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Abstract:

Historical, large-scale mining activities in Butte, Montana have created the largest EPA superfund site
in the northwest. Mine wastes with high trace element concentrations located in residential areas pose
threats to human health and the environment. Reclamation of mine waste began in the early 1980's.
Since initial reclamation, a decline in vegetation has been observed on various reclaimed sites, which
could result in future land degradation problems.

This research was conducted in two phases. Phase I involved the assessment of fourteen previously
reclaimed areas in Butte to determine if relationships existed between coversoil properties and the
current success levels in the vegetative cover of reclaimed sites. The Phase I assessment included the
investigation of factors that may be contributing to satisfactory or poor vegetative conditions on Butte
reclaimed areas. Coversoil properties, weather statistics, and reclaimed site characteristics were
correlated with plant canopy cover values. The Phase I assessment determined that coversoil depth was
the significant variable influencing reclamation success in Butte. Reclamation sites with at least 56
centimeters (22 inches) of coversoil were predicted to contain successful total plant canopy cover
values (>60%). Coarse fragments, silt, clay, as well as the nitrogen concentration of the coversoil were
also found to be important for promoting successful plant cover.

The Phase II study involved the establishment of field test plots on two reclaimed areas in Butte,
Montana. The effectiveness of inter-seeding, nitrogen fertilizer application, compost incorporation, and
various combinations were evaluated over a two-year period. A herbicide weed treatment was
incorporated on half of each test plot during the second year of research. Vegetative measurements
were collected at the end of each growing season to determine if the treatments significantly improved
plant biomass and canopy cover when compared with control values. Seeded species failed to establish
on all inter-seeding treatments. Nitrogen fertilizer in combination with weed treatment produced
significant improvements in existing plant canopy cover and biomass when compared to control plot
values. Surface compost incorporation improved resistance to weed invasion;. however, the compost
did not create significant improvements in existing plant canopy cover or biomass values. Additional
time may be required before significant improvements in plant growth are observed from this
treatment.



ASSESSMENT OF LAND RECLAMATION CHARACTERISTICS AND MAINTENANCE
TECHNIQUES TO PROMOTE LONG-TERM SUSTAINABILITY OF RECLAIMED AREAS IN

BUTTE, MONTANA

by

Cole Michael Mayn

A thesis submitted in partial fulfillment
" of the requirements for the degree

of
Master of Science
" in

Land Rehabilitation

MONTANA STATE UNIVERSITY
Bozeman, Montana

April 2001




© COPYRIGHT

Cole Michael Mayn
2001

All Righm-Reserved




/
H%" & & &' (%% )

" #$

"8 " & &HE $+H#H) H"((+, %" % &&! (%% #$)"H& $,'$) %
&H% &% + + #+)$. 1$%$% $. &" '&H. ,+(#% ! %H% $& AL &%

1$8 &% $! #$) &+#) ,+& (&& $% %" . , +#)'H% %) &6

+6 LH&T6 ¥, :
8 .$#%'+ 9 #%

b5+ 06" RH+06($% , #$) &'+ &: $5+ $($WH | $1&

+67,+ 67#H &$
8 ."#)( #%

e 5) %" L HH)H% %) &

+6 +1 1)
8 .$#%'+ 9 #%

#$)



il -

STATEMENT OF PERMISSION TO USE

- In presenting this thesrs in partial fulfrllment of the requirements for a master’s degree at
Montana State University, I agree that. the lerary shall make it available to borrowers under
rules of the Library.

If 1 have indicated my intention to copyright this thesis by including a copyright notice
page, copying is allowable only for scholarly purposes, consistent with “fair use” as prescribed in
the U.S. Copyright Law. Only the c;opyright holder may grant requests for permission for

extended quotation from or reproducﬁon of this thesis in whole or in parts.

saie L af oy

Date 74/«/ Z-Of




v

ACKNOWLEDGMENTS

As 1 finish this thesis, I want to begin by thanking those who gave me the start. I give my °
appreciation to.the Atlantic Richfield Company (ARCO) for providing the funding, support, and °
: cooper_aﬁon‘ to see this project through. "Special thanks to Mr. Ron Hanekan, and Mr. Steve
Blodgett, with the Butte-Silver Bow Planning Board for helping deveiop the initial ideas for the
project and supporting me during those first, yet crucial, steps. -To Ron Hanekan, whom 1 told I
would never consider more school after my bachelor’s degree, thanks for convincing me -
otherwise. I would also like to thank Mr. Rich Prodgers for always taking time to iend a-graduate

student a hand. »

