0 0 2 . 6 0 � 6 . 0 0 9 3 . 0 0 3 4 1 • c o  

g J [J L  7 6  1 D i s s 6 .  3 0  o .  3 5  0 . 6 0 1 . 2 0 � q . o o  9 1  • 0 0  3 4 2 . 0 0 3 4 0  

9 J  U L  7 6  1 T o t a l  7 .  6 0 1 .  2 0  1 0 2 . 0 0 9 5 . 0 0  

1 2 S !:P 7 6 1 D i s s 6 . 2 0  0 . 2 5 3 . 0 0 1 .  8 0 1 8 2 . 0 0 1 3 0 . 0 0 1 7 5 . ( 0 

1 2 S E P 7 6  1 'l'ot a l  
1 2 S E P "i 6 2 D i s s  6 . 3 0  0 . 2 0  5 . 0 0 2 .  C)O 1 7 9 . 0 0 1 3 7 . 0 0 3 7 ') . 0 0 
1 2 S F P 7 6  2 To+: a l  

') o c  1 7 6  1 D i s s  6 . 5 0 0 . 2 0  7 . 0 0 2 .  1 0 1 8 1 . 0 0 1 2 2 . 0 0  1 4 7 . ( 0 
5 n c '! 7 6  1 T o t  .� 1 

A M A P 77 1 D i s s 6 .  3 0  o .  2 8  c .  3 c 2 .  4 0 A 4 . 0 0 6 8 .  0 0  2 4 2 . C O  27 5 

R M A R 7 7 1 T o  ... a l  
R M A F 7 7  2 D is s  6 . ] 0 0 . 2 9 0 . 4 0  2 . 4 0  A r, . 0 0  7 0 . 0 0  2 7 7 . c o  1 0 0  

fl M l\ R 7 7  2 T o t a l  

N 
w 
N 



Tabl e D - 1 . ( Cont i nued ) 

Eh I ron 
(Bank) Type pH (Vol t s )  (mg/1 )  

S i t e :  P 2  (Bi l l s  Branch )  

c ::� l te n c a r  N O . 

8 M A R 7 7 ] D i s  s 6 . 2 0  0 . 2 8  0 . 3 0  

A M A F 7 7  ] T o t a l  

1 3  O C T77 1 D i s s  6 .  5 0 o .  3 7  - - - - -

1 D E c. 7 7  1 Di s s  6 o 0 0  - o 0 1 0  - - - - -

1 C E C 7 7  2 D i s s 6 o 0 0  - 0 .  1 0  - - - - -

1 B F E n 7 8  , D i s s 6 . 8 0  O o 2 6 0 . 7 0 

7 M � R 7 8  1 D i s s  6 o 6 0 0 . 4 2  c 0 4 0 

7 M I\ R 7 R 2 Di s s  6 . fi 0  0 . 2 9 0 . 4 0  

1 A P E'7 8  1 D i s s 6 .  1 0  0 . 4 fl 0 . 4 0  

1 A P F 7 8 2 D i s s 6 .  1 0  0 . 4 ')  c .  1 0  

1 J ,l !J N 7 R  , D i s s  6 . 4 0  o .  2 4  C .  II 0 

1 3 J U N 7 8 2 D is s 6 . 2 0  0 . 2 5 0 . 3 0  

1 "1  A R 7 9 1 D i s ::: 5 . 0 0  0 . 2 6 0 . 4 0  

S "' I\ Y 7 9 1 Di s s 6 . 0 0 0 . 1 6 - - - - -

2 ,J lJ N 7 CJ  , D i s s 5 .  8 0 0 . '> 0 0 . 0 4  

1 4J U L 7 9  1 D i s s  6 o n O  0 . 5 0 O o 0 5  

1 4 J U L7 9  1 T o t a l  C . 'i C  

Manganese 
(mg/ 1 }  

2 . 5 0 

- - - - -

- - - - -

- - - - -

o .  4 0 

o .  1 0  

0 . 2 0 

2 . 1 0  

1 .  8 0  

1 . 2 0 

1 o 2 0 

1 .  0 0  

- - - - -

0 . 7 8 

0 . 0 5  

- - - - -

Ca l c i um 
(mg/1 ) 

8 6  • 0 0 

- - - - -

- - - - -
- - - - -

1 1 7 . 0 0  

1 5 4 . 0 0 

1 1l 6 . 0 0 

90 . 0 0 

<: 4 . 0 0 

1 1 3 . 0 0 

1 1 2 . 0 0  

5 1 . 0 0 

- - - ·- -

'i O  • 0 0 

9 1 . 0 0 

<: 4 . 0 0 

Ma{nes i um  Al kal i n i ty Sul fate 
mg/ 1 ) (mg/1 Ca C03) (mg/ 1 ) 

7 0 . 0 0 2 4 0 . C O 2 9 0  

- - - - - 1 8 9 . 0 0 .1 8 ')  

- - - - - 1 1 6 . C C 2 :? 0  
- - - - - 1 3 A o 0 0 2 2 0 

7 2 . 0 0 1 9 4 . 0 0 2 8 0  

A A . O O 4 4 9 . 0 0 2 1 0 

R 6 o 0 0 4 5 2 . C C 2 1 0 

') <l . O O  2 0 4 . C O 2 1 ()  

6 0 . 0 0  2 2 7 . 0 0 2 2 0  

6 8 . 0 0 2 7 6 . 0 0 2 3 5  

6 7 . 0 0  2 8 8 . C O  2 3 0  

4 n . o o  1 6 8 . ( 0 2 2 0  

- - - ..... - 2 A 8 . C O 2 4 0  

� o . o o  1 7 2 . C O 2 0 5 

fi 5 . 0 0  2 7 5 . ( 0  2 8 5 

6 f. . O O  

N w w 



Tabl e 0 - l . ( Cont i nued ) 

Eh I ron Manganese Ca l c ium Mal"esi um Al kal i ni ty Sul fate 
(Bank) Type pH (Vol t s )  {mg/1 )  (mg/ 1 ) (mg{l ) mg/ 1 ) (mg/ 1 Ca C03) (rng/ 1  ) 

s i t (-; :  R 2  (Bi l l s  Branch ) 

c -1 l e n o a r  N O . 

1 9 D E C 7 9  1 D i s s 6 . 2 0 0 . 4 6  c .  3 0  2 .  1 0  1 0 0 . 0 0 7 3 . 0 0 2 7 9 . 0 0  2 8 0  

s i +- 1? : n l  

1 'J M A Y 7 6 1 Tot a l 7 .  7 0  0 .  2 1  9 . 8 0  9 . 2 0  1 1 0 . 0 0 4 7 . 0 0  

2 6 M l\Y 7 6 1 7ot a l  7 . 6 0  o .  1 4  3 . 0 0  9 . 0 0  1 1 1 . 0 0 5 1 . 0 0 1 <) 4 . C O 

3 J U N 7 h 1 Tot a l  6 . 3 0  0 . 3 1  6 . 0 0  9 . A O 1 1 5 . 0 0  5 1 . 0 0 4 2 5 . C O 

2 1 ,J U N 7 6  1 T o t a l  fi .  5 0  0 . 2 0  3 . 0 0 1 1 .  0 0 - - - - - 4 9 . 0 0  3 0 9 . C C  

9 J U L 7 6  1 n i s  � 6 .  3 0  o .  26 F .  9 0  1 1 . 0 0  1 0 0 . 0 0 4 9 . 0 0  J <) fi . C O 6 8  

9 J  U L  7 6  1 T o t a l  - - - - - 1 1 . 0 0 9 8 . 0 0  4 8 .  0 0  

1 2 S E P 7 6 1 D i s s f, .  1 0  o .  1 0  1 1l . O O 1 3 . 0 0 1 0 7 . 0 0  5 3 . 0 0 4 2 0 . 0 0 fi l  
1 2 S E P 7 6 1 To+- a l  2 o .  0 0  1 3 . 0 () 1 C7 . 0 0  5 0 . 0 0  

1 2  S E P 76 2 D i s s  6 .  1 0  o .  1 0  2 2 . C C  1 4 . 0 0 1 C 5 . 0 0 5 7 . 0 0 4 2 3 . C C 6 3  

1 2 S E P 7 6 2 Tot a l  2 f . O O  1 4 . 0 0 1 C 7 .  0 0  S 4 . 0 0 

5 0 C T 7 6  1 D i s  s 6 . 4 0  0 .  1 0  2 1 . 0 0 1 3 . 0 0  9 7 . 0 0  4 8 .  0 0  4 3 2 . 0 0 4 6  

s o c n n  1 To t a l 2 3 .  0 0  1 4 .  0 o. 1 0 1 . 0 0 4 7 . 0 0 

fl M A P 7 7  1 ni s s 6 . 5 0  0 . 1 9  5 6 . 0 0  1 8 . 0 0  87 . 0 0 5 6 . 0 0 5 2 6 . ( 0 2 1 5  

fl M A P 7 7  1 , o t  a l  

1 3  O C T 7 7  1 D i s s 6 .  3 0  o .  2 7  - - - - - - - - - - - - - - - - - - - - 5 2 '1 . 0 0 6 5  N 
w 
� 



Tabl e D - 1 . ( Cont i nued ) 

Eh I ron Manganese Ca l c i um Ma{nes i um  Al kal i ni ty Sul fate 
(Bank} T.)::�e �H (Vol ts�  (mg[l } (mg[l � (mg[l } mg/ 1 ) (mg[l Ca COJ} (mg/ l )  

S i t e : B 3  ( Bi l l s  Branch ) 

C 3 l e n rl n I N O .  

3 D E C. 7 7  1 Di s s  6 .  5 0  - 0 . 1 0  - - - - - - - - - - - - - - - - - - - - 4 6 7 . ( 0 5 0  

3 D E C 7 7  2 D i s s 6 .  5 0  - o .  1 0  - - - - - - - - - - -- - - - - - - - - 4 9 0 . 0 0 2 5  

7 M A R 7 8  1 D i s s 6 .  5 0  o .  20 1 Cj . 0 0  1 7 . 0 0 P 3 .  0 0  5 0 . 0 0 4 9 1 . 0 0 4 0  

7 M A R 7 8  2 D is s  6 . 8 0  0 .  1 9  7 8 . 0 0 1 7 . 0 0 8 3 . 0 0 4 8 . 0 0 ') O l . C O 5 0  

1 A P R 7 R  1 D i s s  6 . 3 5  o .  1 9  s s . o o  1 5 . 0 0 8 1 . 0 0 4 8 . 0 0 4 2 9 . C O 0 

1 A P P7 8 2 D i s s  6 .  3 ') o . 1 q 5 f .  o c  1 ') . 9 0 8 1 . 0 0 4 8 . 0 0  4 4 2 . C O 0 

2 ') A P P 7 R  1 D i s s  5 .  9 0  0 .  1 A 4 5 .  o c  1 8 . 7  0 7 6 . 0 0 4 7 . 0 0 4 9 0 . C O 0 

2 S  A P F  7 8  2 D i s s  5 . 9 0  O .  1 R  4 7 . 0 0 1 8 . 3 0 7 7  . o o 4 8 .  0 0  4 7 A .  0 0  0 

2 6 M A Y 7 A 1 D i s  s 6 .  1 0 0 . 2 3  4 1 . 0 0 1 8 . 7 0 7 4 . 0 0 4 6 . 0 0 4 9 2 . 0 0 1 0  

2 6 M A Y 7 8 2 D i s s  6 . 2 0  0 . 2 5  4 2 .  0 0  1 8 . 6 0 7 "i . O O 4 8 . 0 0  5 0 'i . C O 5 

1 3 J ll N 7 8  1 D i s s 6 . 5 0 0 .  1 ') 3 9 .  0 0  2 1 . 4 0 1 0 "i . O O  4 6 . ') 0  4 2 4 . C O 1 6  

1 3 J U N 7 8  2 D i s s  6 .  50 o .  1 n  1 e . o o 2 o . q o 7 2  . o o 4 4 . ') 0  4 1 8 . 0 0 1 7  

7 S E P 7 8  1 D i s s  6 . 6 0  o .  1 4  1 7 . 0 0  1 9 . 4 0  e 3 . o o 4 1 . 0 0 4 1 2 . C O 1 0 1  

1 1  N O V 7 8  1 D is s  6 .  0 0  0 .  2 1  - - - - - - - - - - - - - - - - - - - - 4 0 3 .  0 0  7 

1 M  A R  7 9  1 D i s s  6 . 0 0  o .  2 0  4 E . 4 0  1 8 . 1 0 7 8 . 0 0 4 1 . 0 0 4 7 8 . 0 0 8 

5 M A  Y 7 9  1 Di s s  6 .  0 0  o .  2 2  "i l . O C  1 8 . 2 0  E 2 . 0 0  4 7 . 0 0 4 5 n . O O 0 

N 

w 
U1 



Tabl e D- 1 . ( Cont i nued ) 

Eh I ron Manganese Ca l c i um Ma{nes i lJil  Al kal i ni ty Su l fate 
{Bank} Tt�e �H {Vo l t s) {mg[l) {mg[l) {mg£1) mg/ 1 ) (mg[l Ca COJ} (mg/ 1 )  

S i t e :  8 .1  ( Bi l l s  Branch)  

c a l e n c a r  N O . 

1 H M A Y 7 9  1 D i s  s 5 . 9 0  0 . 2 6  5 8 . 0 0  1 A .  0 0  7 8 . 0 0 4 6 . 0 0 4 1 9 . 0 0 0 

2 J U N 7 9 1 D i s s 6 .  1 0 0 . 2 2  4 8 .  0 0  1 7 . 6 0  70 . 0 0  5 3 . 0 0 3 8 0 . 0 0 6 

1 4 J U L 7 9 1 D i s s  6 . 8 0 0 . 2 3  4 o .  0 0  1 7 . 0 0 f. 7 . 0 0 4 6 . 0 0  3 9 3 . 0 0· 0 

1 4 J U L 7 9  1 T o 1:  al - - - - - 1 7 . 0 0 f, C) , Q O 4 7 . 0 0 

2 5  A U G 7 9  1 D i s s  6 .  4 0  0 . 2 0  4 2 . 0 0 1 8 . 8 0 7 4 . 0 0  1� 4 . 0 0 1 R 1 . C O 1 1  

2 5 1\ U G 7 9  1 'l' o i:  al 4 4 . 0 0  1 8 . 8 0 7 5 . 0 0 4 4 , 0 0 

1 9 D E C 7 9  1 Di s s  6 . 4 0  o .  2q 3 4 . 5 0  1 6 . 8 0 f O . O O 3 8 . 0 0 3 6 9 . 0 0 3 1  

2 R J TJ N 8 0  1 Di s �  6 .  3 0  0 .  2') 3 9 . 0 0  1 5 . 8 0 7 0 . 0 0 4 2 . 0 0 H O . O O 0 

2 8 J tJ N fl 0 1 TOt 3. l  4 7 .  5 0  1 6 . 4  0 7 0 . 0 0 4 2 . 0 0  

S i t e :  A S  

1 9 M 1\ Y 7 6  1 '!' o +  al 7 . 7 0  o .  2 C)  3 2 . 0 0  - - - - - 1 1 0 . 0 0 

2 6 M A Y 7 6  1 T ot a l  - - - - - - o . 1 0  '1 2 . 0 0  2 3 .  0 0  F 8 . 0 0 

LJ U N 7 f.  1 T o +  a l  - - - - - - o .  1 0  6 7 . C O 1 0 . 0 0 - - - - - A O . O O  

2 1 J U N 7 6  , T ot a l  6 . 6 0  o .  1 3  9 , . 0 0 2 2 . 0 0  C f,. Q O 9 0 . 0 0 1 • n . o o  

9 J U L7 6  , Di s s  6 , 6 0  0 .  1 , I� ': ,  0 0 1 5 . 0 0 1 C : L O Q 1 '1 0 . 0 0 2 '1 1� . 0 0 
N 

9 J U L 7 f: 1 T o t a l  4 9 . C O  1 2 . 0 0 H 3 . 0 0 1 5 4 . 0 0 w 0"1 



T ab l e 0 - 1 . ( Conti nued ) 

Tl�e 
S i t ;;: � [! ')  (B i l l s  Branch)  
c a l e n r1 ?. ! N O .  

1 2 S E P 7f> 1 D i s s  6 .  1 0 O . C <J 2 9 .  0 0  3 4 . 0 0 q s , o o 7 8 . 0 0  

1 2 S E P 7f> 1 To .. a l  

S 0 C T 7 h  1 D i s s 6 . 8 0  o .  n 2 5 . 0 0  2 7 . 0 0  1 C 7 .  0 0  B fl . O O 

50 C T  7 6  1 Tot: a l  

2 0 C ! 77 1 D i s s  6 . 6 0  0 .  1 6  - - - - - - - - - - - - - - - - - - - - 2 4 7 . C O 3 2 0  

7 S  E P 7 A  1 D i s s 5 .  8 0  0 .  1 5  4 . 2 0 3 .  , 0 4 . 4 0 7 . R O  5 7 . Ll 0 <j 1  

1 1 N C V 7 8  1 D i s s '5 . 3 0  0 .  2 7  - - - - - - - - - - - - - - - - - - - - 1 8 .  3 0 fi 

S i t  P :  n 6  

2 1 li P R 7 6 1 T ot a l  - - - - - - o .  1 0  - - - - - - - - - - E ? . O O 9 1 . 0 0 

2 i H P R 7 h 1 Tot 3. 1  6 .  1 0 0 . 3 2  o .  1 0  0 .  2 0 ': R . O O 9 2 . 0 0 

1 9 M  A Y 7 f; 1 To+: a l  6 . 7 0 0 . 3 2  c .  1 0  1 .  l O  7 8 . 0 0 1 2 2 . 0 0 1 1 0 . 0 0 

2 fi M l\ Y 7 n 1 ':' o t  a l  7 . 0 0  0 . 2 9  - - - - - - - - - - - - - - - - - - - - 9 1 . 0 0 

) J TI N 7 h  1 T o t a l  6 . 7 0 O . IH 1  - - - - - 1 .  2 0 7 7 . 0 0 1 0 6 . 0 0  1 0 5 . C O  

r.J.J lJ L 7 6 1 D i � s  f' . 7 0  0 .  3 0 1 .  7 0 1 .  2 0 7 0 . 0 0 1 0 2 . 0 0  7 0 . 0 0 4 6 0  
9 J 1J l 7 fi 1 T o t a l  o .  1 0  O . R O 6 7 . o o  1 0 2 . 0 0  N w 
B M .A P 7 7  1 Di s s  f' . 7 0  0 .  1 R 0 .  1 0  0 . 5 0  1 3 1 . 0 0 1 1 0 . 0 0  1 0 7 . C O R O O  "'-J 
A M A R 77 1 'T o t a 1 



Tab l e 0- l . ( Conti nued ) 

Eh I ron Manganese Ca l c i um Ma{nes ium  Al kal i ni ty Sul fate 
(Bank) Type pH (Vol ts) (mg/1 )  (mg/1 ) (mg/ l ) mg/ 1 ) (mg/1 CaC03) (mg/ 1 ) 

s i t �? : lHi (Bi l l s  Branch }  

ca l e n ria r  N O .  

1 !'! 7 1F. 7 9 D i s s 4 .  5 0  o .  : n  � q . ; o  1 0 0 0  

S i t e :  13 4 

7 M A F 7 8  D i s  s 5 . 6 0  o .  1 9  7 .  4 0  5 . 9 0 � 4 . 0 0 3 2 . 0 0 3 1 • 30 2 0 5  

1 A P R 7 f'l  D i s s  6 . 6 0  o .  2 ?  1 .  1.1 0  2 . 5 0  E O . O O  4 6 . 0 0 1 9 H . O O n s  

2 5 h P ?- 7 8  D i s s 5 . 9 0  o .  1 9  2 . fi 0  I) .  7 0 6 7 . 0 0 4 2 . 0 0 1 4 8 . 0 0 1 6 5  

2 6 M � Y 7 8  D is s 6 . 4 5  o .  3 8  2 . 3 0 2 . 6 0 6 1 . 0 0 4 2 . 0 0 3 0 0 . 0 0 1 6 0  

l 3 J U N 7 8 D i s s 6 . 3 0  o .  1 8 1 .  4 0 3 . 8 0 6 R . O O J 9 . n O  1 6 f> . O O 1 7 0 

N w 00 



Tabl e 0- 1 . ( Conti nued ) 

Eh I ron  Manganese Ca l c i um Maresi um Al kal i ni ty Su l fate 
(Ba nk) Type pH (Vol ts} (mg/1 } (mg/1 ) (mg/1 }  mg/ 1 } {mg/ 1 Ca C03) {mg/ 1 )  

s i t e : F 1 { Indian Fork ) 

ca l e n d a r N O .  

1 0 .1 U L  7 5  1 To t: a l  7 .  1 0 0 . 2 8  1 . 5 0 0 . 0 5 1 9 . 0 0 7 . 0 0  - - - - - 6 1  

1 5 A U G 7 5  1 Tot a l  8 . 7 0  - o .  1 0  2 .  0 0  0 . 0 8 20 . 0 0  7 . 0 0 - - - - - 6 6  

2 2 A UG 7 5 1 To .. nl 7 .  9 0  - 0 .  1 0  2 . 2 0  0 .  1 8  1 8 . 0 0 6 . 0 0 - - - - - 7 1  

2 0 F E R 7 f>  1 T o t a l  7 .  3 0  - o .  1 o 2 . 2 0  0 .  1 0  1 1 .  0 0 A . O O - - - - - 5 5  

l M .A £ 0 6  1 T o t a l  7 .  4 0  - o .  1 0  1 .  5 0  0 . 0 2  2 1  • 0 0  9 . 0 0  - - - - - 5 8  

1 7 M A P 7 6  1 T o t a l  - - - - - - o .  1 0  1 .  7 0  o . o o 1 9 . 0 0 9 . 0 0 - - - - - 5 2  

2 f>  M A P 7 6  1 T o t a l  7 .  4 0  - o .  1 0  1 .  5 0  0 . 0 9 1 6 . 0 0 A . O O - - - - - IH l 

2 A P P 7 6  1 T ot. a l  7 .  2 0  - o .  1 0  0 . 2 5  0 . 2 2  1 3 . 0 0 8 . 0 0 - - - - - 4 9  

2 1 A P R 7 6  1 T ot n l  6 . 0 0  o .  2 n  o .  1 7  0 . 0 4  2 0 . 0 0 1 1 • 0 0  - - - - - 6 0  

2 A  A P R 7fi 1 T o t a l  6 . 6 0  0 .  26 0 .  1 5 0 . 0 3  2 2 . 0 0 1 1 . 0 0 4 2 . c o  6 1  

1 9 M  A Y 7 6 1 T o � a l  7 .  4 0  o .  2 q  0 . 7 0  0 . 0 7  1 4 . 0 0 7 .  4 0 2 , .  0 0  4 4  

2 6 M A Y 7 6 1 Tot i'l l  7 . 6 0  0 .  l 7  0 .  3 0 0 . 0 4  1 9 . 0 0 g .  5 0  3 2 . 0 0 5 1  

3 J U N 7 f> 1 T o t a l  7 . 0 0  o .  4 4  0 . 8 0 0 . 0 6 1 3 . 0 0 6 . 3 0 2 4 . 0 0 4 1  

N w 1.0 



Tab 1 e D - 1 . ( Cont i nued ) 

( Bank) Type 
Si t P  : F 1 ( Indi an Fork ) 

c a l e n d a r N O .  

2 1 J f! N7 6  

<) ,1 !1 1 7 6 

9 ,l l l L  7 6  

2 6  ,l !J L 7 6  

2 6 J  U L  7 6  

2 f>l\ !J G 7 6  
2 f- A U G 7 6 

4 O C T 7 6  

4 0  C T  7 6  

o M A Y 7 7 

6 M A Y 7 7  

1 

, 
1 

1 

, 

1 

1 

1 

1 

, 
1 

To t a l 

D i s  s 

T o t a l  

D i s s 

T o t a l  

D i s s 

T o t a l  

D is s 

Tot ?. 1  

D i s s 

T o t.  al 

pH 

6 .  s o  

7 . 0 0  

6 .  11 0  

6 . 6 0  

7 . 7 0  

7 . , 0 

2 J  J !J N 7 7  1 D i s  s - - - - -

2 1 J H N 7 7  , T o t a l  

I+ A !J G 77 1 n i s  s 6 .  8 0  

4 A UG 7 7  1 T o t al 

1 0 1\ U r. 7 7  1 Di s s  7 .  , 0 

1 0 A U G 7 7  1 T ot a l  

Eh 
(Vol t s )  

o .  1 7 

0 .  3 .1 

0 .  2 S  

0 . 2 6 

o .  1 3  

0 . 2 5 

o .  2 0  

0 . 1 2  

0 .  2 Fl  

Iron Manganese ca l c 1 um Maresi um Al kal i ni ty Su l fate 
(mg/1 )  (mg/1) (mg/1 ) mg/ 1 ) (mg/ 1 Ca C03 } (mg/ 1 )  

, • 7 0  0 . 0 7  n .  o o  6 .  , 0 6 8 . ( 0  l fi  

0 .  , 0 0 . 0 7 1 A . 0 0  8 .  6 0 1 0 . C O 5 0  

o . , c O . B O 1 R . O O 8 . 7 0 

0 .  1 0 O . O f- 2 1 . 0 0 B . <:J O 2 9 . 0 0 1+ 9  
o .  , 0 0 . 0 6 2 0 . 0 0  9 . 0 0 

o .  1 0 O . O o 2 4 . 0 0 g . 2 0  4 7 . ( 0  1+ 8  

0 .  1 0 0 . , 0 2 5 . 0 0 9 .  7 0 

0 .  1 0  0 . 0 1  1 6 . 0 0 5 . 8 0 2 2 . 00 3 J  
0 .  1 0  0 . 0 1  1 fi . O O 6 . 0 0  

o .  1 0  0 . 0 2  2 2 . 0 0 8 . 0 0  1+ 1 . C C 5 8  

o . r:: c 0 . 0 7 2 2 . 0 0 8 . 0 0 

0 . 0 6 - - - - - 2 4 . 0 0 7 . ') 0 3 7 .  c o  
1 .  1 0  - - - - - 2 4 . 0 0 7 . ') 0 

0 . 0 4 - - - - - 2 9 . 0 0 1 0 . 0 0 1+ 2 . ( 0 

c .  1 2  - - - - - 1 0 . 0 0 1 0 . 0 0  

0 .  c 8 o . o o 2 1 . 0 0 A . A O  4 4 . C O 11 6 

0 . 5 0  - - - - - 2 , . 0 0  9 . 0 0 

N 
+>-
0 



Tab l e 0 - l . ( Cont i nued ) 

(Bankl 
S i t � : F 1  

c a l <=! n d a r 

H i A U G 17 

1 6 A !l G 7 7 

2 3  f'dJ G 7 7  

7 H . 11 G 7 7  

1 S E P 7 7  

1 S E P 7 7  

q S F.  P 7 7  

' l  S E P 17 

1 n  S E P 7 7  

2 C' S  EP 7 7  

2 0 S R P 7 7  

1 1 0 C T 7 7  

2 9 0 C T 7 7  

2 <:) 0 C T 7 7  

1 1 N O V 7 7  

1 3 N O V 7 7  

A ,J A N 7 B 

Tl:ee 
( Indian Fork) 

N O .  

1 Di s s  

1 "' o t a l  

, D i s  s 

1 Tot a l 

, D i s  s 

1 T o -: a l 

1 ni s s  

1 T o<:. a l  

1 D is s  

1 D i s  s 
1 To': a l  

, D i !" S 

1 Di s s  
1 T o • a l  

1 D i s s 

1 Tot a l  

1 D i s s  

Eh Iron 
�H {Vol tsl (mgLl l 

- - - - - - o .  1 0  0 . 2 0 

0 . 4 0  

7 .  1 0  o .  3 4  0 . 2 0  

0 . 2 0  

7 . 5 0  0 . 4 5  0 . 2 0 

o .  6 0  

7 .  3 0  0 . 5 0  c .  1 0 

1 .  1 0  

7 . 7 0 o .  5 3  

7 .  9 0  () .  5 1  o .  2 0 

1 . 2 0 

6 .  8 0 0 .  5 1  - - - - -

6 .  0 0  0 .  14  c.  4 0 

1 .  2 0 

6 . 7 0  o .  4 2 c .  1 0 

0 . 2 0 

6 .  8 0  0 . 2 8  c .  3 0 

Manganese Ca l c i um Ma{"es i um Al kal i ni ty Su l fate 
(mgLl l  (mgLl }  mg/ 1 ) (mg/ 1 Ca COJ 1 (mg/ 1 )  

- - - - - 2 4  0 0 0  8 . 5 0  3 8 .  � 0  4 7  

- - - - - 2 0 . 0 0 8 . 0 0 

0 . 0 2 1 9 . 0 0 8 . 1 0 4 0 . 0 0 4 8  

0 . 0 4  2 0 . 0  0 A . S O  

0 . 0 1  2 2 . 0 0  6 . ') 0 2 6 . 0 0 3 8  

0 . 0 4  1 4 . 0 0 6 . 5 0  

0 . 0 8 1 4 . 0 0  6 . 0 0  2 5 . C O  3 f>  

0 .  , 4 1 4 . 0 0 6 . ') 0 

0 . 0 8 1 6 . 0 0 9 . S O 2 7 . 0 0 6 0  

0 .  1 2 1 6 . 0 0 9 . 5 0  

- - - - - - - - - - - - - - - 6 .  2 0  4 5  

0 . 0 8 20 . 0 0  Q . S O  2 <J . C O 5 1  

0 .  1 1  2 0 . 0 0 9 . S O  

0 . 0 4  2 1 . 0 0 1 0 . 0 0 2 9 . 0 0 6 2  
0 . 0 4 2 1 . 0 0 1 0 . 0 0 

0 .  1 0 2 0 . 0 0  9 . 0 0  2 4 .  L 0 8 0  

N � 



Tabl e 0 - l . ( Conti nued ) 

Eh I ron Manganese Ca l c i um Ma{nes i um  Al kal i ni ty Su l fate 
{Bankl T,y:(!e �H (Vol t s }  {mgfl l {mgfl } �mgfl }  mgfl )  (m9/ l Ca COJ} (m9/ l ) 

S i t e :  F 1  ( Ind i an Fork ) 

C .:i l <: n c a r N O . 

2 S F E R 7 8  1 D i s s  6 . <) 0 o .  4 3 0 . 0 7  o .  1 0 2 1 . 0 0 1 1 . 0 0 2 <) . 7 0 4 9  

1 1.J U N 7 R  1 n i s s 6 . 9 0  o .  2 4  0 . 0 4  0 .  1 0  2 1 . 0 0 1 1 . 0 0 3 2 . 4 0 7 0  

1 4,1 ! J  L 7 9 1 D i s s  6 . 8 0  0 . 4 7 0 . 0 4  o .  0 1 2 6 . 0 0  1 o .  0 0  4 9 .  7 0  6 ')  

1 4 J !I L  7 9  1 To +. a 1 o .  6 0 - - - - - 2 6 . 0 0 1 0 . 1) 0 I 

2 ')  A IJ G 7 9 1 n i s s 7 . 8 0  o .  so 0 . 0 2  o . o o 2 9 . 0 0 1 0 . 0 0 5 2 . 0 0 8 1  

/ '1 1\ II G 7 9 1 To t a l  0 . 4 0  - - - - - 2 <) . 0 0 1 0 . 0 0 

2 2 0 C T 7 9  1 Di s s  7 . 7 0  0 . 27 0 . 0 2 0 . 0 0 �0 . 0 0  1 1 . 0 0 4 R . C O 7 3  

2 2  O C T 7 9 1 To t a l O . J O  0 .  1 0 � 1 • 0 0 1 1 . 0 0 

2 H J TJ N B O  1 r> i s s 8 .  3 0  0 . 4 1  c . o o o . o o  � 6 . 0 0 1 2 . 0 0 6 9 . 8 0 7 0  

2 8 J U N A O 1 Tot a l  0 . 1 5  0 .  l O  36 . 0 0 1 2 . 0 0 

S i t e :  F 2  

1 0 ,1 U L "i ')  1 To t a l 6 . 5 0  0 .  2 8  : . o o  1 .  0 0  0:: 0 . 0 0 1 5 . 0 0  - - - - - 6 2  

1 0 .1 !I L 7 5  2 T o �  al 6 . 3 0  0 . 2 8  5 . 0 0 1 .  0 0  5 0 . 0 0 1 5 . 0 0 - - - - - 6 2  

1 5 A U G 7 5  1 To+: a l  6 . 2 0  - o .  1 0 4 . 0 0  0 . 6 0  4 0 . 0 0  1 1 .  0 0  - - - - - 6 1  

2 2 1\ U G 7"i 1 T o t  <=i l  6 .  1 0  - o .  1 o 4 .  P O  0 .  6 () 4 0 . 0 0 1 3 . 0 0 - - - - - 6 2  

1 M JI P 7 f>  1 T o +:  a l  n .  1.1 0  - 0 . 1 0  C . 4 0  0 . 5 9 4 8 . 0 0 1 5 . 0 0 - - - - - 8 7  N +::-
1 7  M A P 7 6  1 T o �  a l  - - - - - - 0 .  1 0  0 .  ] c 0 .  6 1 4 6 . 0 0 1 4 . 0 0 - - - - - R O  N 



Tab l e D - 1 . ( Conti nued ) 

Eh I ron Manganese ca l c i um Ma{nesi um Al kal i ni ty Su l fate 
( Bank) Type pH (Vol ts)  (mg/ 1 )  (mg/1 } (mg/ 1 } mg/ 1 } (mg/ 1  Ca C03)  (mg/ 1 ) 

S i t e : F 2  ( Indi an Fork ) 

ca l e n d a r N O .  

2 o ,., .B. P 7 6  1 T o t al 6. 'i 0 - o .  1 0  0 . 14 0  O . l O  14 l . O O 1 3 .  0 0  - - - - - f, <)  

2 A P F 7n 1 T o t a l  6 . 7 0 - o .  1 o c .  1 0 0 .  1 2  1 0 . 0 0  1 0 . 0 0 - - - - - 4 7  

2 1 A P P 7 6 1 To t a l 6 . 5 0  0 . 2 9 6 . 8 0 O . S 1  2 f1 . 0 0 8 . 6 0 - - - - - 3 9  

2 8 A P F 7 6  1 T o ":  a l  14 .  9 0  0 . 2 9  8 . 0 0 0 . 5 7 2 q . 0 0  q .  3 0  fi A . C O 4 n 

1 q M A Y 7 r, 1 T o t  ii] 6. 'i O  0 . 2 8  c .  fi 0 0 . 2 9 4 1 . 0 0 1 5 . 0 0 1 0 9 . ( 0 6 9  

2 fi M A Y 7 6  1 T o t a l  6 .  5 0  0 .  3 ')  1 .  1 0 0 . 5 0  4 4 . 0 0 1 fi . O O 1 2 0 . C O () 8  

LJ U N7 fi  1 ':' o �  a l  6 . 4 0  0 .  l l)  C . 4 C  0 . 2 4 4 2 . 0 0 1 4 . 0 0 1 1 8 . 0 0 6 0 

2 1  J I! N7 6  1 T o t al ') , 9 0 o .  3 4  � . 9 0 0 . 5 8  2 8 . 0 0 g .  6 0 9 8 , 0 0 3 8  

9 J U L 7 f'  1 D i s s 6 .  3 0  o .  2 7  ': . 0 0  o . s o  ': 0 . 0 0 1 5 . 0 0 1 3 0 .  0 0  5 9  
9 J U L 7 6 1 T o t a l 6 . 0 0  0 . 5 0 5 0 . 0 0 1 5 . 0 0 

2 6 J U L 7 6 1 D i s s  5 . 4 0  0 . 2 ')  A . O O  0 . 6 0  2 9 . 0 0 8 . 9 0  7 CJ . C C  3 6  

2 f> J U L 7 n  1 T o t. a l  <; . o o  0 . 6 0  2 8 . 0 0 A .  7 0 

2 6 r.. n c; 7t> , D i :.  .c: 5 .  7 0  o .  24 ': . 0 0  0 . 7 0  .! 'i . O O 1 1  • 0 0  1 6 1 • 0 0  3 9  
2 6 r.. U G 7 6  1 T o t 1 l  f . O C  0 . 7 0  3 8 . 0 0 1 2 . 0 0 

4 0  CT 76 1 D i s �  ') , 7 0  o .  3 2  4 . 0 0  0 .  f3 0 J s . o o 1 1  • 0 0 1 1 5 . 0 0 3 9  
4 0  CT 7 f>  1 To t a l  4 . 0 0 O . A O  � 6 . 0 0  1 1 . 0 0 

N -!::> w 



Tab l e 0 - 1 . ( Cont i nued ) 

S i t <;'! :  F 1  ( Indian Fork} 
c .'i l e n d .'i r  N O . 

1 0 ,J U L  7 5  , T o t a l  4 . 9 0 - 0 .  0 1  q E .  0 0  7 .  8 0 H O . 0 0  4 0 .  0 0  - - - - - 0 

2 n U G 1 5  1 Tot a l  4 . 7 0 - 0 .  1 0  p .  c; 0 1 0 . 0 0 2 F O . O O 7 0 . 0 0 

2 0 F E R 7 6  1 To t a l 5 .  2 0  - o .  , 0 6 E .  0 0  6 . 2 0 % . 0 0 1 7 . 0 0 - - - - - A 

1 M A Tl 7 6  1 T o t a l  5 .  4 0  - o . 1 0  ') 9 . 0 0  4 . 5 0 6 6  . o o 1 3 . 0 0 - - - - - 1 4  

1 7 1'1  A R  7 f1  1 T ot a l  - - - - - - o .  1 0  6 0:: . 0 0 4 . 5 0  7 1  • 0 0 1 2 . 0 0 - - - - - 9 

2 6 M A R 7 6 1 T o t a l  0:: . 4 0 - 0 . 1 0  4 4 .  0 0  3 . 6 0  3 6 . 0 0 9 . 0 0 - - - - - 0 

2 A A P R 7 6 1 rr o t  a 1 5 . 6 0  0 . 2 5 1 8 . 0 0 7 . 0 0 5 4 . 0 0 2 0 . 0 0  A '• . 0 0  1 6 5  

1 'l M A Y 7 6 1 T o t a l  6 .  1 0  0 . 2 2  2 9 .  0 0  5 .  4 0 7 7 . 0 0 1 2 . 0 0  1 2 5 . C O 1 2 0 

2 6 M  A Y 7 6 1 T o t a l  £. . 2 0  o .  2 7  2 6 .  0 0  7 . 0 0 1 0 0 . 0 0 4 6 . 0 0  ? 7 0 . C O 1 8 8  

3 J U N 7 fi 1 To>: a l  6 . 8 0  o .  n J 9 .  0 0  6 . 3 0 7n . O O 2 9 . 0 0 2 0 6 . C O 1 3 ') 

2 1  J U N 76 1 To t al 6 .  1 0  0 . 2 1  1 2 1 . 0 0 6 . 2 0 6 A . O O  2 6 . 0 0 2 4 9 . ( 0 1 8 0 

9 ,J U L  7 6  1 D i s s  5 . 8 0  0 .  1 9 4 6 . 0 0  5 . 8 0  6 4 . 0 0 2 5 . 0 0  6 S . C O 1 2 ') 
9 J U L 7 6  1 T o t a l  1 0 E . O O  9 . 9 0 2 1 9 . 0 0 6 4 . 0 0 

2 f. J U L 76 1 ni s �  5 .  5 0  o .  1 9  1 9 . 0 0 5 . 6 0  (. 7 . 0 0 2 6 . 0 0 A 3 .  C O  1 2 S 
2 6,J U L  7 6  1 T o t a l  A O . O O  1 3 . 0 0  2 8 4 . 0 0 9 4 . 0 0 

N � � 



Tab l e D - 1 . ( Con�i nued ) 

Eh Iron Manganese ca l c ium Maresi llll Al kal i ni ty Sul fate 
{Ba nk )  Type pH (Vol ts)  (mg/1 ) (mg/ 1 ) {mg/1 )  mg/1 ) (mg/ 1 Ca C03 ) (mg/l } 

S i t '? : F 1  ( Indi an Fork)  

C i\ l <? n d a r N O .  