To my graduate committee, Dr. William Inskeep, | Dr. Thomas KeER, Dr. Douglas
Dollhopf, and. Mr. Dennis Neuman, I thank you all fo;. your paﬁencé and guidance from the
beginning to the end-. I appreciate the sincere interest_and contributions that each éne of you has
given to this project fo ensure a complete 'and quality product that may further improve
reclamation in Butte, Mo‘ntjana.

I want td thank my family and friends fc;r always supporting me and letting me know
that I can accomplish anything through determination and hard work. Lastly, I espécially want |
to thank my wife, Karin, for always being there for me. From the cold ,déys in the field to the
long hours meticulously entering data and.proofing materials, she was always willing to assist
me without complaiﬁt. It would have been exceédingly difficult to finish this thesis without her

never-ending patience, love, and support.




A
TABLE OF CONTENTS _

1. INTRODUCTION.....ooocecvmmmmererrsssseseennns et nenree e 1
Thesis Objectives..........cccevveererrrnenennnns ettt es e 1.
Butte MININgG HISTOTY c...cuuvueiitictcecicece sttt ettt sssbs s 2
Environmental IMPACES ..........cccuiuiicieiecrernteirnsie s ese s st ssssossesetasene e seseesessesenes .3
Hard Rock Mining Reclamation Challenges ............cceuveureurmrnriensuessessessersssssssesssssssesessessesssanessenseen 5

TOPOGTAPIY oottt st bbbttt 6
Coversoil Properties .......... et e e A s bRt b e A a e et et bes e en et senene 7
Soil Texture, Rock Fragments, & Bulk DENSItY ..........ccoecreurrerrrnrerernrersnisesserissesssenenssnssssnssnes 7
Coversoil Depth ... et ereeene 9
Nutrients, Organic Matter, & Biological ACHVILY.......cc.coeeerernrirerenersrinienans sreresnerene s 11
CHIMALE ottt sttt s b bbbt s s st s bbb e sesasesasasen 13
Trace Elements ............ e R bR ot R AR AR bR A b A e et a b es A b e tne 14
Laboratory Analyses & Trace Element Effects ...........cocveoveeurerenrerrensrurennsrsssesssssnssesssessenns 15
ATSEIIC ..ottt tsa ettt besaca et st ar et saas e s e s st ees e sngasetesebessnssbenseassabesssntsossaesen 16
COPPET ottt st s sttt s s b s b bbb b e s e b saesnans 17
LA . ettt ettt st e a e e aeasesat et e st e e e e a e enaeaseaansessennrsasesaesalenseenns 17

C ZINC ittt e e s et as r e R b st eesanentens 18
Cadmium........eeiiinniiiincrcenereneieieneeee s OO 18
Manganese...........oooiiiieiininincncr et PR HE N 18.
Indirect Trace Element TOXiCIty EffectS........c.ccorervirmerenerinenieennirssseiecsssissssssssssesessssesssennns 19
Reclamation Challenges in Butte, Montana...........cccooceevuenee. st ar e seenene 20

2. PHASE ] - INTRODUCTION .......cooimiiitinincniiersssasestaseessessesesasssesessesesasssassesssssassssssssassssassassssas 23
Reclamation Specifications .........ccceeeeveeeeecrernesrernnn. reeeeeteseessesstestestesbeetterteaateasraasbenasest et aeanaranens 23
Vegetative DECHINes............ccviiiicri et sesesesesss st s s s s s anssassenaes 25
Phase I - Methods & Materials ..........cccccuvmerueceneriecmnncsessssesssnsessesssesssssssssssesssssssssssssssssansssensses 28