2 G A IJ G 7 6  1 D i s s 4 .  9 0 o .  1 7  1 0 2 . 0 0 7 . 5 0  1 00 . 0 0 4 0 . 0 0  1 0 . C O 1 2 5 

2 6 A II G 7 n  1 T o t:  a l  1 6  e .  o o  1 2 . 0 0 2 ": 6 . 0 0  6 9 .  0 0  

2 f. A li G 7 6  2 D i s s  - - - - - - o .  1 0  6 o .  0 0  6 . 0 0 5 7 . 0 0 2 7 . 0 0  

2 6 A U G 7 (; 1 D i s s - -- - - - o .  1 0  1 5 . 0 0 5 . 5 0 '5 4 . 0 0 2 6 . 0 0 

4 OC T 7 6  1 Di s s  4 . 8 0  0 .  1 9  1 2 3 . 0 0 7 . 7 0 C. 7 . 0 0 2 7 . 0 0 1 0 0 . ( 0 1 2 5 

4 O C T 7 fi  1 Tot a l  1 4 2 . 0 0 , 1 .  0 0  1 7 :? . 0 0 4 7 . 0 0 

6 M A Y 7 7  1 Di s s  s .  4 0  o .  07 - -- - - - - - - - - - - - - - - - - - 3 5 6 . C O  1 0 0 

6 M A Y 7 7  1 Too: a 1 4 5 . 0 0  2 . 0 0  C: A . O O 3 9 .  0 0  

fi M h Y 7 7 2 D i s s 6 . 6 0 0 . 0 7 8 . 1 0  0 . 7 0 1 1 2 . 0 0 l <J . O O  1 4 4 . 0 0  1 2 0 

6 M 1\ Y 7 7  2 T o t a l  8 . 9 0  o .  6 0 1 C C) . 0 0  3 8 . 0 0 

6 M A Y 7 7 3 D i s s  6 . 6 0  0 .  1 1  7 .  1 0 0 . 6 0 1 1 5 . 0 0 4 0 . 0 0 3 6 0 . 0 0 1 20 

6 M A Y 7 7  l Tot al 

2 J J U N 7 7  1 Di s s  4 . 7 0  o .  06 1 3 .  0 0  2 . , 0 e o . o o 2 <J . O O  

7.3 ,J IJ N 7 7  1 '!' o t a l  1 g . o o 2 . 2 0 E 4 . 0 0  1 0 . 0 0 

2 ] J U N 7 7 2 D i s s n . s o  o .  02 8 . 0 0  0 . 9 0  ) ') . 0 0  , 1 .  0 0 1 0 0 . C O  1 2 5 

2 J J U N 7 7  2 T o <:  al 1 3 .  0 0  o . q o  4 0 . 0 0 1 2 . 0 0 

2 .1 J U  N 7 7  l D i  '3 s n .  2 0  0 . 0 7 - -- - - - - - - - -- - - - - - - - - 1 1 A . O O 

2 3,1 1J N 7 7  .l Tot a l  4 8 .  0 0  1 .  7 0  5 2 . 0 0  1 A . O O 

4 A U G 77 1 n i s  s s .  5 0  0 . 06 S 2 . 0 0  3 .  4 0 <} ') . 0 0 1 7 . 0 0  

4 A IJ G 7 7  1 T o t  :'i l 7 4 .  0 0 3 .  9 0  77 . 0 0 3 8 . 0 0 

4 A TI G 7 7  2 D i s s 6 . 8 0  o .  1 0  - -- - - 2 .  1 0 E R . O O 1 3 . 0 0 2 6 2 . 0 0 

4 A !I G 7 7 2 T o t a l  7 o .  c o  2 . 6 0 <: 6 . 0 0 3 7 . 0 0 

N 
� 
(J1 



Tab 1 e 0 - 1  . ( Conti nued )  

Eh I ron Manganese Ca l c i um Maresium Al kal i ni ty Sul fate 
(Bank) Type pH (Vol ts)  {mg/ 1 )  (mg/1 } (mg/1 ) mg/1 } (mg/1  CaC03) (mg/1 ) 

S i � e : F 3  ( Indian Fork}  

C ;} l e n rla r N O .  

4 A lJ G 7 7  3 D i s s  6 . 9 0  0 .  1 1 1 P . O O 2 . 0 0 1 7 . 0 0 2 7 . 0 0 2 1 4 . 0 0 1 2 5 

4 A U G 1 1  3 T o t a l  5 1 . 0 0 1 .  8 () - - - - - 2 A .  0 0  

1 0 A U G 1 7 1 D i s s 5 . 0 0  o .  1 6  3 1 . 0 0 3 .  0 0  1 2 . 0 0 2 9 . 0 0  2 2  "i .  c 0 1 3 2 

1 0 A U G 7 7  1 T o ':  a l  7 o .  0 0  3 . 8 0 A B . O O 3 7 . 0 0 

1 0 A U G 7 1  2 D i s s  5 .  4 0  o .  1 �  - - - - - - - - - - - - - - - - - - - - 1 6 1 . 0 0 1 2 5 

1 0 A U G 7 7  2 Tot: a l  1 1 2 . 0 0 3 . 9 0 6 8 . 0 0 1 4 . 0 0 

1 0 A !I G 77 3 Tot al - - - - - - o . 1 0  - - - - - 3 . 9 0  f- 3 . 0 0 2 7 . 0 0  

1 f. A U G 7 7  1 Di s s - - - - - - o .  1 o 2 . 2 0 4 . 9 0 77 . 0 0 4 1 . 0 0 9 5 . <: 0 2 1 0  

1 6 A !J G 7 7  1 T ot a l 1 2 8 . 0 0  6 . 1 0  H 8 . 0 0 5 0 . 0 0 

1 6 A !J G 7 7  2 D i s s - - - - - - 0 . 1 0  2 . 0 0 2 . 6 0 4 8 . 0 0 2 2 . 0 0 9 6 . � 0  1 8 5 

1 6 A U G 7 7 2 Tot a l  3 8 . 0 0 3 .  1 0  6 4 . 0 0 2 5 . 0 0  

1 6 !1 U G 7 7  3 T o t a l  - - - - - - o .  1 0  9 4 .  0 0  

2 3  A fJ G 7 7  1 D i s s  6 .  1 0  o .  3 7  2 q . o o 3 . 3 0  1 3 . 0 0 3 S . O O 2 3 4 . 0 0 2 1 5  

7 3 1\ U G 7 7  1 To t Oil 4 o .  0 0  3 . A O 86 . 0 0 3 9 . 0 0 

2 3 A tJ G 7 7  2 Di s s  5 .  20 0 .  1 2  - - - - - - - - - - - - - - - - - - - - 1 5 0 . ( 0 2 2 '1  

2 3 A IJ G 1 7  2 T o t a l  7 4 .  0 0  4 . 5 0 7 6 . 0 0 3 7 . 0 0 

1 S E P 7 7  1 D i s s 5 . 3 0  0 .  1 5  7 o .  0 0  J . s o 8 4 . 0 0 3 9 . 0 0 2 1 2 . 0 0 1 7 '1  

1 S E P 7 7  1 To'"- a l  9 2 . 0 0 4 . 4 0 8 8 . 0 0 4 2 . 0 0 

1 S E  P77 2 D i s  s 5 .  9 0  0 .  1 1 5 4 . 0 0 3 .  4 0  <; A . O O  4 3 . 0 0 2 8 1 . 0 0 1 7 0 

1 S E l:'  77 2 T ot a l  7 4 .  0 0  3 . 7 0 1 C 6 . 0 0 4 5 . 0 0  

9 S E P 77 1 D is s  4 .  9 0  o .  l f> 5 0 . 0 0  2 . q o 1 2 0 . 0 0 S 4 . 6 0 2 9 9 . ( 0 1 '1 0 

q S !:: P 7 7 1 ,., o t  a l  9 4 . 0 0  4 . 8 0 8 2 . 0 0 4 3 .  0 0  

N 
+=> 
Q) 



Tabl e D - 1 . ( Conti nued ) 

Eh Iron 
(Bank) Tl�e �H �Volts)  {mgll l 

S i  +- P :  F 3 ( Indian Fork} 
c a l e n d a r  N O .  

g s F. P 7 7  2 D i s s s .  4 0  o .  1 0  1 1 . 0 0  

� S E P 7 7  2 '!'o t a l  1 6 . 0 0  

1 6 S E P 7 7 1 D i s s  5 . 9 0  o .  1 7  

H 5 E P 7 7  2 D i s s  fo . 7 0  0 .  2 1 

2 0  S E P7 7  1 D i s s 6 .  3 0  0 .  1 q H .  0 0  

2 0 S  E P 7 7  1 T o t a l  5 1 . 0 0 

2 0 S F P 77 2 D i s s  6 . 8 0  0 . 1 9  1 7 . 0 0 

2 0 S E P 7 7  2 T o t a l  2 1 . 0 0 

1 1  0(. 'f 7 7  1 Di s s  5 .  6 0  o .  1 4  - - - - -
1 1 0 C T 7 7 2 D i s s  6 .  2 0  o .  0 9  - - - - -

2 q O C T 7 7  1 D is s 5 .  6 0  0 .  1 4  1 7 . 0 0 

2 9 0C T 7 7  1 Tot a l  2 8 .  0 0  

2 9 0 C 'T' 7 7  2 D i s s  6 .  20 0.  1 1  9 . 0 0  

2 9 0 C T 7 7  2 T o t a l  1 1 . ('I 0 

1 1 � 0 V 7 7 1 D i s s  5 .  5 0  0 .  1 8  1 3 .  0 0  

1 3 N O V 7 7  1 To t a l 2 4 . 0 0  

1 3  '1 0  V 7 7  2 D i s s 6 .  1 0  o .  2 0  f . O O  

1 1 N O V 7 7 2 T o +  a l  1 0 . 0 0 

R .l l\ N 7 8  1 D i s s  5 , 4 0  - o .  0 1  8 . 2 0  

H ,1 1\  N 7 8  2 Di s s 6 .  3 0  o .  0 4  2 .  0 0 

Manganese 
{mgll l 

1 .  2 0  

1 .  3 0  

2 . 2 0 

2 . A O  

1 . 2 0 

l . !J O 

- - - - -
- - - - -

2 . 4 0 

2 .  9 0 

1 . 8 0 

1 . C} 0 

2 . 4 0  

3 .  0 0  

1 . 6 0  

2 . 0 0  

1 .  7 0  

1 .  1 0 

Ca 1 c ium 
�mg[l}  

1 3 4 . 0 0 

1 5 0 . 0 0 

1 n  . o o 

1 1 6 . 0 0 

1 !J O . 0 0 

1 4 6 . 0 0 

- - - - -
- - - - -

1 2 8 . 0 0 

1 2 1 .  0 0  

, , n .  o o  

1 ') 1 . 0 0 

1 2 6 . 0 0  

1 1 4 . 0 0 

1 3 8 . 0 0 

1 39 • 0 0 

1 0 1 . 0 0 

1 C O . O O 

Ma{nesi um 
mg/ 1 ) 

') 7 . 0 0 

5 9 . 0 0  

5 !J . O O 

5 2 . 0 0 

5 7 . 0 0  

5 2 . 0 0  

- - - - -
- - - - -

4 9 .  0 0  

4 8 . 0 0 

5 1 . 0 0 

5 3 . 0 0  

ll 9 . 0 0  

') 0 . 0 0  

5 0 . 0 0 

5 1 . 0 0 

3 8 . 0 0  

1 5 . 0 0 

Al kal i ni ty 
(mgll CaCOJ} 

4 1 2 . C O 

1 !J 7 . 0 0 

!J 5 'J . C O 

3 8 7 . C C 

l 3  0 .  0 0  

4 4 0 . 0 0 

4 5 8 . 0 0 

1 7 8 . C C 

2 4 1 . 0 0 

2 %  . c c 

1 8 4 , 0 0 

Sul fate 
(mg/ 1 )  

2 !J O  

1 9 5 

2 4 5  

2 5  

1 20 

2 0  

1 4 5 

9 0  

1 8 0  

1 6 0  

1 7 0 

N 

.J::o -..; 



Tab l e D - 1 . ( Cont i nued ) 

{Bank} 

Si � e :  F 1  ( I ndi an Fork ) 

c "t l e n d a r  N O . 

2 S F E R 7 8  , Di � s  5 . 6 0  o .  0 1  2 .  4 0 2 . 0 0 1 1 1 . 0 0 4 2 . 0 0 3 l 2 . 0 0 1 20 
2 5 F E E 7 P  2 D i � s  6 . 4 0  0 .  1 1 5 .  1 0  1 .  2 0  1 1 7 . 0 0 4 0 . 0 0 3 2 A . O O 1 3 5  

1 3 J U N 7 8  1 D i s s  6 .  1 0 0 .  1 2  C . 9 0  2 .  1 2 e s . o o J o . O O  1 5 l .  0 0  70 

1 3 J U N 7 8  2 D i s s 6 . (, 0  0 . 1 2  o .  7 0  0 . 7 0 6 A . O O 2 2 . ') 0  2 1 1 . C O 9 0  

1 3 J t! N 7 R  J D i s s 6 . 8 0  0 .  1 ') 0 . 2 0  0 . ] 5  ll S . O O 1 5 . 0 0 1 3  1 • 0 0  8 5  

7 S E P 7 8  1 D i s s 6 .  2 0  o .  o q  1 .  0 0  1 .  1 0 1 2 4 . 0 0 4 4 . 0 0 3 9 0 . 0 0 1 4  ') 

7 0 C T 7 8  1 D i s  s 5 .  9 0  o .  2 8  

1 1 N O V 7 8 , D i s  s 4 . 4 0  0 .  2 3  

7 C E C 7 A  1 D i s s  6 . 4 0 o .  2 3  - - - - - - - - - - - - - - - - - - - - 4 1 6 . 0 0 

1 M  1\ R ? g  , D i s s 6 . 5 0  0 . ] 2 9 . 4 0  1 . 1 0 f 2 . 0 0  1 6 . 0 0 2 6 8 . 0 0 1 2 5 

5 M l\ Y 7 9 , D i s s  6 .  1 0 0 . 2 0  3 . 3 0  o .  7 0 7 4 . 0 0 2 3 . 0 0 2 1 1 . 0 0 7 5  

1 A M A Y 7 9 1 D i s s  6 . 2 0  0 .  34 1 .  ') 0 0 . 7 0  8 3 . 0 0 2 4 . 0 0  2 2 0 . C O A7 

2 J U N 7 9 1 l! i �  s 6 . 4 0  0 .  3 5  4 . 2 0  O . S 2 fi 2 . 0 0 2 J .  0 0  1 A A . f 0 7 fi  

1 4 J U L 7 <} 1 D i s s 6 . 7 0  o .  n 6 . 4 0  , • 0 0  8 7 . 0 0 2 9 . 0 0  2 fl 5 . C C 7 S  

1 4 J U L 7 9  1 T o t a l  E .  7 0  1 . 0 0 F A . O O 2 <1 . 0 0 

N .t:> co 



Tabl e 0 - 1 . ( Cont i nued ) 

Eh I ron Manganese Cal c i um Maresi um Al kal i n i ty Sul fate 
(Bank) Tl�e �H �Vol ts} (mg[l }  (mg[l l �m,g£1 )  mg[l )  (mg[l Ca COJ) �mg/1 ) 

s i t e :  F 3 ( Indian Fork ) 

c a l e n d a r  N O . 

25 A IJ G 7 <l  1 D i .s s 6 . 4 0  o .  2 fi  3 . 6 0  O . A O  7A . O O 2 2 . 0 0 2 0 9 . 0 0 7 1  

2 5 1\ IJ G  7 9  1 "'o t a l  5 . 8 0 0 . 8 0 7 8 . 0 0 2 2 . 0 0  

2 2 0 C'T'7 9  1 Di s s  6 . 7 0  0 .  0 2  1 . 8 0 1 .  1 0  1 : 5 . 0 0 1 8 . 0 0  1 2 3 . C O  1 4 6 

2 2  CC 'f 7 9  1 T o t al 2 .  2 0  1 .  3 0  1 3 6 . 0 0 3 8 . 0 0 

1 q D EC. 7 9  1 D is s 6 .  4 0  o .  3 5  1 .  4 0 1 .  0 0  F O . O O 2 4 . 0 0 2 0 1  • 0 0  <:1 4  

S i t: e : F 5  

' 0  J U L 7 "l  1 Tot al 6 . <) 0  0 . 2 <.J  8 . 2 0  1 .  1 0 7 0 . 0 0 2 2 . 0 0  - - - - - 2 0 0  

1 0 J U L7 5  2 T o+ a l  6 .  4 0  o .  2 <)  f .  2 0  1 .  1 0 7 0 . 0 0 2 2 . 0 0 - - - - - 2 0 0  

2 0  F F R 7 6  1 T o t a l  7 .  1 0  - o .  1 0  0 . 8 0  0 . 2 A 4 1 . 0 0 1 3 . 0 0 - - - - - 8 2  

1 :'1 A P 7 6  1 T o t a l  6 . 7 0 - o .  1 0  0 .  1 0 0 . 2 2  3 8 . 0 0 1 2 . 0 0 - - - - - 5 9  

1 7 M A R 7 6  1 To t a l  - - - - - - 0 .  1 0  c .  3 0 0 . 5 0  4 2 . 0 0 1 2 . 0 0 - - - - - 5 7  

2 6 M A R 7 n  1 � o t  .11 6 . 7 0  - o .  1 0  o .  2 0 0 . 3 8 4 4 . 0 0 1 2 . 0 0 - - - - - 5 2  

2 A P R 76 1 T o + il. l  6 . 9 0  - o .  1 0 0 .  1 5  0 . 4 7  ; ]  • 0 0  1 1  • 0 0  - - - - - 4 ')  

2 1 A P R 7 f. 1 T o•. a l  5 .  3 0  o .  3 3 2 . 0 C 2 . '1 0 c: o . o o 1 8 . 0 0 - - - - - 5 CJ  

2 A A P R 7 6 1 T o t a l  6 .  3 0  o .  3 2 0 . 0 '1  1 . 4 0 ': 1 • 0 0  1 8 . 0 0 1 1 7 . 0 0 6 7 
N 

1 g M '!I.Y 7 f. 1 T ot a l  6 .  8 0  o .  1 2  O .  1 A 4 7 . 0 0 5 2  
� 

c .  4 0  1 5 . 0 0 2 R O . O O 1.0 



Tab l e 0 - l . ( Conti nued ) 

Eh Iron Manganese Ca l c ium Ma{"es i um  Al kal i n i ty Su l fate 
{Bank} T.n�e �H �Vol ts} {mgll )  (mgll }  {m9ll l mg/ 1 ) (m9ll CaCOJ) {m9/ l )  

Si t P : F 4  ( Indian Fork ) 

ca l e  n il ;u:  N O .  

2 fi i'! A V 1 ()  1 T O ':  n 1 6 . 4 0  o .  ] ')  2 . 5 0  2 . 0 0 5 5 . 0 0 1 7 . 0 0 1 5 1 . ( 0 4 8  

] J U N 7 (, 1 T o +:  a l  6 . 7 0  o .  ] g  c .  s o  O . f1 7 4 9 . 0 0 1 6 . 0 0  1 4 7 . ( 0 4 9  

2 1 J U N 7 n  1 T o t a l  6 . 6 0  o .  � 2  3 . � 0  3 . 3 0  !: 0 . 0 0 1 6 . 0 0 1 8 0 . C O 4 7  

' 1 J rJ L 7 n  1 D i s s  6 . 4 0  o .  2 6  7 .  0 0 6 . 8 0 C:: 7 . 0 0 1 7 . 0 0 1 7 4 .  c o  17 
Q ,l i i L 7 6 1 To.- a l  2 fJ . C O  9 . 9 0 4 Q . O O 1 7 . 0 0 

2 n ,J u L 7 6  1 L' i s s 6 .  1 0 o .  1 7  2 7 . 0 0  1 6 . 0 0 8 7 . 0 0  2 4 . 0 0 2 4 4 . 0 0 5 7  
2 6 J U L 7 6 1 To t a l ] 7 .  0 0  1 9 . 0 0 66 . 0 0 2 5 . 0 0  

2 6 A U G 7 6 1 Di s s  5 .  8 0  {) .  1 5  4 3 .  o c  2 4 . 0 ()  6 6 . 0 0 2 1 . 0 0  l 2 5 . C O 5 0  
2 fi ,\ O G 7 f'  1 T o t a l  5 4 , 0 0  2 8 . 0 0  E 1 . 0 0 2 9 . 0 0 

4 0 C T 7fi 1 D i s s  6 .  1 0  o .  2 1  2 . 0 0  3 .  7 0  E 4 . 0 0  2 0 . 0 0 1 6 6 . 0 0 8 0  
4 0 C T 7n 1 T ot a l  2 . 0 0  3 . 8 0 6 5 . 0 0 2 1 . 0 0 
4 O C  T 7 6  2 To t a l 6 .  1 0  o .  2 1 1 .  0 0 J .  1 0 6 5 . 0 0 2 1 .  0 0  1 6 6 . C O 8 0  

f.. M A  Y 7 7  1 Di s s 6 .  6 0  o .  2 2  c .  1 0 0 . 4 0 r: o . o o 1 4 . 0 0 1 S O . C O 5 1  
n M !\ Y 7 7  1 T o t a l  2 .  2 0 0 . 6 0 4 9 . 0 0 1 4 . 0 0 
6 M A Y 7 7 2 D i s s 6 . 7 0  0 . 2 1  o .  1 0  0 . 3 0  4 2 . 0 0 1 1 . 0 0 1 4 0 . C O  4 8  
fl ., A Y 7 7  2 T o t a l  1 .  4 0 0 . 4 0 c:: o . o o 1 4 . 0 0 

2 ]  ,J lJ N 7 7  1 D i s s 6 .  l O  0 .  1 7  - - - - - 0 . 4 0  !: 6 , 0 0 2 0 . 0 0 2 0 0 . 0 0 
2 3 J lJ N 7 7 1 Tot a l  8 . 0 0  0 . 5 0 7 8 . 0 0 2 1 . 0 0 

N Ul 0 



Tab l e D - 1 . ( Conti nued } 

Eh I ron Manganese Ca l c i um Mares i um A 1 ka 1 i n i ty Su l fate 
{Bank} Tl�e �H �Vo lts)  {mgll )  {mgll }  {mg[l )  mg/ 1 ) (mg/ 1 CaC03} (mg/ 1 ) 

S i t e :  F 4  ( Indian Fork ) 
ca l e n d a r N O . 

1 0 A U G 7 7 1 O i s  s 5 . 8 0  o .  1 2  2 . 7 0  3 . 8 0 4 8 . 0 0  1 7 . 0 0 1 5 3 . 0 0  1 4 ') 

1 0 A rJ G 7 7  1 T o t a l  7 . 4 0  5 . 0 0  5 0 . 0 0 1 7 . 0 0  

1 0 A U G 7 7  2 o ::. s s  5 . "i 0  o .  n 1 .  2 0 3 . 5 0 4 6 . 0 0  1 6 . 0 0 1 2  3 .  0 0  1 4 5  

1 0 A. U l. 7 7 2 T o t a l  ] , 4 0  4 . 2 0 4 q . o o 1 7 . 0 0  

1 0 A U G 7 7  3 Tot: a l  - - - - - - o .  1 o O . f> O  - - - - - 4 6 . 0 f) 1 7 . 0 0 

1 P , rJ G 7 7  1 Di s s  - - - - - - 0 .  1 0  c .  4 0  4 • . l 0 11 6 . 0 0 1 1 . 0 0 - - - - - 1 1 'j 

H II. U G7 7  1 T o t a l  1 .  1 0  3 . 1 0  ll 9 . 0 0  1 1 . 0 0 

1 6 A li G 7 7 2 n i s s  - - - - - - 0 .  1 0  o .  6 0 2 . 8 0  4 8 . 0 0 1f) .  0 0  1 6 2 . C O  1 1 0 

1 (> A U G 7 7  2 T o t a l  2 . 2 0  2 . 9 0 � 1 • 0 0  1 1 . 0 0 

1 6 A tJ G 7 7 ) D i s s - - - - - - o .  1 0  C . 6 0 2 . 2 0  4 8 . 0 0 1 1 . 0 0 1 6 1 .  0 0  1 1 'i 
1 6 A. U G 7 7  3 To +- a l  1 . 2 0 2 .  1 0  5 1 . 0 0  1 7 . 0 0  

1 S E P 7 7  1 Di s s  6 . 3 0  0 . 2 0  8 . 0 0  ? . Fl O  4 6 . 0 0 1 FI . O O 2 3 6 . C C f- 0  

1 S E P7 1  1 To t al 1 f: .  0 0 1 0 . FI O 11 8 . 0 0 1 q . o o 

1 S FP 7 7  2 D i s s 6 .  1 0  o .  1 g 2 . 0 0  5 . 8 0 Ll 2 . 0 0 1 7 . 0 0 1 1 9 . 0 0 6 5  

1 S E P 7 7  2 T ot a l  2 . 0 0  6 . 2 0  Ll 4 . 0 0 1 8 .  0 0  

q s E P 7 7  1 D i s s  5 . 8 0  0 . 2 1  O . A O 0 . 5 () «:: 6 . 0 0  2 1 . 0 0 1 8 2 . 0 0 1 0  1 

q S F P 7 7  1 T o t a l  1 .  6 0 0 . 1 0  5 7 . 0 0 2 2 . 0 0  

<J S E P 1 7  , D i s s  '> . 9 0  a .  3 2  c .  � 0  0 . 5 0  C:: ? . O O  2 2 . 0 0 1 8 0 . 0 0 1 1 0 L. 

'1 S E P 7 7  2 Tot a l  0 , 4 0  0 . 5 0  5 6 . 0 0 2 1 . 0 0 

?0 S F. P  1 1  1 D i s  s 7. 3 () o .  1 5  0 . 8 0 l) , f> O ') (, . 0 0  2 2 . 0 0  1 1 8 . C O 1 4  0 

2 0 S E P 7 7  1 ·ro +- al 1 .  6 0 0 . 6 0 5 7 . 0 0 2 3 . 0 0  

N 
(J1 
__. 



Tab l e 0 - 1 . ( Conti nued ) 

Eh Iron Manganese ca l c ium Ma9nes i um Al kal i ni ty Sul fate 
{Bank) Tlee �H {Vo lts)  {mg[l }  {mg[l ) {mg[l) �mg[l ) (mg/ 1 Ca COJ} (mg/ 1 ) 

S i  � e :  F 4  ( Indian Fork ) 

c a l e n o a r N O . 

2 0 S F P 7 7  2 D is s 7 . 3 0  o .  3 5  c .  6 0  0 . 6 0 5 7 . 0 0 2 2 . 0 0 1 7 9 . C C 1 4 0  

2 0 S E P 7 7  2 '!' o <:. a l  0 . 4 0  0 . 6 0 5 8 . 0 0 ? 3 .  0 0  

1 1 0 C T 7 7  1 D i s s 6 . 9 0 0 . 3 7  - - - - - - - - - - - - - - - - - - - - 1 1 8 . C O 'i 'i  
1 1  O C T 7 7  2 D i s s 6 . 7 0 o .  4 0  - - - - - - - - - - - - - - - - - - - - 1 0 9 . 0 0 5 0  

2 9 0 C T 7 7  1 D i s s  6 . 6 0  o .  29 o .  1 0  0 . 2 0  � 4 . 0 0 1 6 . 0 0 1 7 1 . 0 0 6 0  

2 CI O C '!' 7 7  1 T ot a l  1 .  2 0  0 .  3 0  5 6 . 0 0 1 6 . 0 0 

2 :� o c. T 7 7  2 D i s s 6 . 6 0  0 .  3 1  0 . 1 0 0 . 2 0 5 1 . 0 0 1 5 . 0 0 1 4 2 . C O 7 0  

2 9 0 C T7 7  2 T o <:  a l  0 . 1 0  0 . 2 0 � 1> . 0 0 1 6 . 0 0 

1.l N O V 7 7  1 D i s s 6 . 6 0  o .  4 3 0 .  'i O  0 .  1 0 5 0 . 0 0 1 1 . 0 0 (; 7 .  0 0  CI O  

1 1 N O V 7 7  1 To+: a l  1 o .  0 0  1 .  0 0 4 9 . 0 0  1 5 . 0 0 

1 3  N O V 7 7  2 D i s s 6 . fi 0  0 . 4 5  0 .  1 0 0 . 1 0  4 A . 0 0  1 3 . 0 0 6 o . r o CI S  
1 3 N O V 7 7  2 T o t a l  1 .  ] 0 0 . 2 0  4 9 . 0 0 1 3 . 0 0 

A ,J A N 7 8 1 D i s s 6 . 4 0  0 .  1 1 c .  1 0 0 .  1 0  4 4 . 0 0 1 0 .  0 0  9 5 . C O 5 5  
A J  A N 7 8 2 D i s s 6 .  (, 0 0 . 3 0 

2 5 F E 0 7 A 1 D i s s 6 .  1 0 0 . 7 8  O . "i O  0 . 8 0  4 3 . 0 0 1 2 . 0 0 9 0 .  1 0  4 5  

2 'i r' E 1:! 7 A 2 D i s s  6 . 8 0  o .  3 0  0 .  1 1  0 .  1 0  4 ') . 0 0  1 1 . 0 0  q 1 .  E O  4 5  

1 3 J U N 7 R  1 D i s  s 6 . 6 0 0 . 2 4 - - - - - - - - - - -- - - - - - - - - 1 1 6 . C O  5 6  

1 1 J U  N 7 A  2 D i s s 6 . 6 0  o .  2 6  0 . 0 5  0 . 2 2 ': 1 . 0 0  1 A . O O 1 3 7 . 0 0 6 0  

7 n C T 7 H  1 D i s  s n . o o  0 .  � 1 7 . 5 0  1 1 . 4 0 4 5 . 0 0 2 2 . 0 0 1 fl 2 . C O S fi  

N 
L'l 
N 



Tabl e D - l . ( Conti nued ) 

Eh I ron 
{Bank) Tl:�e �H {Vol ts} {mg[l ) 

s i t. 2 : F 4  ( Indi an Fork ) 

c'l l e n cla r N O .  

7 D E C 7 8  1 D i s s  6 .  0 0  O . ? A  - - - - -

3 M A R 7 'l 1 ni s s  6 .  1 0  0 . 2 9  o .  4 0 

"i M A Y 7 9 1 Di s s  6 .  3 5 0 . 4 9 0 . 0 2  

1 R M A Y 7 9  1 ni s s  6 . 0 0  0 . 5 0 0 . 0 2  

2 ,1 U N 7 9  1 Di s s  6 . 5 0  0 . 5 0 - - - - -

1 4 J U L 7 g  1 D i s s 6 . 7 0  o .  4 8  0 . 0 4  

1 4 ,J U L 7 9  1 T o t a l  0 . 5 0  

2 5 l\ II G 7 9  1 D i s s 6 .  1 0  o .  ') 1 o .  2 0  

2 '> A ll G 7 9 1 To t al 1 . 9 0 

2 2 0 C T 7 q 1 D i s s  6 .  l 0 0 . 4 4  0 . 0 1  

2 2  CC T79 1 T o t.  a l  0 . 4 0  

1 9 D E C 7 9  1 D i s s fi . 7 0  o .  5 2  0 .  1 0  

2 8 J U N 8 0  1 D i s s 6 .  3 0  o .  5 1  0 . 2 5  

2 8 J !I N A O 1 T o t a l  2 .  8 5 

Manganese Ca l c i um 
{mg[l }  {mg[l )  

- - - - - - - - - -

0 . 4 0 3 8 . 0 0 

0 . 0 1  4 4 . 0 0 

0 . 2 0 5 9 . 0 0 

- - - - - - - - - -

0 . 0 4  4 6 . 0 0 

0 . 2 0  4 6 . 0 0 

0 .  1 0  <; 4 . 0 0 

1 . 8 0 6 1 . 0 0 

0 . 7 0  5 8 . 0 0 

o .  8 0 E O . O O 

0 . 1 0  !': 2 . 0 0 

1 .  6 0 4 8 . 0 0  

1 .  g 0 4 6 . 0 0 

Ma{ "esi um 
m�u� 1 ) 

Al kal i ni ty 
(mg[l Ca COJ} 

- - - - - 8 9 . f ') 

1 4 . 0 0  9 0 . ': 0 

1 4 . 0 0 1 0 4 . C O 

1 6 . 0 0 1 1 6 . C C 

- - - - - 1 0 5 . (' 0 

1 5 . 0 0 1 3 6 . ( 0 

1 5 . 0 0 

2 0 . 0 0 1 5 3 . C O 
2 0 . 0 0  

1 <J . O O 1 3 9 .  c o  

1 9 . 0 0 

1 7 . 0 0 1 1 1 . 0 0 

1 7 . 0 0 1 2 6 . 0 0 

1 8 . 0 0 

Su l fate 
{mg/ 1 )  

1 0 0 

7 4  

8 9  

6 8  

5 7  

0 

8 4  

q o  

5 3  

N U1 w 



Tab l e 0- l . ( Conti nued ) 

S i t <:> : F 'J  ( Indi an 

ca l e n d a r N O .  

1 0 J U L 7 'J  1 T o t a l  6 .  3 0 0 . 1 fi  5 o .  0 0 7 . 8 0 1 2 8 . 0 0 2 1 . 0 0 - - - -- 6 2  

1 S A  !J G 7 'J 1 Tot a l  - - - - - - 0 . 1 0  2 . 5 0 5 . 5 0 2 5 . 0 0  1 2 . 0 0 - - - - - fi B  

2 0 F E B 7 6  1 T o t a l  fi .  3 0 - o .  1 0 3 1S . O O  8 . 6 0 5 5 . 0 0 1 8 . 0 0 - - - - - 7 q  

1 M A P 7 6  1 T o t.  a l  6 .  3 0  - o .  1 0  1 f . O O g .  7 0  ': 9 . 0 0  2 0 . 0 0 - - - - - 6 7  

1 7 M  A R  7 6  1 T ot: a l  - - - - - - 0 . 1 0  3 2 .  0 0  7 . '1 0 5 3 . 0 0 1 7 . 0 0 - - - - - 6 2  

2 fi M  A R  7 6  1 To t al 7 . 0 0  - o .  1 0 4 2 .  0 0  8 . 2 0 5 2 . 0 0  1 8 . 0 0 - - - - - 6 5  

2 A  P F  7 6  1 To t al 6 . 3 0  - o .  1 0  3 4 . 0 0 9 .  1 0 5 7 . 0 0 2 1 . 0 0 - - - - - 6 R  

2 1 A P P.7 6  1 Tot a l  6 . 6 0 0 . 1 4  1 9 . 0 0 1 1 .  0 0 6 3 . 0 0 2 6 . 0 0 - - - - - fi A  

2 R  A P P 7 6  1 To t a l 6 . 3 0  o .  1 7  4 2 . 0 0 1 1 .  0 0 7 5 . 0 0 2 4 . 0 0  2 3 6 . C O 6 8  

l<Hl A Y 7 n  1 T o t al 6 .  5 0  0 .  1 2  l 1 . 0 C 8 . 2 0 5 2 . 0 0  1 9 . 0 0 1 7 4 . C O 6 1  

9 .1 U L 7 6  1 Di s s  6 .  3 0  0 .  1 q 2 e .  o o  5 . 7 0  11 1  • 0 0 1 5 . 0 0 1 3 5 . C C 1 8  

9 ,J n t  7 n  1 T o t a l  5 7 . 0 0  5 . 8 0  11 1 . 0 0 1 5 . 0 0 

2 6 J  U L  7 6  1 D i s s 6 .  1 0 0 0 1 1  3 8 . 0 0  7 . 7 0 c: s . o o 2 0 . 0 0 1 9 8 . 0 0 5 0  
2 6 J li L  7 6  1 To t a l 4 o .  0 0  7 . 7 0 5 7 . 0 0 2 0 . 0 0 

N 
U1 
� 



Tab l e D - 1 .  ( Conti nued ) 

Eh Iron Manganese Ca l c ium Ma�nes i um  Al kal i ni ty Su l fate 
{Bank) Ttl:!e �H �Vol ts)  (mg[l ) {mg[l ) {mg[l ) mg/ 1 ) (mg[l CaCOJ) (mg/ 1 )  

S i t ? : F 5  ( Indi an Fork ) 

ca l e n o a r l'l O .  

n M A Y 7 7  1 n i s  � 6 ,  3 0  0 .  1 8  3 5 . 0 0 n .  1 0  '1 3 . 0 0 1 6 . 0 0  1 7 5 , C C  s q  

f. !'l A Y 7 7  1 T o t a l  H . O O  6 . R O ': .1 . 0 0 1 6 . 0 0 

2 3 J ll N 7 7 1 D i s s - - - - - 0 .  1 4  1 5 . 0 0 7 .  1 0  7 6 . 0 0 2 1 . 0 0 2 1 6 . 0 0 

2 3 .1 ! I N 7 7  1 Tot a l  1 6 . 0 0 7 , 4 0  7 7 . 0 0  2 1 . 0 0 

g s  E P 7 7  1 D i s s  5 . fi 0 0 , 4 .3  9 . 0 0 9 . 3 0  6 2 . 0 0 2 5 . 0 0  2 4 5 . C O  2 2  
g s E P 7 7  1 To .._ a l  5 <J . O C  9 . 9 0 5 7 . 0 0 2 4 . 0 0 

2 0  S F P 7 7  1 Di s s  7 .  2 0  o .  J 5  2 5 . 0 0  1 1 . 2 0 � 2 . 0 0 2 3 . 0 0 2 0 8 . 0 0 R 2  
2 0  S E P  7 7  1 Tot a l  6 f: .  0 0  9 . 3 0  ll 8 , 0 0 2 2 . 0 0 

1 1 0 C T 7 7  1 D i s s  6 . 0 0  o .  2 4  - - - - - - - - - - - - - - - - - - - - 1 ') 8 . 0 0 5 0  

2 q 0  C T 7 7  1 D i s s 6 . 1l 0  o .  2 3 1 a .  c o  6 . 3 0  ?1 . 0 0  1 7 . 0 0 1 6 2 . 0 0 5 2  
2 9 0 C T 7 7  1 To t al s o .  0 0 6 , 5 0  1 . 0 0 1 7 . 0 0  

1 3 N O V 7 7  1 D i s s 6 .  1 0 0 . 3 1  1 6 . 0 0 6 , 0 0 ll 6 . 0 0 1 4 . 0 0 1 3 0 . ( 0 5 fi  

1 3  N O V 7 7 1 To t a l 2 1 . 0 0 6 .  1 0  ll 7 . 0 C 1 4 . 0 0 

2 5  F E B7 8  1 D i s s 6 . 8 0  o .  2 n  1 C . O O 3 , R O 3 '1 . 0 0 1 1  • 0 0 8 4 . 2 0 3 S  

1 3 J !J N7 A  1 D i s s  6 . 3 0  o .  20 1 4, 0 0  3 . 2 0 3 1  • 0 0  1 3 . 0 0 9 9 , 3 0 ] (,  

1 4 J IJ L 7 9  1 D i s s  6 . 0 0  o .  2 2  1 2 . 0 0 3 .  4 0 Il l  • 0 0  1 5 . 0 0 1 3 2 . 0 0 u f3 
1 4 J [J L 7 q  1 To': a l  1 8 .  0 0 3 , 4 1') 4 2 . 0 0 1 5 . 0 0 

N 
U1 
U1 



T ab l e D - 1 . ( Cont i nued ) 

(Bank} Tt�e 
S i t: � : F f'  ( Indi an Fork ) 

cn l �" n a a r  N O .  