. Phase I Assessment - Reclaimed Area SElECHON. ..ottt e 28
Field Data COIIECHOM ...ttt se s sssssebsss s asaseas s sseassesesssssssssasanen 30
SOIl SAMPING ....crvvirtirtnttttter sttt s e as b sc st enetas : 30
Plant Canopy Cover Measurements.............ccccuerieinvernmnessnisiessscserssecsesessessssesessassssssssses 31
Laboratory ANALYSes..........ccevuiuiieieininiiciiniceesesesesenesseessseeseresmsesescsenes et 32
Statistical Analyses .......... RS RA SRR R s R et 34
Phase I - ReSUIS & DISCUSSION.....cvuurrrrmreesseresimsisssesssssnssssssssssssssssssssssssssssssasessssssssssssssnssssssnsssses e 35
Current Reclamation Conditions...........cccocciiiiniiiccnncinsresiecreseneresesssessassssssssssnsesaes 35
Summary Statistics for Coversoil Data ...........ccccceueererreecnirerisenenescreiersererssnesesesnseessssssssssssens 37
Surface vs. Subsurface Soil PrOPEItIEs ..........cccrverrereeeririneinriersiesessisesesnissssnssessisssssssesssssessons 40
Simple Linear Regression ReSUIES...........cccccuiiiiiiiciiiicniininctieriesseecacsesesisssssessesssssseses 41
Multiple Linear Regression RESUILS..........c.eeeurerereunreneenseseassssearsssssssssessasssissssossssssessessessanes 43
COVETSOI DEPHN it eaencreererereseiesieee sttt sss s ss st sssbessas bbb sbas s sase s ree 43
Coarse Fragments.................... e i et 48
Texture (Clay Index & Clay + Silt Index) .......cccvuveeeecernnrervercnccnererenecne. s 54
Plant Available NIfrogen........ccooceceerrerirerncecenevesenisensescssesesesesssens e ans 57

PRhase I - CONCIUSIONS .......couiiireeeetiietreeeeitcte it st e vees s sesieessioresaseesesssesosesssesanssnnsanmesnesesesaessseessesssessen 67 -




vi

TABLE OF CONTENTS - CONTINUED

3. PHASE II - INTRODUCTION........ccocourmrerrrnnees e eLtus s ans et a enseneastseastasash st et st et s e s et e e e 71
Phase IT - FIeld Test PIOLS ...........cccciuiumimireccmiacreeeerisesssessessssesssssssssses s sses s sssssssssosssesessessaenns 72
Inter-seeding Treatments..............cocveverrercencenineesinssessnsnsessesese e sessenns el rsre s nes 73

Soil Fertility TI@AMENLS...........cccovrirerererinincierssienseeisetsesss s se e e sesese st aesaoniensenssnsenes 74

Phase IT - Methods & MAterials .............uuwrereerererersssssssssssssisssssssssnererssssssssnnns e nesesee - 75

Research Site SEIECHOMN ...ttt b sassas st s bnens 75
Site Description - Poulin Waste DUmMP.......ccccouevmurnireeereenieninerenanns et taaae 76
Site Description — Washoe Samphing WOTKS ...............cvorveeeereenessessoseresessssesessesesseensenne 78

Treatment DeSIZN........c.cocuiviiiiiiiricetcricreeictse sttt eene erereerneenerenens

Inter-seeding.......ccoouverveeremrreecrrnenencnene .

Soil Fertility Treatments........... ererssder st e s s b eb s e sR ettt a s sanassasanes et
Nitrogen Fertilization ....... et ettt s e e e e e st e e n bbb ne
Compost INCOrPOTAtionN.........couevereereesmmsnnissssssassssesssensaensenn. S et sasessaens e

CWeed TTEAtIMENT ........ccceeiueireeeeer ittt rer et et r st s st e s e esemseneas e meseoe

Measurement of Response Variables

Statistical ANALYSES .....ovvevveerreercics ittt st en s b nas

. Phase II - Results & Discussion reemeeane. ; .