H 1 A  u r. 7 7  

1 6 ft.  IJ(; 7 7  
1 f. A U G 7 7  

1 6 A U G 7 7  

2 H U G 7 7  

2 3  fl U G 7 7 

1 S EP 7 7  

9 S FP 7 7 

9 S E P 7 7 

2 0 S EP 7 7  

1 1 0 C T 7 7  

2 9 0<- T 7 7  

13 N O V 1 7  

2 5 F E B 7 8  

1 3 J U N7 8  

1 Di s s  

1 D is s  

2 D i s s 

3 Oi s s 

, D i s s 

2 D i s s 

1 D i s s  

1 D is s  

2 Di s s  

1 D is s  

1 D i s s  

1 D i s s  

1 D i s s 

1 Di s s  

1 D i s s 

�H 

5 .  2 0  

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

5 .  5 0  

5 . 4 0  

5 . 4 0  

5 . 0 0  

5 . 4 0  

fi . 2 0  

5 . 9 0  

5 . 8 0  

5 .  9 0  

6 . 0 0  

5 .  4 0  

Eh I ron 
{Vo l t s) {mg[l ) 

o .  1 9 

- o .  1 0  - -- - -
- 0 .  1 0  - - - - -

- 0 .  1 0  - - - - -

o .  2 2  - - - - -
o .  2 .1 - - - - -

o .  2 8  3 0 . 0 0  

0 . 2 6  2 7 . 0 0  

0 . 2 5 2 1 . 0 0 

o .  1 6 2 9 . 0 0  

() .  1 1  - - - - -

0 .  1 1  3 2 .  0 0  

0 .  1 1 2 2 .  0 0  

0 .  1 A 2 8 . 0 0 

o .  1 1  2 3 . 0 0 

Manganese 
{mgL1 ) 

- - - - -

- - - - -

- - - - -

- - - - -

- - - - -

8 . 3 0 

1 0 . 0 () 

1 1 . 5 0  

1 o .  9 0  

- - - - -

1 0 .  1 0 

1 1 . 9 0 

1 8 . 0  0 

9 . 9 0 

Ca l c i um Ma{"es i um  
{mgLl) mg[l }  

- - - - - - - - - -

- - - - - - - - - -

- - - - - - - - - -

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

7 4 . 0 0 1 9 . 8 0 

7 1 . 0 0 2 1 . 0 0  

fi fi . 0 0  2 1 . 0 0 

6 <} . 0 0 2 2 . 0 0  

- -·- - - - - - - -

6 7 . 0 0 2 0 . 6 0  

') 7 . 0 0 1 9 . 5 0  

6 6 . 0 0 7 . 0 0 

4 2 . 0 0 1 9 . 0 0  

Al kal i n i ty Su l fate 
(mgL 1 Ca COJ} (mg/ 1 ) 

1 5 0 . 0 0 1 O S  

1 2 1  • 0 0  1 2 ') 

1 1 0 . C C 1 1 0 

1 4 9 . C O n o  

1 6 0 . 0 1) 1 1 5 

2 7 1 . 0 0 6 5  

2 8 0 . 0 0 s r, 
2 0 4 . C C 1 0  ') 

1 0 0 . C O 1 5  

3 2 1 . C O 

l O fi . C O 1 0  

1 5 9 . ( 0  3 0  

1 9 5 . C O  1 0 8  

1 5 0 . C O 8 ')  

N (...11 C"\ 



Tabl e D - 1 . ( Conti nued } 

Eh Iron Manganese Ca l c i um Ma("es i um Al kal i ni ty Su i fate 
(Bank} Tlpe 2H {Vol ts)  {mg£1 ) {mg£1 } {mg£1 } mg£1 ) (mg/ 1 Ca COJl (mgfl ) 

S i -:  e :  F 6  ( Indi an Fork ) 

ca l e n d a r N O .  

3 M  l\ P 7 9  1 Dis s 5 .  ') 0 0 . 2 0  7. 1 . 7 0 3 .  8 0  1 L O O  1 0 . 7 0 n s . c c 5 2  

1 4 J ll 1 7 9  1 D i s s  5 .  5 0  o .  04 1 6 . 0 0 s . o o 4 11 . 0 0 1 7 . 0 0 1 n .  c o  3 2  

1 4  ,J IJ L 7 9  1 T o1". a l  1 P . O O 8 . 0 0  11 5 . 0 0 1 7 . 0 0 

2 ') A  lH � 7 9  1 D i s s 5 . 8 0 0 .  O J  1 11 . 0 0 8 . 8 0  4 8 . 0 0  1 6 . 0 0 1 R O . O O 8 1  

2 5 ,\ [J G 7 9  1 To i: al 1 8 .  0 0 8 . 9 0 47 . 0 0 1 6 . 0 0 

2 2 0 C '"' 7 9  1 D i s s  6 . 0 0 o .  1 2  1 5 .  5 0  B .  7 0  4 2 . 0 0 H i .  0 0  1 5 6 . C O 1 ')  
2 2  O C T 7 9  1 T o t a l  1 e .  � o 8 . 8 0  3 8 . 0 0 1 6 . 0 0 

2 8 ,l {J N R O  1 D is s  5 . 8 5  0 . 4 6  2 f .  5 0  8 . 9 0  4 1 . 0  0 1 6 . 0 0 9 9 . 4 0 9 4  

2 R ,T U N  8 0  1 T o t  � 1  2 5 .  0 0  8 . 9 0  4 8 . 0 0 1 6 . 0 0 

S i +: e :  F 7  

1 0 A IJ G 7 7  1 Di s s  5 .  1 0  0 .  1 R - -- - - - -- - - -- - - - - - - - - 2 '3 . 0 0 5 ')  

1 6 A U G 7 7  1 D i s s  - -- -- - o . 1 0  - -- - - - -- - - -- --- - - - - - 1 A . O O 9 5  

1 6 li U G 7 7  2 D i s s - -- - - - 0 . 1 0  - -- - - - -- - - - - - - - - - - - - 1 6 .  c c  9 ')  

1 6 A U G 7 7  J D i s  s -- - -- - o .  1 0  - -- - - - -- - - -- - - - - - - - - 1 6 .  c 0 1 1 0 

2 3 ll fi G 77 1 Di s s  6 .  1 0  0 .  2 3 - -- - - - -- - - -- - -- - - - - - 6 9 . C O  9 5  

9 S !:' P77 1 Di s s  6 . 8 0  o .  5 5  - -- - - - -- - - - - - - - - - - - - 1 "i . O O 4 7  

N 
2 0 S P P 7 7  1 Di s s  6 .  2 0  () .  1 6  ( . 4 0  0 . 2 0  ; 6 . 0 0 8 . 0 0 f) 0 . 3 0 7 2  (.71 '-.I 



Tabl e D - 1 .  ( Cont i nued ) 

Eh I ron Manganese Ca l c i um Ma{nes i um Al kal i ni ty Su 1 fate 
{Bank} llpe 2H (Vol ts)  {mgll }  (mgLl l {mgll )  mgLl )  (mg/ 1 CaCOJ} (mg/ 1 ) 

Si <: F> : F 7  ( Indi an Fork ) 

c il l <: n d a r  N O . 

1 1 0 C T 7 7  1 D i s s  6 .  20 0 .  ) ')  - - - - - - - - - - - - - - - - - - - - A 1 .  0 0  3 3  

2 q 0 C T 7 7 1 D i s s 6 . 4 0 0 .  ) l  1 .  II 0 4 . 0 0 2 3 . 0 0 7 .  1 0 ') 7 . 0 0 3 7  

1 1 N O V 7 7 1 D i s s 6 . 2 0  0 . 3 2  2 . 0 0 2 .  1 0  2 4 . 0 0  9 .  5 0  2 8 . 9 0 ') 5  

2 5 F E n 7 8  , D i s  s 7 . 2 0 0 . 2 A - -- - - - - - - - - - - - - - - - - - - - - - - 2 2  

1 3 J li N 7 8  1 D is s  6 . 7 0 o .  1 6  1 .  4 0 , • 0 0  2 1 . 0 0 A . O O 6 0 .  E C 4 2  

1 4,T U L  7 9  1 D i s s  6 . 11 0  0 . 2 3 0 . 2 0  3 . ) 0 3 7 . 0 0 , ,, • 0 0 1 3 6 . ( 0 4 3 
, 4 .1 u 1 7 9 1 T o t a l  - - - - - 7 . 0 0 2 4 . 0 0 1 4 . 0 0 

Si i" P : F A  

1 S E P 7 7  1 D i s s  6 .  1 0  o .  29 C . 7 0  4 . , 0 3 1 . 0 0 1 2 . 2 0 A 2 . 1 0 5 0 

9 S  E P 7 7  1 D i s  .s 6 .  5 0  0 . 4 5  C .  II 0 o .  7 0 3 0 . 0 0 , 1 • 0 0 6 0 . 6 0 4 4  

2 0 S F P 7 7  1 D i s  s 7 . s o  0 . 2 1  0 . 6 0  o .  s o  3 0 . 0 0 1 2 . 0 0 6 1  • 7 0  8 2  

1 1 0 C T 7 7  , D i s s 6 . 5 0  0 . 2 q  - - - - - - - - - - - - - - - - - - - - 6 1 .  0 0  ) I)  

2 q O C 1' 7 7  1 D i s s 6 . 2 0  0 . 3 5  1 .  7 0 2 . 8 0 2 6 . 0 0 1 0 . 0 0 S 6 . � 0 4 A  

1 1 N O V 7 7 , D is s 6 .  1 0 0 .  1 1  0 .  ' W  0 . 1 0  : n  .. 0 0  7 . 0 0  J s . : o  11 6  N (.]1 co 
2 5 F F P 7 8  , D i s s 7 . 3 0  o .  2 7  r::; . 4 0 0 . 4 0 2 4 . 0 0 1 0 . 0 0 7. 5 . E C  5 A  



Tab l e 0 - l . ( Conti nued ) 

Eh I ron 
(Bank) T.n�e �H (Vol ts)  (mg£1 }  

s i  � e : F B  ( Indian Fork ) 

C"l l e n da r N O .  

1 3 J U N7 8  1 D i s s  fi .  1 0  o .  1 9  2 . A O  

1 4 J U L 7 9  1 D i s s 5 . n o  o .  2 9  C . 9 0  

1 4 J U L 7 9  1 T o t a l  4 .  6 0 

2 '1 ,'\ U G 7 9 1 D i s s 6 .  1 0  o .  4 4  C . 'i O  

2 5 A ll G 7 9 1 To +: al 6 . 0 0  

2 2 \l C T 7 q  1 D i s s  6 . 5 0  o . s c:; 0 . 0 4  

2 2  O C  T 7 9  1 T o � a l  '5 .  1 0  

2 H ,J l i N  fl O  1 D is s  6 . 4 0  o .  5 2  o . o o  

2 8J U  N A O  1 '!'o� a l  : n . s o  

Manganese Ca l c ium 
(mg[l} �mgLl )  

0 . 5 5  2 2 . 0 0  

1 .  A O  2 1 . 0 0 

4 .  1 0 2 4 . 0 0 

2 . 3 0  3 8 . 0 0 

2 . R O  n .  o o  

2 .  0 0  3 2 . 0 0  

2 • .4 0 2 6 . 0 0 

A . 8 0  3 7 . 0 0 

9 . 9 0 1 1 . 0 0 

Maresi um  Al kal i ni ty 
mg/ 1 ) (mg/ 1 CaCOJ} 

1 4 .  c:; o  3 8 .  E O  

1 2 . 0 0 4 0 . C O 

1 2 . 0 0 

1 4 . 0 0 7 1 .  F. O  
1 4 . 0 0 

1 4 . 0 0 5 6 . 2 0 

1 4 . 0 0 

1 5 . 0 0 9 2 . 0 0 

1 4 . 0 0 

Sul fate 
(mg/ 1 ) 

1 0  

1 1  

7 7  

6 6  

6 1  

N 
U1 
\.0 



APPEND IX  E 

TRACE METAL CONST ITU ENT QUALI TY DATA 



N 0'1 
__, 

Tab l e E- 1 . Spoi l Ban k ,  Trace Meta l  Data Base 

CD  CO  CR  PB CU  N I  ZN  AL S I  NA  K 
(B�nk)_ _ U§LL UG/L !!G/L_ U!Jjl_ !!Gil . _ UG/L MG/L MG/L MG/L _ MG/L MG/L 

S I T E :  

C.. A L E N D A R  

A M TI P 7 6  

') ,T U L  7 6  

1 2 S EP 7 6  

5 0 C T 7 6  

3 D  EC 7 7  

7 1'1 A R 7 8  

1 A P R 7 8  

2 5 A PR 7 8  

1 J J U N 7 8  

1 1'1 1\ !1 7 6  

A M  A ll  7 11  

2 1  A PP 7 6  

9.1 Il L  7 6  

1 2 S E P 7 6  

50 CT 7 fi  

B 1  (Bi l l s  Branch) 

T Y P E  

'1' 0 T A L  

D I S S .  

D I S S .  

D I S S .  

D I S S .  

D I S S .  

D I S S . 

D I S S . 

D I S S . 

T O T A L  

T O T A L  

T OT A L  

n r s s .  

D I S S .  

D I S S .  

- - -

- - -

- - -

- - -

- - -

o . o o 

1 .  8 0  

0 . 0 0 

0 . ') 0 

- - -

- - -

- - -

- - -

- - -

- - -

1 1 . 4  

, 4 .  0 

2 0 . 0 

1 6. 0 

s o o . o 

2 5 . 5 4 . 6  1 . 6 'l . 4  o .  1 0 0 0  1 . 0 0 0  4 . 9 0 

1 8 . 5 0 . 2  o . o 5 . 4 0 . 4 1 5 0 0 . 0 3 0  2 . '> 0 

4 2 . 0 0 . 8 o . o 'l . 2 o . o o o o  o .  1 20 2 . 2 C  

3 4 . 0 ] . I� o . o 2 .  1 0 . 0 2 2 5 3 . 4 5 0  4 . 2 0 

3 , . 0 0 . 0 2 5 0 

1 7 . 2  

1 5 8 .  0 o . o 

s . o 

1 6 . 8 

1 4 . H  



Tab l e E - 1 . ( Conti nued ) 

CD CO CR PB CU N I ZN AL S I NA K 
(Bank) UG/L UG/L UG/L  UG/L UG/L UG/L MG/L MG/L MG/L MG/L MG/L 

S I T E :  E 1  (Bi l l s  Branch) 

C A L EN D A H  T Y P E  

"l ! HC 7 7  I H S S .  - - - 3 4 .  ') 

1M AR 7 8  D I S S . 0 . 8 0 2 . 'i  0 . 0  1 . 6  5 . 0  - - - o . o o o o o .  1 0 0  o . o o 

1 A  P R 7 8  D I S S . 0 . 4 0  1 3 . 'i 0 . 4 o . o 5 . 5  - - - 0 . 0 0 0 0  0 . 0 5 0  2 . 2 0 

1 1 J II N 7 8  D I S S . 0 . 6 0 H . S 1 .  0 0 . 0 1 .  8 - - - 0 . 0 0 0 0  0 . 0 9 0  o . o o  

3 M  AR 7 9  D I S S . 0 . 4 0  U . 4 o . o o . o 1 .  3 - - - 0 . 0 4 0 0 0 .  1 2 5 1 .  3 A  

5 M A Y 7 9  D I S S . 4 1 . J 0 o . o O . H o . o 3 . 0  - - - 0 . 0 5 0 0 o .  0 J !j 1 .  3 8 

N (J) N 



Tabl e E - 1 . ( Cont ·i n ued ) 

CD co CR 
(Bank )  UGtL UGtL UG/L  

S T T  S :  !:' 2  (Bi l l s  Branch} 

r AL EN D A R  '!' Y P E  

1 M A P 7 6  T OT A L  - - - 'i 'i . O - - -

B M  AR 7 6  T O T A L  - - - 5 0 . ') 

'U IJL 7 h  r n s s .  - - - 1 '1 ,  A 

1 2 5 E P 7 6 r n s s .  - - - 4 0 . 2 

so c� 7 F. D I S S . - - - 'i S . 5 

3 D EC 7 7  D I S S .  - - - 2 6 . 0 

7 M .� P 7 R  D I S S . o . o o 1 .  4 l . C  

H P R 7 8  D I S S . o . o o 7 .  0 0 . 2 

2 5 A H 7 8 ll i S S . 0 . 0 0 9 .  0 1 
• A 

1 3 .J fl N 7 B  D T S S .  0 .  l O  7 . 0 l . fl 

7 S EP 7 B  o r s s . - - - 1 4 .  R 1 . 2 

3 M A P 7 9  ll i S S .  0 . () () H . 4 1 • 4 

5 M A Y 7 9  r n s s .  1 1 .  1 0  7 . 7  1 
• 

I) 

? RJ U N  8 0  [) T S S .  0 . 4 2 4 . h  1 • l 

;> H ,J ll N fl O  T OT A L  0 . 7 0 7 . 4 'J . 0 

PB cu N I  
UGtL UG/L  UGtL 

- - - - - - - - -

o . o 2 . 5  - - -

o . o 6 . 4  - - -

o . o 4 . 7  - - -

o . o 1 .  7 - - -

o . o 3 . 2  - - -

3 . 4 L 9  - - -

9 . 6 S . 7  - - -

1 • 8 2 .  'J - - -

- - - 2 .  q - - -

ZN AL 
�LL r-IlL L 

0 . 0 2 0 0 2 . 5 0 0  

0 . 0 0 0 0  0 . 0 3 0  

0 . 0 0 0 0 0 . 0 3 0  

0 . 0 0 0 0 o .  4 2 0  

0 . 0 0 0 0  0 . 2 4 0  

0 . 0 1 0 0  0 .  0 '1i� 

0 . 0 5 0 0 0 . 1 7 5  

0 . 0 4 0 0 0 .  3 06 

- -- 0 . 0 0 0 

- - - 0 .  0 0 0  

S I  
r-llLL 

4 . 2 0 

4 . 6 0 

4 . 2 0 

2 . 5 0 

2 . 7 7  

1 .  0 7  

NA 
MG/L 

K 
MGtL 

N 0"> w 



Tabl e E - 1 . ( Cont i nued } 

CD CO CR PB CU N I  ZN AL S I  NA K 
(Bank) UG/L UG/L UG/L UG/L UG/L UG/L  MG/L MG/L MG/L MG/L MG/L 

S I T E : E1  (Bi l l s  Branch) 

C Al. EN D A R  :' Y P E  

2 1 A P P 7 6  T OT A L  

9.1 I l L  7 6  D J S S ,  

1 2 S EP 7 6 O J S S .  

5 0 C T 7 6  D I S S ,  

il M  A ll ?f. T O T A L  

2 A  p p  7 6  T OT A L  

2 1 A P P 7 6  T OT A L  

2 8 A P R 7 6  T O T A L 

'J J I J L 7 h  n r s s .  

3 M A P 7 9  n r s s . 

3 [)  El 7 7  n r s s .  

7 M A F'7 8  D T S S .  

1 A  P ll 7 8 o r s s . 

7 5 A P P 7 8  o r s s .  

1 1 .J I I N 7 H  n r s s . 

'i 3 ,  0 

4 4 . 0 

1 0 . 0  

1 2 . 5 

1 .  ') 

2 .  l 

5. 'i 

1 .  4 C  2 0 . '1 

? 4 . 0 

1 , 6 0 4 6 , ') 

o . o o  1 4 . 0 

o . o o 4 1 . ')  

2 . 1 0  1 7 . 0 

- - -

1 . 4  

l . fi 

1 . 4  

1 • 0 

O , 'l 

7 2 . 0  - - -

0 . 9 

0 . 0 1 4 . 9  

o . o 2 . 3  

o . o 2 .  8 

o . o 4 . 7  

o . o  1 . f  

- - -

- - -

- - -

- - -

- - -

- - - 2 3 . 7 0 0  

1 . 7 0 0  

0 . 0 0 0  

0 . 1 7 0 0 - 0 , 9 4 0  

0 . 0 0 0 0  1 • 1 0 0  

o . o o o o 0 . 0 3 0  

o . o o o o  O . fi 2 0 

0 . 0 0 0 0 0 . 1 3 0 

3 . 3 9 

2 . 5 0  

o . o o 

1 .  2 0  

O . fl O 

N 0"1 +::> 



Tab l e E - 1 . ( Cont i nued ) 

CD co CR PB 
( Bank)  UGLL UG/L UG/L  UG/L 

S I T  F :  � �  (Bf l l s  Branch} 

C A T E N D A P  T Y P E  

2 1 M A fl 7 5  T O T  A I. 0 .  1 0 o .  0 o . o  0 . 2 

2 2 M A P 7 5 T OT A L  0 . 0 5 o .  0 2 . A 1 • 0 

2 6 A  P P 7 5  T OT A L  O , O H - - - 2 . 0  0 , 9 

7 M A Y 7 5  T tJ TA L 0 . 1 1  o . o 0 . 0  - - -

2 1 M A Y 7 'i  T OT A L  0 . 0 5  - - - 4 • 1 0 . 2 

1 0J ll L 7 �  T O T A L  0 .  1 0  2 .  'i 7 . 0  8 , 5 

1 S A UG 7 5  T OT A L 0 . 2 0 2 .  0 ] , 0 - - -

2 2 A lJ G 7 5  P O TA L O . tl C  5 . 0 - - - 3 . 0 

2 O r' E fl 7 fi  r oT A L  - - - 1 .  0 - - - - - -

cu N I  ZN 
UGLL UG/L  Nl/L 

0 . 0  - - - o .  0 5 50 

4 . 7  - - - 0 . 0 6 1 0 

0 . 9  - - - 0 . 0 1 0 0 

2 , q  9 , 5 0 . 0 2 0 0 

- - - J .  5 0 . 0 1 0 0 

8 , 5 6 .  0 0 . 0 4 5 0 

7 . 8  6 . 0  0 . 0 1 0 0 

1 1  • 0 1 0 . 0 0 . 0 2 5 0 

- - - 6 . 0 o . o 1 q o 

AL S I  
KlLL KlLL 

- - - - - -

- - - - - -

- - - - - -

- - - - - -

- - - - - -

- - - - - -

- - - - - -

NA 
MG/L 

0 . 9  

1 .  0 

C . 9  

0 . 9  

0 . 8  

1 • 1 

- - -

K 
MG/L 

2 . 4  

2 .  2 

1 . 8  

4 . 8 

4 . 6  

6 , 6 

] , 6  

N m (.}1 



Tao l e E - 1 . ( Cont i nued ) 

CD co CR PB cu NI ZN Al S I  NA K 
�Bank)  UG/l UG/l UG/l UG/l UG/ l UG/ l MG/ l MG/l MG/l MG/l MG/ l 

SI '; E :  f' 1 ( I ndian Fork )  

C AL E N  D A R  '"�' Y P E  

1 M A R 7 6  T OT A L  - - - 1 .  () - - - - - - - - - - - - 0 . 0 0 4 0  - - - - - - - - - 2 . 4  

1 7 M A R 7 6  T O T A L - - - 1 .  () - -- - - - - - - - - - - - - - - - - - - - - - 2 .  4 

2 6 M A R 7 6  T O T A L - - - 2 . 0 - - - - - - - - - - - - - - - - - - - - - - - - ] • 1 

2 A  P P 7 6  T O'l' A L  - - - 4 . 0 - - - - - - - - - - - - - - - - - - - - - - - - 2 .  1 

2 1 A P R 7 6  T O T A L - - - 1 .  (, - - - - - - - - - 5 .  2 - - - - - - - - - - - - 3 . 0  

2 8 A P R 7 6  T O TA L - - - - - - - - - 0 . 8 - - - 8 .  1 - - - - - - - - - - - - 1 .  1 

1 9 M A Y 7 6  T OT A L  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 .  5 
2 6 M AY 7 6  T O TA L  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 .  5 

]J I J N 7 6  T' O T A  L - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - 3 . 1 

'l .J IJ L 7 6  !J I S S .  - - - 0 . () 

2 6J U L 7 6  !l I S S .  - - - o . n 

2 6 1\  ()(� 7 f>  o r s s .  - - - 0 . () 

4 0 C T 7 6  D I S :J .  - - - 0 . () 

6M A Y  7 7  D I S S .  - - - o . o  

2. l .J I I N 7 7  [) ! s s .  - - - 0 . 0 

N 

m 

m 



Tab 1 e E - 1 • ( Cant i nued ) 

CD 
( Bank ) UG/L 

S IT E : f 1 ( Ind ian Fork) 

l A I E N D A P  T Y P E  

4 A  I J < ;  7 7  n r s s .  - - -

1 O A  UG 7 7  D I S S .  - - -

2 H il G 7 7  [) J s s .  - - -

1 S E P 7 7  n r s s .  - - -

4 5  EP 7 7 D I S S .  - - -

? O S E P 7 7  D I S S .  - - -

2 'lO C':' 7 7  D T S S . - - -

1 3 N O V 7 7  D I S S .  - - -

tlJ A N  7 B r n s s .  - - -

2 5 F' E B 7 8  D I S S .  0 .  2 0  

1 l .J TJ N 7 tl  D I S S . u . o o 

2 t:l,J U N  tl 0 D T S S .  o . o o 

2 H.J I J N  fl O  T O T A L  o . o c  

co 
UG/L 

0 . 0 

o . o 

o . o  

o . o 

1 . 0  

s . o 

o . o 

o . o  

o . o 

2 .  ') 

o .  0 

o . o 

o .  2 

CR PB cu N I  
UG/L  UG/L UG/L UG/L 

0 . 4  o . o 2 . 9  - - -

l . fl o . o 4 . 8  - - -

1 • 1 o . o 0 . 6  - - -

1 . 4  0 . 0 1 . 1  2 .  0 

ZN AL 
t-Y.l/L MG/ L  

o . o o c o 0 .  1 3 0 

o . o o o o  0 . 0 9 0  

- - - 0 . 0 0 0 

- - - 0 . 0 0 1)  

S I  
f.Xl/  L 

2 .  2 c 

1 .  2 0  

NA 
MG/L 

K 
MG/L 

N (j) ..._J 



Tab l e E - 1 . ( Conti nued ) 

CD co CR PB cu NI ZN AL S I  NA K 
(Bank ) UG/L UG/L UG/ L UG/L UG/L UG/ L  MG/L MG/L MG/ L MG/L MG/L 

S I T E :  F 2  ( Indian Fork)  

C AL EN D A R  T Y P E  

2 1 1'1 A P 7 5  T OT A L 0 . 5 8 - - - 2 . 0  1 . 2 5 . 0  1 .  2 0 . 6 8 6 2  - - - - - - 1 .  2 4 . 4  

2 6 TI P R 7 S  T O T A L 0 . 5 2  -- - 1 • 1 o . s 0 . 6  1 . 5  0 . 7 7 0 0  - - - - - - 1 . 2 4 . 4  

7 M  1\Y 7 S  T O T A L  0 . 8 2  4 . 8  o . o 1 . 8 2 . 9  9 .  2 3 . 5 4 9 0  - - - - - - 1 .  2 4 .  8 

2 1 M A Y 7 5  T OT A I. 0 . 7 0  --- 0 . 6  2 . 0  4 . 0  1 . 0 1 . 4 9 2 5 - - - - - - 1 .  1 4 . 6  

1 0J U L 7 S  T O T A L 0 . <:1 0  1 8 . 0 6 . 7  - -- 1 2 .  0 1 J .  0 0 . 9 7 5 0  - - - - - - 1 .  6 6 . 6  

1 S A  ! IG 7 5  T O T A L 0 . 4 0  8 . 0 2 . 8  - -- 7 . 8  7 . 0  0 . 5 0 0 0  - - - - - - 1 • 4 6 .  1 

2 2 11 UG 7 '>  T OT A L  0 .  J 0 9 .  0 - - - - -- 5 . 1  1 3 .  0 0 . 1 3 0 0 - - - - - - 1 .  5 6 .  1 

1 M A P 7 6  ';' O T A L - - - 1 .  0 - - - - -- - - - -- - 0 . 2 6 0 0  - - - - - - - - - 7 . 5  

1 7 M A R 7 6  T O T A L - - - 1 .  0 - - - - -- - - - - - - - - - - - - - - - - - - 4 .  9 

2 6 M A P 7 6  ';' OT A L  - - - 1 .  0 - - - - -- - - - -- - - - - - - - - - - - - - 4 . "i  

2 A P R 7 6  T O TT\ l  - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - ] • 9 

2 1 A P R 7 b  " 0 '! 1\ L  - - - H . 4 - - - 1 4  . 8  - - - 9 .  4 - - - - - - - - - - - - ] • q 

2 R A P R 7 6  T OT A L  - - - u .  fl - - - 1 5 . 2  - - - - - - - - - - - - - - - - - - 1 . 8  

1 9 M A Y 7 6  T OT AL - - - -- - - - - - -- - - - - - - - - - - - - - - - - - - 5 . 4  

2 2M A Y 7 6  T IJ T A L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 5 . fi 

N 0'\ co 



Tab l e E - 1 . ( Cont i nued } 

CD CO 
(Bank)  UG/L UG/l 

s I T  F :  F 2 ( I ndian Fork )  

C AL E N  D 7IR T Y P E  

1 J U N 7 6  '!' OT A L  

Y,J ! JL  7 6  D I S S . 

2 6.1 U L  7 6  D I S S .  

2 6 A  IJG 7 6  D I S S .  

40 CT 7 fi  D I S S . 

- - -

- - -

- - -

- - -

-- -

3 .  0 

9 .  0 

'i .  8 

1 2 . "> 

CR PB CU 
UG/L UG/L  UG/L 

- - - - - - - - -

N I  
UG/L 

- - -

ZN 
M3/l 

- - -

Al S I  NA K 
M3/ L MG/ l M3/ L MG/ L 

- - - - - - - - - 5 .  1 

N 
(j) "" 



Tabl e E - 1 . ( Cont i nued ) 

CD CO CR PB CU N I  ZN AL S I  (Bank )  UG/L UG/L UG/L UG/L UG/L UG/L MG/L MG/L MG/L 
S IT E : F 1 ( Indian Fork)  

C !I L E N D A P 

2 1 M AR 7 5 

2 h A P R 7 5  

7 M A Y 7 5  

2 1 M AY 7 5  

l OJ il L  7 5  

2 2 A UG 7 5 

2 0 t' E R 7 6  

1 M A R 7 6  

1 7 M A P 7 6  

2 1 M II R 7 6  

2 h M A R 7 6  

2 H A  P R 7 6  

1 'l M AY 7 6  

� 1 M A Y 7 6 

2 6 M A Y 7 6  

T Y P E  

T O T A L  

"' O'l A I. 

T OT A L  

T O T A L 

'T' O 'T' A L 

T OT A L  

T O T A L 

T O T A L 

T OT A L  

T O T A L 

T O T A L  

1' O 'J'  A L 

T O T A L  

T 0 1'  A I. 

T OT A L  

0 . 1 (1 1 1 5 . A 

0 , 2 6 6 7 , 0 

0 . 2 ij 6 ij , ') 

0 . 2 6 6 'l , f) 

0 .  1 0  5 0 . ') 

ij 7 , 0 

3 4 . 0 

3 4 , 0 

2 7 . 0 

1 2 2 . 0 

0 . 6 5 . 7 

l . A 2 . 4 

2 . 9  8 . 2  

f, . 6  1 1 . 5 

7 . 0 

q , o  

1 • 2 

3 .  1 

1 2 .  2 

2 'i . O  

1 1 .  4 

2 9 . 2 

2 1 . 2 

3 6 . 5 

ij 2 . 5 

9 0 , 0 

1 2 0 . 0 

2 8 . 0 

0 . 0 4 5 1  - - - - - -

0 . 0 2 5 2  - - - - - -

0 . 2 2 7 5 - - - - - -

O . O ij 6 7 - - - - - -

0 . 3 A O O  - - - - - -

0 .  0 2  5 0  - - - - - -

0 . 0 0 8 5 - - - - - -

0 . 0 1 8 0 - - - - - -

NA 
MG/L 

2 . 0  

1 . 6  

1 .  6 

1 .  7 

- - -

0 .  3 

- - -

- - -

K 
MG/L 

2 4 . 0 

2 7 . 2  

1 0 4 . 0 

1 1 .  2 

1 5 .  5 

1 2 . 9 

1 1  • 5 

2 1 . 6 

fl • 'i 

1 2 .  2 

1 7 . 2 

1 1 . 7  

N 
'-1 
o 



Tab l e E - 1 . ( Conti nued ) 

CD 
(Bank)  UG/L 

S I T E :  F 1  ( Indian  Fork) 

C A L E N D A R  

J,J l i N  7 6  

'U U L 7 6  

2 6 J IJ L 7 t>  

2 6 A U G 7 6  

4 0 C T 7 6  

6 M h Y 7 7  

2 3,J U N 7 7  

4 A ill. 7 7  

1 0 r. u c; 7 7  

1 b A Ul. 7 7 

1 S EP 7 7  

<J s  ·� r 7 7  

7 0 S EP 7 7  

2. 9 lK T 7 7  

1 1 N  O V  7 7 

T Y P E  

T O T A L - - -

r n s s .  - - -

D I S S .  - - -

D I S S .  - - -

[) J s s .  - - -

fl I S S .  - - -

o r  s s .  - - -

D I S S .  - - -

D T S S .  - - -

D I S S .  - - -

D I S S .  - - -

D J S S .  - - -

D J S S .  - - -

[) J s s .  - - -

D T S S .  - - -

co CR  PB cu 
UG/L UG/L  UG/L UG/L  

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

4 7 . ') 

3 9 .  ') 

l 2 .  3 

] 4 .  ') 

3 .  6 

o . o  

1 4 . 3 

) (, .  5 

5 5 . 0 

2 5 . () 

7 . ') 

1 . ') 

'i . O 

4 . 0  

N I  ZN AL 
UG/L fwll/L  MG/L 

- - - - - - - - -

S l  NA 
fwll/L  MG/L 

- - - - - -

K 
MG/L 

1 3 .  9 

N -.....j 
__. 



Tab 1 e E - 1 . ( Cont ·j nued ) 

CD 
( Bank ) UG/L 

::l i T E :  n ( Indian Fork) 

C AI. E N  D A R  

H J  A N 7  8 

2 5 F E I3 7 8  

1 1 J !J N 7 A  

7 S E P 7 8  

1 M A R 7 9  

5 M  A Y  7 9  

T Y P E  

n r s s .  

D I S S . 

D I S S .  

n r s s .  

o r s s .  

D I S S .  

- - -

0 . 2 0 

0 . 6 f 

0 .  1 0  

0 . 9 0  

, • 0 0 

co CR 
UG[L UG/L 

o . o 

:.> .  0 0 . 6 

1 . 0  1 • 0 

6 . 0 o . q 

1 .  4 o . o 

2 . 0 0 . 7 

PB cu N I  
UG/L UG/L UG/L 

0 . o  ') . 1  - - -

1 • 3 3 . 2  - - -

o . o 2 . 5 - - -

1 . 8 1 . 3  - - -

1 • 9 1 . 4  - - -

ZN AL 
MG/L MG/L 

0 . 0 0 0 0 0 . 0 7 0  

0 . 0 5 0 0 o .  1 0 0 

o . o o o o 0 . 1 2 1  

o . o o o o 0 . 0 4 8  

0 . 0 0 0 0  0 . 0 4 2  

S I  
MG/ L 

2 . 9 5 

1 .  2 0  

2 . 4 8  

1 .  9 1  

1 .  9 1 

NA 
MG/L 

K 
MG/L 

!"'.) 
-.....J 
N 



Tab l e E - l . ( Cont i nued ) 

CD co CR PB cu N I  ZN AL S I  NA K 
(Bank} UG/L UG/L UGtL UG/L  UG/L UG/L 1-ll/ L  MG/L MG/L t1l/L 1-ll/L 

S I T E :  �· 4 ( Ind ian Fori< ) 

C A L E N D A F  "' V P E  

2 1 M A R 7 5 T O T A L  0 . 2 0 o. 0 3 . 4 7 . 0 A . 6 3 . 0 0 . 0 3 0 0  - - - - - - 1 .  4 4 . 8  

2 6 A P r 7 S  T OT A L  0 . ? 8 - - - 1 • 0 0 . 4 0 . 5  - - - 0 . 0 0 7 6 - - - - - - 1 .  2 5 .  9 

7 M A V 7 S  T OT A L  0 .  1 6  3 .  4 1 .  2 0 . 4 2 . 6  8 . 8  0 . 0 7 5 2  - - - - - - 1 .  3 6 .  5 

2 1 M AY 7 5 T O T A L 1 . 9 0 2 . 6 2 . 4  1 0 . 0 9 . 0  4 .  2 0 . 0 2 0 2  - - - - - - 1 .  2 6 .  8 

1 0J U I. 7 S  T OT A L  0 .  1 0  3 4 , C, 6 2 . 0  7 1  • 0 3 0 . 0  3 5 . 0 0 .  1 4  '5 0  - - - - - - 2 . 4  1 6 .  8 

2 O F  E 13 7 6  T OT A L  - - - 3.  c, - - - - - - - - - 5 .  0 0 . 0 0 9 0  - - - - - - - - - 5 .  1 

1 M  1\ R  7 6  T O T A L - - - 2 . 0  - - - - - - - - - - - - 0 . 0 0 4 0 - - - - - - - - - 4 .  6 

1 7 M .\ ll 7 6  T O T A L  - - - l .  I) - - - - - - - - - - - - - - - - - - - - - - - - 4 . 0  

2 6 M A R 7 6  T OT A L  - - - 2 .  0 - - - - - - - - - - - - - - - - - - - - - - - - 4 . 4  

2 A P R 7 6  T O T A L  - - - 2 . 0 - - - - - - - - - - - - - - - - - - - - - - - - 4 .  ] 

2 1ri P P 7 h  ':' OT A L  - - - 1 1 .  2 - - - 2 . h - - - 1 0 .  0 - - - - - - - - - - - - 6 . 6  

2 8 A P P 7 6  T OT A L  - - - 6 . 0 - - - 1 • 3 - - - - - - - - - - - - - - - - - - 1 3 .  3 

1 4 M AY 7 6 T O T A L - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - '5 . 8  

2 6 M .\ Y 7 6  T O T A L  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 7 . 4  

3 J  U N 7 6  T OT A L  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 6 .  1 

N ......., w 



Tab l e E - 1 . ( Cont i nued ) 

CD co CR PB cu N I  ZN AL S I  NA K 
�Bank� UG/L UG/L UG/L UG/L UG/L UG/L MG/L MG/ L MG/L MG/ L MG/L 

S IT F :  F 4  { Indian Fork) 

C.. A L E N D A P  T Y P E  

9,J U L 7 6 D I S S ,  - - - 2 9 , 5 

2 H  !!G 7 6  n r s s .  - - - 7 9 , ') 

40 CT 7 6  D T S S ,  - - - 1 B .  5 

6 M  A Y 7 7  n r s s .  - - - 2 .  ') 

2 3J U N  7 7  D I S S .  - - - o . o 

1 0 1\  UG 7 7  n r s s . - - - 2 7 . 0 

1 6 A [) f; 7 7  D I S S .  - - - 2 0 . 0 

1 S E P 7 7  D T S S .  - - - 4 2 .  5 

9:.> EP 7 7 D I S S .  - - - 3 .  f) 

2 0 S E P 7 7  n r s s .  - - - o . o 

2 <lO CT 7 7  n r s s .  - - - 4 , 0  

1 3 N OV 7 7  D I S S ,  - - - 1 4 . 0  

8,1 1\ N  7 8  o r s s .  - - - 1 .  0 

2 '> F F B 7 8  D I S S ,  0 .  2 0  9 , 0 0 , 6  0 . o  4 . 7  - - - o . o o o o  0 . 0 9 0 ? . 0 0 