Individual Species Canopy Cover, Density, and Importance Values............ Mt 89
Poulin Species Importance, Cover, & Density Valtes.............cocveueeunrerereceecunierernnensessenserncns 89
Washoe Species Importance, Cover, & Density Values ..........cccvvevererernreesrenssenensesenenenns 93

Treatment Effects on Plant Biomass and Canopy Cover.........coooevereesieevennreereressesessenns e 96
Poulin Non-Weed Treated PIots............oveurrcuiiiriimieniieccciciiecescseneetseesessesesesssesssenes 9%
Poulin Weed Treated PIOts..........ccociviiiiciiiiiinccscrnctnecsnsenesesesesesessasessssssessssssnsans 104
Washoe Non-Weed Treated PIOLS .......c.cciveierimericrncenencreineneeresssnssisesssisssssssssssssssssssens 110
Washoe Weed Treated PIOts ... sesesessesessesasessisssssens 117

Weed INVASION......corrrirceeeeireeeircentstnrstsseree s serassesaesesesenas ettt sa bt be e ebe st satanie . 125

Treatment Plot Soil Nitrogen ............ oo R, SRR ST 127

Phase IT CONCIUSIONS .......vevemsnerecsmmrrsssssmerssssssssssssssssssssssssssssssssiaeneesssesssnsesssssassssssssssssssesssssnnseses 130

4. FINAL CONCLUSIONS & RECOMMENDATIONS ......coocecirrnreeerererereresersssanene eeaeenenens e 133
- -/

LITERATURE CITED ..cccoceriiiiireionininesinenseeeeresserecessssssssssnssessaseassssesncs ettt 138




APPENDICE_S

APPENDIX A:

APPENDIX B:

APPENDIX C:
APPENDIX D:

APPENDIX E:

APPENDIX F:

vii

TABLE OF CONTENTS -lCONTINUED :

..................................................................................................................................... 144
PHASEI - RECLAIMED AREA PHOTOS ......ccoovivereereereeeeereesevenssenssennnsin. 145
PHASE I - RECLAIMED AREA PLANT SPECIES CANOPY COVER AND
LITTER, BARE GROUND, MOSS & LICHEN, AND SURFACE COARSE
FRAGMENT COVER DATA ...ttt ciscsessssssesecnneseesens et 153
PHASETI - RECLAIMED AREA COVERSOIL DATA......... vees SRR e 168
PHASE II - COMPOST ANALYTICAL DATA.............. SR 176

PHASE II - TREATMENT PLOT DATA FOR INDIVIDUAL PLANT SPECIES,
PERCENT CANOPY COVER, AND DENSITY COUNTS.........0coveererrrncrennens 178

PHASE II - SUMMARY GRAPHS OF TREATMENT PLOT TOTAL AND
DESIRABLE PLANT CANOPY COVER AND BIOMASS, AND GROUND.
COVER OF LITTER, BARE GROUND, MOSS & LICHEN, AND SURFACE

- COARSE FRAGMENTS........... et st e e nee et e nenens s 187

APPENDIX G:

PHASEII - PHOTOS OF EACH TREATMENT TYPE ON THE POULIN & ‘
WASHOE.......ciirieieneireretaeesetreseeesasssssssassssassssssssssssssassassasssstessessessersssssssssssssssaoses 204




Table

10.
11.
12.
13.
14,

15.

viii

LIST OF TABLES

Native grass species average maximum rooting depths (Weaver, 1958)..................

Fourteen Butte, Montana reclaimed-areas selected for Phase I assessment.

Coversoil type used is indicated in parenthesis following site name......................

Reclamation success category and total, desirable, and undesirable plant
canopy cover values measured on the fourteen reclaimed areas in August
2000. Reclaimed sites have been reclassified into success categories based

upon the Phase I canopy cover measurements collected August 2000. .................

Summary statistics of average physical propefties measured for coversoils on -
the fourteen reclaimed Sites. .........coovveeueeecrerireisrnncee et erens

Summary statistics of average chemical properties measured for coversoils on

the fourteen reclaimed sites.........c.oovveevevereeenen. treeresreeneeeeeteerebserr bt saneatosesanestentsarne

Summary statistics of average DTPA and total trace element concentrations .

measured in coversoils on the fourteen reclaimed sites. ................. derererereteeeeeesaenees

Simple linear regression results of total plant canopy: cover verses various soil

and precipitation variables. Total plant canopy cover is the dependent

variable (y) in all @qUAtIONS. ....c.ccueveeeeimieeeereer et er bbb sesastans

Simple multiple linear regression results of total plant canopy cover verses
various soil and precipitation variables are displayed. Total plant canopy

Average coversoil depth and mleldual depths measured in soil pits

excavated on the assessed reclaimed areas. ........ccooviovnnneieieisiecssesneeesnsesseeesenes

Predicted total plant canopy cover values based on the regression equation

for coversoil depth. Lower and upper 95% confidence levels are displayed.......