1 i J !l N 7 A  D T S S .  7 .  2 0  1 .  0 0 , 8  o . o ) , 4  - - - 0 . 0 0 0 0  0 . 2 0 0 1 .  6 0  

N 
'-.! 
+::> 



Tab l e  E - 1 . ( Cont i nued ) 

CD CO CR PB CU N I  ZN AL 
(Bank) UG/L UG/L U§/L U(l/l._ _ UG[L. UG/L til/[_ _ __  MG/L 

S IT E : F 4  ( Indian Fork ) 

C. A L E N D A P  T Y P E  

JM AH 7 9  D I S S .  1 .  4 0  0 . 0  o . o  o . o 1 . 3  - - - 0 . 0 2 0 0 0 . 0 4 0  

'i M A Y 7 9  n r s s .  0 . 1 0 o . o o . o  o . o 1 . 2  - - - o . o o o o 0 . 0 4 0  

2 ll .l lJ N fl O  O I S S .  0 . 8 8 l .  7 1 . 0 0 . 5 1 .  6 - - - - - - 0 . 5 0 0 

2 fl.l !J N  fl O  T O TA L  0 . 6 7 9 . 5  - - - 2 . 5 6 . 6  1 . q - - - 4 . 0 0 0  

S I  NA K 
MG/L MG/L _ M(i/L 

0 . 0 0 

0 . 0 0 

f'J 
"'-J 
U1 



Tab l e  E - 1 . ( Cont i nued ) 

CD co CR PB cu N I  ZN AL S I  NA K 
(Bank )  UG/L UG/L UG/L UG/L UG/L UG/L MG/L MG/L MG/L MG/L MG/ L 

S TT E :  F 'i  ( Indian Fork ) 

C AL E N D A P  T Y P E 

2 1 M A £l 7 5 T O T A L 0 . 0 4 o. 0 2 .  1 0 . 6 3 . 7  - - - 0 . 0 0 8 0 

2 2 M A P 7 'l  T OT A L  0 . 0 4 o . o o . o  0 .  J 4 . ')  - - - 0 . 0 0 3 5  

2 6 H' P 7 5  T O T A L  1 2 . 6  0 - - - 1 . 4  0 . o  o . o  - - - 0 . 0 0 2 3 

2 H  P P 7 ')  T O'f A L  o . o s 2 2 . 0 

7 M A Y 7 'l  T OT A L  0 . 0 4  3 8 . 0 1 • 4 - -- 1 .  0 1 4 .  0 0 . 0 4 1 5 - - - - - - , • 9 'i . 8  

2 1 M AY 7 5  ':' O T A L  0 . 0 2 - - - - - - o . o 3 . 4 4 .  fl - - - - - - - - - 1 . 8  ') .  9 

2 7.M A Y 7 5  T O T A L - - - -- - 'i . B 0 . 5 

1 0 J l i L 7 S  T OT A L  0 .  2 0  3 3 .  0 6 . 8  - - - 7 . fl 4 . 0 0 . 0 2 6 5  - - - - - - 2 .  2 7 . 9  

1 'i A ll G 7 5  T O T A L o . o s  'l 4 . 0 o . o  - - - 1 . 0  1 , • 0 0 . 0 0 5 0 - - - - - - 1 • 1 1 .  8 

2 0 r' E R 7 6  T O T A L - - - J H . O  - - - - - - - - - 4 . 0 0 . 0 0 1 0 - - - - - - - - - 5 . 4  

1 M A P 7 6 "' OT A L  - - - � 0 .  0 - - - - -- - - - - - - 0 . 0 0 2 0 - - - - - - - - - 5 . 4  

1 7 M A 1i 7 6  T O T A L  - - - 2 q . o - - - - - - - - - - - - - - - - - - - - - - - - 4 .  8 

2 6 M A<< 7 6 T O T A L - - - ) l .  0 - - - - - - - - - - - - - - - - - - - - - - - - 4 .  8 

2 A  P P. 7 fi T OT A L  - - - 3 7 . 0 - - - - - - - - - -- - - - - - - - - - - - - - 5 .  1 
2 1 A P P 7 6 T IJ T A L - - - 1 h . O  - - - 7 1 . 0  - - - - - - - - - - - - - - - - - - 6 • , 

N 
'-I 
0"1 



Tabl e E - 1 . ( Conti nued ) 

CD co CR 
(Bank) UGLL UGLL UGLL 

S IT E : F 5  ( Indi an Fork} 

C A I. E N D A P  T Y P E 

2 tl A P R 7 f> r n T A L - - - - - - - - -

1 9 1'1 A Y 7 6  T OT A L  - - - - - - - - -

3 J U N 7 n  T OT A L  - - - - - - - - -

<JJ llL 7 n  D 1 S S .  - - - 2 4 . 6  

2 b J U 1. 7 6  o r s s .  - - - 1 7 .  2 

6 M A. Y 7 7  D l S S .  - - - 2 1 . '1  

'J S EP 7 7  ll I S S .  - - - 2 h . O 

2 0 :> E P 7 7  o r s s .  - - - J 2 .  () 

7 'l0 CT 7 7  O T S S .  - - - 1 >l . 0 

1 1 N OV 7 7  o r s s .  - - - 1 8 .  0 

tl.1 A N 7 A  D J S S .  - - - 4 0 . 0 

2 S F E R 7 A o r s s .  0 .  2 0 2 0 . 0 o . o  

l l ,J I J N 7 A  D I S S .  o . o o 1 c, . c; O . A  

PB cu N I  ZN 
UGLL IJGLL UG/L l>li/L 

o . o - - - - - - - - -

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

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

0 . 2 1 . 7  - - - 0 . 0 0 0 0  

0 . 0 1 . 8  - - - 0 . 0 0 0 0  

AL S I  
MGLL MG/L 

1 .  0 0 0  - - -

- - - - - -

- - - - - -

o . o s o  2 . 2 C  

o . o s o  2 . 0 0 

NA 
MG/L 

- - -

- - -

- - -

K 
MG/L 

') .  8 

5 . 4  

4 • 1 

N ........ ........ 



Tab l e E - 1 . ( Cont i nued ) 

CD co CR PB cu N I  ZN Al S I  NA K 
( Bank ) UG/l UG[l UG/L UG/L UG/L UG/L MG/L MG/L MG/L MG/L MG/L 

:; TT E :  F 6  ( Indian Fork) 

l A L E N D A P  '!' Y PE 

1 h A rT <. 7 7  o r s s .  - - - 7 0 . 1 

2 i A ur. 7 7 D I S S .  - - - 1 0 0 . 0 

1 S EP 7 7  o r s s .  - - - 7 7 . 0 

G S F P 7 7  n r s s .  - - - 1 1 7 .  c; 

2 0:> F P 7 7  fl I S S . - - - 6 6 . 0 

1 1 N O V 7 7 o r s s .  - - - f, , O  

flJ A N  7 8 o r s s . - - - 3 2 . 0 

2 5 F E R 7 8  D I S S .  0 .  � 0 7 6 .  (\ 0 . 4 1 . 0 2 .  3 - - - 0 . 0 0 0 0 0 .  1 9 0 2 . 2 0  

1 J .J ll N 7 8  D I S S .  o . o o H. c; 1 . 2 0 . o  2 . 9  - - - o . o o o o  0 . 1 3 0 4 . 4 0 

]M A I 17 9 fl i S S . 0 .  1 (] 4 7 . fl 0 . 5 o . o 0 . 4  - - - 0 , 0 0 0 0 0 .  1 1 4 1 .  3 8  

2 U J TJ N 8 0  D I S S .  0 . 4 6 5 0 . 0 0 . 5 0 , 5 O . A  - - - - - - o . o o o  

2 3 A UG 7 7  D I S S .  - - - 3 7 . 0 

'lS EP 7 7  [) I S S .  - - - o . n 

2 0 S E P 7 7  fJ I S S ,  - - - o . o 

2 90 CT 7 7  l l  I S S , - - - s . o 

N 
--.,J 

co 



Tabl e E - 1 . ( Cont i nued ) 

CD co CR 
(Bank )  UG/L UG/L UG/L 

S I T E :  f f, ( Indian Fork ) 

C A L F N D A P  T Y P E  

1 1N OV 7 7 D I S S .  - - - 1 5 . 0  

U J  A N 7  8 D I S S .  - - - 5 3 . 0  

2 5 F F I3 7 8  D I S S . o . o o  o . o O . R 

l "lJ U N 7 8  n r s s .  0 . 7 0 4 . 0  2 .  2 

PB cu N I  ZN 
UG/L UG/L UG/L f.Kl/L 

1 • 6 9 . 7  - - - 0 . 0 0 0 0 

1 • 2 4 . 8  - - - 0 . 0 0 0 0  

AL S I  
MG/L MG/L 

4 .  5 00 4 . 2 0 

1 . 7 0 0  9 . 2 0 

NA 
MG/L 

K 
t-Kl/L 

N "-J � 



Tab l e E - 1 . ( Cont i nued ) 

CD co 
(Bank} UG/ L UG/L 

S I T E :  F H  ( Indian Fork)  

C A L E N D A R  T Y P E  

l S F: P 7 7  D I S S .  - - - 1 f, . f) 

9S EP 7 7 D I S S .  - - - e . o 

2 0 S E P 7 7 D I S S .  - - - 3 .  0 

2 90 ('l' 7 7  D I S S .  - - - l 0 .  0 

1 l N OV 7 7  f'\ I S S .  - - - b . O 

H.J A N 7 8  O T S S .  - - - o . o 

?. 'J f E R 7 fl  D I S S . o .  2 0  2 .  0 

1 J .J I I N 7 8  D I S S . () . 11 0 2. ') 

2 8.J U N tl 0  D I S S .  0 . 4 0 1 ] . 0 

2 O S  E P 7 7  n r s s .  - - - 3 .  () 

1 3N O V 7 7 D I S S .  - - - o .  () 

A .T A N 7 fl  1H S S .  - - - 1 0 .  0 

2 5 f'E R 7 8  D I S S .  0 .  2(' l . O  

CR PB cu N I  
UG/L UG[L __ UGjL _UG/� 

0 .  (, l • 0 5 . 6  - - -

0 . 4  o . o 8 . 4  - - -

1 . 2 0 . 6  0 . 8  - - -

0 . 8 o . o S . R - - -

ZN AL 
MGjL_ MG/L 

o . o o o o  0 . 2 4 0  

o . o o o o  0 .  l 3 0  

- - - o . o o o  

n . o o o o 0 • .3 2 0  

S I  
_ t1G/L 

2 . 0 0 

l .  2 0  

2 . 2 0 

NA 
MG/L 

K 
MG/L 

�"'.; (X) 0 



APPENDIX F 

OBSERVAT ION  WELL , PERMANENT B ENCH PON D ,  AND SEEPAG E 

SAMPLE DATA 



Tab l e F- 1 .  Observat i on We l l s ,  pH , E h  ( mv ) , and Wet C hemi ca l  Const i tuent 
Data ( mg/ 1 ) 

A l ka l i n i ty 
We l l pH  E h  as  CaC03 S u l fate 

Obs #1 6 . 0 +280 76 . 4  2100 

Obs #2 6 . 15 +230 158 1075 

Obs #4 6 . 6 +515 192 75 

Obs #6 5 . 85 +490 125 80 

Obs #7 6 . 7 +485 3 14 28 

Obs  #9  6 . 0  +350 390 115 

Obs #10 5 .  7 +320 1 16 110 

Obs #12 5 . 55 +340 3 1 . 5 265 

Obs  #13  5 . 3 +325 2 1 . 4 145 

Obs  #14 6 . 5 +545 158 100 

Obs  #15 6 . 7 +500 35 

282 



Tab l e F- 2 .  Observat i on We l l s ,  Maj or  Meta l Const i tuent Data ( mg/1 ) 

We l l 

Obs  #1 

Obs #2 

Obs #4 

Obs  #6 

Obs  #7 

Obs  #9 

Obs  #10 

Obs #12 

Obs  #13 

Obs  #14 

Obs #15 

Total 
D i s so l ved 

Total 
D i s s o l ved 

Tota l 
D i s so l ved 

Total 
D i s s o l ved 

Total 
D i s s o l ved 

Tota l 
D i s so l ved 

Total 
D i s s o l ved 

Total 
D i s s o l ved 

Tota l 
D i s so l ved 

Total 
D i s so l ved 

D i s s o l ved 

Fe 

1 . 6 
0 . 2 

42 
40 

So l i ds 
34 

35  
2 . 8 

So l i ds  
D L  

7 . 9 
0 . 2 

13 
1 . 8  

10 . 8  
5 . 5 

15 . 6  
0 . 5 

10 
0 . 3 

D L  

M n  

0 . 4 
D L  

2 . 3 
2 . 2 

4 . 5 
3 . 1 

0 . 6 
0 . 4 

18 . 0 
14 . 9 

5 . 6 
4 .  7 

5 . 6 
5 . 4 

8 . 1 
9 . 8  

1 . 2 
1 . 0 

1 . 4 
1 . 0 

3 . 4 

Ca  

520 
510 

2 10 
210 

26 
79  

49  
47 

34 
82 

128 
132 

46 
45 

75  
62 

20 
26 

45 
55 

42 

283 

Mg 

190 
190 

76 
78 

21  
20 

16 
16 

29 
30 

29 
3 1  

13 
13  

63  
54 

23 
25 

34 
34 

19  

1 1 Sol i ds 1 1  i nd i cates exces s i ve total s o l i ds ,  i nterference wi th anal yt i ca l  
determ i nat i on .  

1 1 0 L 1 1  i nd i cates va l ues  bel ow ana lyt i cal  detecti on l i m i ts . 



Tab l e  F - 3 .  Ob servat i on We l l s ,  Trace Meta l Data (�g/ 1 ) 

We l l Cd Co Cu Pb  Cu  

Ob s  #1  Total  
D i s so l ved 1 . 3 1 . 4 0 . 5 2 . 1 8 . 9 

O b s  #2 Total 
D i s so l ved 

Obs #4 Tota l 4 . 90 215 So l i ds So l i ds  So l i ds 
D i s so l ved 0 . 42 20 6 . 6 0 . 6 2 . 2 

O b s  #6 Total  
D i s so l ved 1 . 5 1 . 5 0 . 5 D L  1 . 3 

O b s  #7 Tota l  6 . 8  640 So l i ds So l i ds So l i d s  
D i s s o l ved 0 . 39 39 1 . 7 0 . 8  3 . 1 

O b s  #9 Total  
D i s so l ved 

Ob s  #10 Tota l  
D i s so l ved 

Obs #12 Tota l  
D i s so l ved 3 . 7 48 . 3 1 . 2 1 . 9 7 . 3 

O b s  #13 Tota l 
D i s so l ved 19 . 1 27 . 6  1 . 4 27 . 7  9 3 . 3 

O b s  #14 Tota l 1 .  05 12 So l i ds 2 . 2 11 . 1  
D i s so l ved 0 . 68 1 . 6 4 . 0 D L  0 . 8  

O b s  #15 D i s s o l ved 23 21 2 . 4  0 . 7 3 . 6 

1 1 S o l i ds "  i nd i cates exce s s i ve tota l s o l i ds i nterference i n  ana lyt i ca l  
determ i nat i on .  

1 1 D L1 1 i nd i cates va l ues be l ow ana lyt i ca l  detect i on l i m i ts 

N i  A l  Z n  S i (mg/ 1 ) 

126 80 3 . 71 

370 So l i ds 
18 D L  

5 1 . 3 6 1 .  64 

So l i d s  
17 D L  

350 280 1 .  64 

412 510 4 . 03 

57 17 
5 . 3 D L  

D L  

N co .+::> 



285 

Tab l e F-4 . Ponds , pH , E h  ( mv ) , and Wet Chem i cal  Const i tuent Data ( mg/ 1 ) 

A l kal i n i ty 
Pond pH Eh as  CaC03 S u l fate 

Pond #2 6 . 6 +430 12 . 5  285 

Pond #6 6 . 9 +440 78 . 5 32 

Pond #7 6 . 2 +340 30 . 5 47 
6 . 5 +400 45 . 4 25 

Pond #8 6 . 4  +380 53 . 0  6 1  

Pond #9 5 . 5 +240 25 . 0 22 

Tab l e F- 5 .  Ponds , Major  Meta l Const i tuent Data ( mg/1 ) 

Pond Fe Mn Ca Mg 

Pond #2 Tota l D L  D L  58 36 
D i s s o l ved D L  D L  58 34 

Pond #6 Tota l 0 . 90 D L  28 6 . 4  
D i s s o l ved D L  D L  28 6 . 3 

Pond #7 Total 0 . 90 D L  20 5 . 0 
D i s so l ved D L  D L  20 6 . 0 

Total l .  65 DL  15 3 . 6 
D i s s o l ved D L  D L  14 3 . 6 

Pond #8 Total 0 . 40 D L  20 9 . 1 
D i s so l ved D L  D L  20 9 . 1 

Pond #9 Total l.  00 D L  9 . 5 2 . 9 
D i s so l ved D L  D L  10 3 . 0 

" D L  i nd i cates val ues  bel ow analyt i ca l  detecti on l i m i ts 
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Tab l e  F- 6 .  Ponds , Trace Meta l Data ( !Jg/ 1 ) 

Pond Cd Co C r  Pb 

Pond #2 Total 
D i s so l ved 

Pond #6 Total 
D i s so l ved 

Pond #7 Tota l 
D i s so l ved 

Tota l 0 . 1 1 . 4 6 . 1 2 . 3 
D i s s o l ved 0 . 8 D L  D L  D L  

Pond #8 Tota l 
D i s s o l ved 

Pond #9 Tota l 0 . 1 0 . 8 1 . 0 D L  
D i s s o l ved 5 . 9 D L  0 . 5 D L  

Pond C u  N i  A l  Z n  S i  ( mg/ 1 ) 

Pond #2 Total 
D i s s o l ved 

Pond #6 Total 
D i s so l ved 

Pond #7 Tota l 
D i s s o l ved 

Total 1 . 9 5930 D L  16 . 1  
D i s s o l ved 0 . 3 130 DL D L  

Pond #8 Total 
D i s s o l ved 

Pond #9 Tota l 2 . 0 4500 30 14 . 5 
D i s s o l ved 1 . 1 43 . 8  D L  1 . 1 

I I D L I I  i nd i cates val ues  be l ow analyt i ca l  detect i on l i m i ts 



Tab l e  F- 7 .  Und i s turbed Seepage s ,  pH , E h  (mv ) , and Wet C hem i ca l  
s t i tuent Data ( mg/ 1 ) 

A l ka l i n i ty Ac i d i ty 
Seepage pH Eh as CaC03 as CaC03 

Seep #1 3 . 8 +490 21 . 5 

Seep #2 5 . 0 +400 4 . 33 10 . 5  

Seep #3 4 . 9 +380 1 .  78 7 . 02 

Seep #4 6 . 5 +355 5 . 36 2 . 34 

Seep #5 6 . 4  +390 

Seep #6 5 . 0  +420 1 .  78 6 . 79 

Seep #7 6 . 5 +415 6 . 38 3 . 04 

Tab l e F -8 .  Und i s trubed Seepage s , Major  Meta l Const i tuent Data 

Seepage Fe Mn Ca 

Seep #1 Total D L  D L  0 . 1 
D i s s o l ved D L  D L  0 . 1 

Seep #2 Total D L  D L  1 . 7 
D i s s o l ved D L  D L  1 . 7 

Seep #3 Total D L  D L  1 . 5 
D i s s o l ved D L  D L  1 . 5 

Seep #4 Total 0 . 10 D L  1 . 7 
D i s s o l ved D L  D L  1 . 7 

Seep #5 Tota l 0 . 15 D L  4 . 9 
D i s s o l ved D L  D L  4 . 8 

Seep #6 Tota l D L  D L  0 . 5 
D i s so l ved D L  D L  0 . 5 

Seep #7 Total 0 . 30 D L  1 . 7 
D i s so l ved D L  D L  1 . 7 

1 1 0 L1 1  i nd i cates val ues be l ow ana lyt i c a l  detecti on l i m i ts 
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Con-