Average, surface (0-10 cm), subsurface (10-40 cm) coarse fragment (%

volume), and fine earth index values. ........ccceevveeerrnrcrinnencnssennnnns e

Predicted total plant caﬁopy cover values based on the regression eqﬁation '

for the fine earth index. Lower and upper 95% confidence levels are

diSplayed. ...ttt nnres

Coversoil texture data measured on the fourteen reclaimed areas............ ST

Predicted total plant canopy cover values based on the regression equation

for the clay index. Lower and upper 95% confidence levels are displayed. ........

NOs nitrogen levels for fourteen Butte reclaimed sites aésess_ed ...........................

36

....... 40
....... 42

cover is the dependent variable (y) in all equations. et sene st 43

....... 44

..... .. 49

....... 51

....... 54

....... 55




Table

16.

17.
18.
10.
20.

21.

2.

23.
24,
25.
26.
27.
28.
29.

30.

ix

LIST OF TABLES - CONTINUED

Page

Temperature (°C) statistics recorded for the first growing season following
fall seeding on the fourteen reclaimed areas assessed.............oureeveurersrrrsresssssssssnnnnne 65
Plant available phosphorus and potassium concentrations. .............cc.c..ecoiesreeveenenenes 65
Poulin coversoil properties. ......c.cocvrrruruennn. rreee bttt 77 -
Washoe coversoil properties..............ocoricinencnnincencesevecenenens SR P — 79
Inter-seeding seed mixtures and associated seeding rates......... ........ 82
Individual plant species with the highest IV, and corresponding can.op'y
cover, and density values for all Pouhn treatments during the’ second
TESEATCR YEAT. ..vevurriiieceieitisicies ettt sssesas s ss bbbt anaen e evraen 90
Individual plant species with the highest IV, and corresponding caﬁopy :
cover, and density values for all Washoe treatments during the second year. ........... 93
Full ﬁodel ANOVA .results for Poulin Non—Wéed treatment plot data....... I 9%
Soil fertility pooled ANOV A results for Poulin non-weed treated plot data. ........... 102

| Full model ANQVA results for Poulin weed treatment pl;t data. .....coceveiriviririnenee 105
Soil fertility pooled ANOVA results for Poulin wéed treated plot data. ................. 108
Fuli model ANOVA results for Washoe non-weed treatment plot data.................... 113
Soil ferﬁlity pooled ANOVA results for Washoe non-weed treated plot data.......... 114
Full model ANOVA results for Washoe weed treatment plot data......... .......... 117

Soil fertility pooled ANOVA results for Washoe weed treated plot data.................. 120




Figure

10.

11.

X .

LIST OF FIGURES

Aerial view of the Berkeley Pit and major disturbances created by the large .
mine. The photo was taken in the early 1980’s shortly before mine closure............... 3

Mine waste piles were accumulated throughout Butte residential areas due

‘to limited available space, cost, and convenience. The photo displays the

conditions of uptown Butte, Montana in 1925. .........ccccceeemeeereeeonerereisessresssesrereesssessssnns 4

Reclaimed cap construction outlined in the “Butte Hill Revegetation

Specifications” in the Final Response Action Design Report for the Alice

Dump, March 18, 1999 (AERL, 1999) stipulate that at least 46 cm (18 in) of

coversoil and a 5 cm (2 in) lime rock layer or 785 metric tons lime rock/ ha

(350 tons/acre) be placed OVer MINE WASEE. .....c.ccovveuverercreeereerenseseteeeiaenesessariee s eneees 24

The graph displays initial total plant canopy cover trends on Butte reclaimed
areas. Plant canopy cover values were determined according to visual
estimates performed by evaluation officials. These reclaimed sites have been
categorized by the Phase I assessment into success groups based upon the
estimated plant canopy cover values. Successful reclaimed sites contain

~ >60% canopy cover, moderately successful sites range from 30 to 60% canopy

cover, and unsuccessful sites contain <30% plant canopy COVETurinrrtetrerreeessderennns 26