Su l fate 

10 

12 

12 

12 

31 

12 

16 

( mg/ 1 ) 

Mg 

0 . 5 
0 . 5 

1 . 4  
1 . 4  

1 . 5 
1 . 5 

1 . 4 
1 . 4 

3 . 0 
3 . 0 

1 . 5 
1 . 5 

2 . 2 
2 . 2 



Tab 1 e F- 9 .  Und i strubed Seepages ,  Trace 

Seepage Cd 

Seep #1 Total 
D i s s o l ved 

Seep #2 Total 
D i s s o l ved 0 . 2 

Seep #3 Total 
D i s so l ved 

Seep #4 Total 
D i s so l ved 0 . 5 

Seep #5 Tota l 
D i s s o l ved 

Seep #6 Tota l 
D i s s o l ved 0 . 5 

Seep #7 Total 
D i s so l ved 0 . 4 

Seepage Cu 

Seep #1 Total  
D i s s o l ved 

Seep #2 Total 
D i s so l ved 0 . 7 

Seep #3 Total 
D i s s o l ved 

Seep #4 Total 
D i s so l ved 0 . 3 

Seep #5 Total 
D i s s o l ved 

Seep #6 Tota l 
D i s s o l ved 0 . 4 

Seep #7 Tota l 
D i s so l ved 0 . 5 

11 0 L11 i nd i cates va l ues  be l ow analyt i ca l  
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Metal Data (j.Jg/ 1 ) 

Co Cr Pb  

DL  D L  D L  

D L  D L  D L  

3 . 3 D L  D L ·  

D L  D L  D L  

N i  A l  Z n  S i ( mg/1 ) 

24 D L  2 . 19 

45 D L  1 . 13 

89 D L  2 . 19 

76  D L  0 . 65  

detec t i o n  l i m i ts 



APPEND I X  G 

ADDIT IONAL QUAL ITY DATA 



Tab l e  G- 1 .  pH , E h , and Total Subsu rface Carbon Concentrati on s  ( mg/ 1 ) 

Total Tota l 
O rgan i c  I norgan i c A l ka l i n i ty 

S i te ,  Samp 1 i ng Data pH Eh  Carbon Carbon As  Carbon 

I ND IAN FORK 

F3 
11 Nov 78 4 . 4 +230 3000 16 0 
30  Nov 78 226 69  30 . 8  

7 Dec 78 6 . 4  +230 336 89 49 . 9  
29 Jan 79 6 . 0 42 178 45 . 1 
2 Mar 79 6 . 5 +320 20 78 32 . 2  

F4 
7 Dec 78 6 . 0 +270 23 22 10 . 8  

29 Jan 79  6 . 3 6 30 9 . 8  
2 Mar 79  6 . 1 +290 2 18 10 . 9 

F6 
30 Nov 78 32 43 21 . 1 
29 Jan 79 5 . 4 41 125 13 . 2  

2 Mar 79 5 . 5 +195 6 21  16 . 2  

B I LLS B RANCH 

82 
2 Mar 79 5 . 0 +260 2 33  20 . 2 

83 
11  Nov 78 6 . 0 +215 55 103 48 . 4  
2 Mar 79 6 . 0 +200 22 92 57 . 4  

85 
11 Nov 78 5 . 3 +270 22 16 2 . 2 
30 Nov 78 27 13 4 . 2 

The 11  Nov 78 samp l e s  represent extreme drought cond i t i on s .  A l l 
other dates represent norma l l y  recharged spo i l ban k .  Detect i o n  
l i m i t  for o rgan i c  carbon i s  2 . 0 mg/ 1 . 

290 
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Tab l e  G-2 .  pH , E h , and D i s s o l ved Subsurface Carbon Concentrati ons  
( mg/ 1 ) 

D i s s o l ved 
D i s s o l ved Total 
O rgan i c  I norgan i c  A l ka l i n i ty 

S i te , Samp 1 i ng Date pH Eh Carbon Carbon As Carbon 

I ND IAN FORK 

F3 
11  Nov 78 4. 4 +230 3000 15 0 
30 Nov 78 66 78 30 . 8  
7 Dec 78 6 . 4 +230 40 85 49 . 9  

29 Jan 79 6 . 0 43 157 45 . 1  
2 Mar 79  6 . 5 +320 9 58 32 . 2  

18 May 79 6 . 2 +340 10 48 26 . 4  
2 Jun  79 6 . 4 +350 D .  L .  18 22 . 6  

F4 
7 Dec 78 6 . 0 +270 18 27 10 . 8  

29 Jan 79 6 . 3 6 28 9 . 8 
2 Mar 79 6 . 1 +290 3 18 10 . 9  

18 May 79 6 . 0 +500 4 30 13 . 9  
2 Jun  79  6 . 5 +500 D .  L .  12 12 . 6  

28 Jun  80 6 . 3 +510 8 19 15 . 1  

F6 
30  Nov 78 24 61  2 1 . 1 
29  Jan  79  5 . 4  20 105 13 . 2  

2 Mar 79  5 . 5 +195 9 20 16 . 2  
28 Jun  80 5 . 0 +460 6 14 11 . 9 

B I LLS BRANCH 

82 
2 Mar 79  5 . 0 +260 5 30 20 . 2 
2 Jun  79 5 . 8 +495 D .  L .  25 20 . 6  

83  
11  Nov  78 6 . 0 +215 51 104 48 . 4  
2 Mar 79 6 . 0 +200 24 88 57 . 4 

18 May 79 5 . 9 +260 21 90 50 . 3 
2 Jun  79 6 . 1 +220 11 39  45 . 6  

28 Jun  80 6 . 3 +250 26 43 46 . 8  

85 
1 1  Nov 78 5 . 3 +270 15 15 2 . 2 
30 Nov 78 12 23 4 . 2 

The 11  Nov 78 s amp l e s  represent  extreme drought cond i t i ons . A l l 
other dates repre sent the normal l y  recharged spo i l ban k .  Detecti on 
l i m i t  for o rgan i c  carbon i s  2 . 0 mg/ 1 . 
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Tab l e G- 3 .  pH , E h  and D i s s o l ved I ron Concentrat i ons  ( mg/ 1 ) 

S i te ,  Samp l i ng Date pH Eh Ferrous I ron  Total I ron 

I ND I AN FORK 

F3 
7 Sep 78 6 . 8 + 90 1 . 0 1 . 0 
5 May 79 6 . 1 +280 5 . 0 5 . 0  

18 May 79 6 . 2 +340 3 . 4 3 . 6 
2 Jun  79  6 . 4 +350 4 . 0 4 . 1 

F4 
5 May 79 6 . 4 +490 D .  L .  D .  L .  

18  May 79  6 . 0 +500 D. L .  D .  L .  
2 J un 79 6 . 5 +500 D .  L .  D .  L .  

B I LLS BRANCH 

B2 
5 May 79 6 . 0 +510 D .  L .  D .  L .  
2 J un  79  5 . 8 +495 D .  L .  D .  L .  

B3 
7 Sep 78 6 . 6 +140 2 3 . 0 37 . 0  
5 May 79 6 . 0 +220 58 . 0 59 . 0  

18 May 79  5 . 9 +260 53 . 0  58 . 0 
2 Jun  79 6 . 1 +220 45 . 0  46 . 0  

B5 
7 Sep 78 5 . 8 +150 2 . 1 4 . 2 

7 Sep 78 s amp l es represent drought condi t i on s  i n  the  spo i l bank .  
The rema i n i ng dates represent  norma l recharged cond i t i on s .  
Detect i on L i m i t for Ferrous & Total I ron , 0 .  05 mg/ 1 . 



293 

Tab l e G-4 .  pH , E h  and  D i s s o l ved S u l fur Concentrati ons  ( mg/ 1 ) 

S u l f i de 

S i te ,  Samp l i ng Date pH Eh  a s [ S  ] as  [ HS ] S u l fate 

INDIAN FORK 

F3 
7 Sep 78 6 . 2 + 90 1 . 18 1. 22 145 
7 Oct 78 5 . 9 +280 2. 76 2 . 84 90 
5 May 79 6 . 1  +280 1 . 12 1 . 14 75  

18 May 79 6 . 2 +340 D. L .  D .  L .  7 6  
2 Jun  79 6 . 4 +350 D. L .  D .  L .  7 6  

F4 
7 Oct 78 6 . 0 +210 0. 70 0. 72 56 

18 May 79 6 . 0 +500 D. L .  D .  L .  89 
2 Jun 79 6 . 5 +500 D. L .  D .  L .  68 

B I LLS BRANCH 

B2 
5 May 79  6 . 0 +510 D. L .  D .  L .  240 
2 Jun  79  5 . 8 +495 D .  L .  D .  L .  205 

B3 
7 Sep 78 6 . 6 +140 0 . 34 0 . 34 101 
5 May 79 6 . 0 +220 D. L .  D .  L .  D .  L .  

18  May 79  5 . 9 +260 D. L .  D .  L .  D .  L .  
2 J u n  79  6 . 1 +220 D. L .  D .  L .  6 

- 2 
Detect i on L i m i ts :  For s 0 . 05 mg/1 

For so4 2 . 0 

7 Sep & 7 Oct 78 samp l es repre sent drought cond i t i on s  i n  the 
spo i  1 bank .  The rema i n i ng date s represent normal  recharged 
cond i t i on s . 
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Tab l e  G- 5 .  pH , E h  and  Total N i trate Concentrat i on s  
( mg/ 1 ) 

S i te ,  Samp l i ng Date p H  E h  [ N03 ] 

IND IAN FORK 

F3  
18 May 79 6 . 2 +340 1 . 6 
2 Jun  79  6 . 4 +350 3 . 3 

F4 
18 May 79 6 . 0 +500 1 . 6 
2 Jun  79 6 . 5 +500 3 . 9 

28 Jun  80 6 . 3 +510 1 . 6 

F6 
28 J un 80 5 . 9  +460 1 . 7  

B I LLS BRANCH 

B2 
2 Jun 79 5 . 8  +495 3 . 8  

B3  
18  May 79  5 . 9 +260 5 . 0 

2 Jun  79 6 . 1 +220 5 . 3 
28 Jun  80 6 . 3 +250 2 . 1 
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Tab l e  G-6 . pH , Eh and Total D i sso l ved  Phospha te 
Concentrat ions  (mg / 1  as P )  on Sampl i ng 
Date 28 Jun  80 

S i te pH Eh Phosphate 

I ND IAN FORK 

F4 6 . 3 +510 0 . 039 

F6 5 . 8 +460 0 . 039 

F8 6 . 4  +520 0 . 009 

OBS #7 6 .  7 +485 0 . 030 

B I LLS BRANCH 

B3 6 . 3 +250 0 . 055 

OBS #14 6 . 5 +545 0 . 012 



APPEND IX  H 

SOIL  SAMPL I NG DATA 



N L.O '-.I 

Tab l e  H-1 . I nd ian Fork Study Spoi l Ba n k ,  I n-s i tu Soi l Samp l e s  

Samp l e  
Sampl i ng Date 

Depth ( ft)  
Soi l Cond i t i on 

VT ( ft3 ) 

WT { l bs)  

Dry F i e l d  Dens i ty { l bs/ft3 ) 

w' avg 

Spec i f i c  Grav i ty 

Poros i ty ,  n a . 

Vo i d  Rat i o ,  e b .  

a .  ) n = 1 -
wf { 1+w1 ) S . G .  �W VT 

Toe fl 
14 Nov 81 

2 . 0  
unsaturated 

0 . 01425 

1. 7350 

102 . 5 

0 . 1882 

2 . 63 

0 . 3756 

0 . 6016 

Toe 112 Toe 113 Toe 114 
14 Nov 81 24 Jan 82 24 Jan 82 

2 . 0 2 . 5 2 . 5  
unsaturated unsaturated unsaturated 

1. 8626 1. 9634 1. 9707 

109. 4 109. 7 110 . 9 

0 . 1941 0 . 2558 0 . 2467 

2 . 62 2 . 67 2 . 67 

0 . 3305 0 . 3415 0 . 3342 

0 . 4936 0 . 5 185 0 . 5019 

b . ) e = __!)_ 
1-n 

Toe 115 Toe 116 Toe 117 
24 Jan 82 14 Nov 81 14 Nov 81 

2 . 5 3 . 5 4 . 0  
unsaturated saturated saturated 

1. 8079 1 .  8026 1. 843 5  

104 . 5 91 . 0  97 . 5  

0 .  2139 0 . 3906 0 . 3272 

2 . 65 2 . 61 2 .  73 

0 . 3680 0 . 4415 0 . 4278 

0 . 5822 0. 7904 0. 7477 



Tabl e H-2 . B i l l s  Branch Study Spoi l Ban k ,  In-s i tu Soi l Sampl es 

Lower Lower Lower 
Samp l e  S l ope #1 S l ope 112 S l ope 113 Toe Ill Toe 112 Toe 113 

Samp l i ng Date 14 Nov 81 14 Nov 81 14 Nov 81 24 Jan 82 24 Jan 82 24 Jan 82 
Depth ( ft )  3 3 3 2 2 2 

So i l  Cond i t i on unsaturated unsaturated unsaturated saturated saturated saturated 

VT ( ft3 )  0 . 01425 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - > 
WT ( l bs }  1 .  8900 . 1 .  8487 1 .  7987 1. 8141 1 .  8484 l. 8518 

Dry F i e l d  Dens i ty ( l bs/ft3 ) 114 . 9  1 12 . 4  109 . 4  101 . 8  102 . 8  102 . 4  

w' avg 0 . 1535 0 . 1535 0 . 1535 0 . 2530 0 . 2616 0 . 2701 

Spec i f i c  Grav i ty 2 . 73 2 . 73 2 . 75 2 . 7 1  2 .  72 2 . 73 

Poros i ty ,  n 0 . 3250 0 . 3398 0 . 3623 0 . 3978 0 . 3942 0 . 3995 

Vo i d  Rat i o ,  e 0 . 4816 0 . 5147 0 . 5682 0 . 6605 0 . 6508 0 . 6650 

N 1.0 co 



APPEND IX  I 

STREAM HYDROLOGY AND QUAL I TY DATA RELEVANT 

TO SPO I L  RESEARCH 



Tab l e  I - 1 .  F l ow D u rati on Data by D i s turbance Per i od for the Lowe Branch , 
I nd i an Fork ,  and B i l l s  B ranch Study Bas i ns 

Lowe I nd i an B i  1 1  s 
Bas i n  B ranch Fork Branch 

Per i od p remi n i ng post  m i n i ng post m i n i ng 

Record Length (days ) 1573 1076 1827 
Bas i n  Area ( acre s )  588 2765 429 

Frequency Exceeded Area Norma l i zed F l ow ( c fs/acre ) 

100% 0 2 . 64E-4 0 

99  0 2 . 89E-4 2 . 33E-5  

95  0 4 .  70E-4 6 . 99E- 5 

90 0 5 . 42E-4 1 .  40E-4 

75 8 . 50E- 5 9 . 76E-4 5 . 83E-4 

50 5 . 61E-4 2 . 01E- 3 1 .  75E-3  

25  2 . 21E-3  4 . 70E-3 4 . 20E- 3 

10 5 . 71E- 3 1 .  01E-2  9 . 56E-3  

5 1 . 02E-2 1 .  45E-2  1 .  83E-2 

300 



Tab l e  I - 2 .  Sustai ned and Low F l ow Su rface Water Qual i ty ,  Major  Const i tuents ; Lowe B ranch , I nd i an Fork , 
and B i l l s  Branch Study Bas i ns 

Total D i s so l ved Concentrat i ons 

Bas i n  pHb Fe Mn Ca 

Lowe B ranch ( Premi n i ng 1  Low F l ow )  

Mean 6 . 21 0 . 10 0 . 003 1 .  51 
Std .  D ev .  6 . 35E-7  0 . 0418 0 . 0015 0 . 4321 
Med i an  6 . 38 D L  D L  1 . 5 
Max i mum 7 . 10 0 . 17 0 . 005 2 . 25 
M i n i mum 5 . 50 D L  D L  0 . 9 
F ract i on D L  0/23 13/22 19/23 0/23 

I nd i an Fork ( Post  M i n i ng 1  Sustai ned F l ow )  

Mean 5 . 96 2 . 01 2 . 07 122 . 7 
Std . Dev . 1 .  993E-6 3 . 988 0 . 8897 17 . 93 
Medi an  6 . 45 0 . 34 1 . 985 125 . 8  
Max i mum 7 . 30 14 3 . 6 144 
M i n i mum 5 . 15 0 . 09 0 . 7 88 
F ract i o n  D L  0/12 0/12 0/12 0/12 

I nd i an Fork  ( Post  Mi n i ng 1  Low F l ow)  

Mean  6 . 13 1 . 72 1 .  68 102 . 2 
Std . Dev .  1 .  410E-6 3 . 185 0 . 8062 2 5 . 9 1  
Med i an  6 . 62 0 . 36 1 .  52 94 
Max i mum 7 . 60 14 3 . 6 144 
M i n i mum 5 . 15 D L  0 . 66 5 1 . 8 
F ract i on  D L  0/27 2/27 0/27 0/27 

a ( mg/ 1 ) l\ 1 ka 1 i n  i ty 

Mg 
as  Caco3 mg/ 1 

1 .  76 8 . 64 
0 .  2117 3 . 3205 
1 . 7 8 . 6 
2 . 30 19 . 7  
1 .  40 1 . 6 
0/23 0/23 

48 . 3  15 . 29 
8 . 959 9 . 884 
48 . 0 11 . 8 
64 34 
33 . 5 5 . 25 
0/12 0/11 

40 . 2  19 . 44 
11 . 14 13 . 32 
39 20 . 57 
64 46 . 7  
20 3 . 8 
0/27 0/27 

Su l fate 
mg/ 1 

11 . 6  
4 . 305 
11 
22 
3 
0/23 

785 
294 . 6 
810 
1255 
355 
0/12 

650 
287 
550 
1250 
210 
0/27 

w 
0 



Tab l e l - 2 .  ( Conti nued ) 

Tota l D i s s o l ved Concentrati ons  a ( mg/ 1 ) 

Bas i n  pHb Fe Mn Ca Mg 

B i l l s  B ranch ( Post  M i n i ng 1  Sustai ned F l ow)  

Mean 6.  72 0 . 08 0 . 10 13 . 4  8 . 84 
S td .  Dev . 2 . 898E- 7 0 . 0263 0 . 0570 1 .  0586 0 . 8889 
�1ed i  an 6 . 90 D L  0 . 06 13 . 0  8 . 95  
Max i mum 8 . 30 0 . 08 0 . 22 14 . 9  1 0 . 1 
M i n i mum 6 . 00 D L  D L  11 . 9 7 . 4 
F ract i on D L  0/10 6/10 3/10 0/10 0/10 

B i l l s  B ranch ( Po st  M i n i ng 1  Low F l ow )  

Mean 6 . 88 0 . 08 0 . 08 12 . 3  8 . 13 
Std . dev . 1 .  921E-7  0 . 0273 0. 04311  2 . 355 1 . 464 
Med i an 7 . 05 D L  0 . 046 12 . 7  8 . 52 
Max i mum 8 . 30 0 . 10 0 . 22 15 . 4  10 . 6  
M i n i mum 6 . 00 D L  D L  7 . 10 5 . 3 
F ract i on  D L  0/26 19/26 11/26 0/25 0/26 

� " D L "  i nd i cates val ues be l ow ana l yt i cal  detect i o n  l i m i ts 
Standard dev i at i on val ues recorded for pH  represent  hydrogen i on concentrat i ons  

A l ka l i n i ty 
as  Caco3 mg/ 1 

2 5 . 21  
3 . 0563 
25 . 4  
30 . 3 
20 
0/10 

22 . 75 
4 . 410 
22 . 05 
31 . 9 
14 . 7 
0/26 

Su l fate 
mg/ 1 

56 . 1 
4 . 885 
58 
62 
47 
0/9 

53 . 76  
9 . 320 
54 
74 
34 
0/25 

w 0 N 
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