Photos representing unsuccessful (top), moderately successful (middle), and
successful (bottom) reclaimed Butte sites based on vegetative cover. The

photos display vegetative conditions as of August 2000. Plant canopy cover
measurements were collected according to Daubenmire 1959. ......ccoveevvceerveererreneienas 29

Coversoil depth data histogram and cumulative distribution function....................... 44

" Total plant canopy cover correlated with coversoil depth.‘ ............................................ 45

Predicted total plant canopy cover values and 95% lower and upper

confidence intervals. A 95% chance of obtaining successful total plant cover

greater than 60% for this data set is predicted to occur at coversoil depths

greater than 56 cm (22 IN)......cocouieiiirireiirenicrerienrinieereneisiseeseier st sssssssesassenasaas 47

Coarse fragment data (% volume) histogram & cumulative distribution

CHUNCHOT ettt a e 49
‘Linear regression of total plant canopy cover and fine earth index values. ............. 51

Predicted total plant canopy cover values and 95% confidence intervals. A

95% chance of obtaining successful total plant cover greater than 60% is
predicted when the fine earth index is greater than 36 (e.g. 13% coarse
fragments at a 46 cm coversoil dePth)........cocovceecreerrernrinrinenersensrseseisesesssssssssssssnssnes . B3




Figure

12.

13.

14.

15.
16.
17.

18.
19.

20.

21.
22.
23.
24,

25.

xi

LIST OF FIGURES --CONTINUED -

Page
Linear regression analyses of total plant canopy cover with the clay index
and the clay + silt index. A slightly stronger correlation was detected with
the clay index. .....ccoevreereurrernreeieernnees et et e e e a s e e e 54
Predicted total plant canopy cover and 95% confidence intervals based on the
clay index. A 95% chance of obtaining successful total plant cover greater
than 60% is predicted to occur at a clay index greater than 7.5. .........cc.cceveeuerrerernnces 56
Volumetric percent water at complete saturation, field capacity; and
permanent wilting point of coversoils on Butte reclaimed areas. Field
capacity and permanent wilting point were determined through pressure
plate analysis of disturbed coversoil samples. The volumetric plant available
water holding capacity is displayed between field capacity and permanent
WIHANG POINE. covvriiiiirir ettt sttt re s na s s asesas s sorosebebsss s benonne 60

" Total plant canopy cover as a function of the total plant available water

holding capacity of disturbed core samples of reclaimed coversoils...........cceerrernen... 61
Precipitation departures from normal (NCDC 1961 - 1990 Average) '
following the year of fall seeding on each reclaimed area. ........cceovrreerreerrernrerererennne. 63
Precipitation received following fall seeding through the first growing _
season (October through July) for each reclaimed area. ..........ccceevvrererenesionreerererennenn. 64
The Poulin reclaimed area and treatment plot location (June 17, 2000). ...c.coeeurcerennee. 76
The Washoe reclaimed area and the treatment plot location (June 17, 2000). ............. 78
Completely randemized, split plot design on the Poulin and Washoe. Nine
treatments were replicated three times, totaling twenty-seven treatment plots
on each reclaimed area. Treatment plots measure 2m x 2m per side, 4m? total
area. Each treatment plot was split to incorporate weed treatment on one
half of each plot during the second growing season..........c.ceeoveeeceeruccrerecenen SRR 1
Crimping straw mulch after the completion of broadcast seeding. .........c.ccervererrerrurenes 83
Species importance values (IV) for Poulin Non-Weed treated plots. ........ccceerurrrrennee. 91
Species importance values (IV) for Poulin Weed treated plots. ........ ....... 922
Species importance values (IV) for Washoe Non:Weed treated plots. .....c..coevurnnnnene. 94

Species importance values (IV) for Washoe Weed treated plots.................. veerereeerenas 95




Figure

26.

27.

28.

29.

30

31.

32.

33.

34.

Xii

LIST OF FIGURES - CONTINUED

The graph displays 1999 temperature and precipitation departures from
normal (NCDC 1961-1990 average) that may have effected the establishment
of inter-seeded species on both Poulin and Washoe treatments during the

first growing season. Inter-seeding was performed May 10-11, 1999....................

Early to mid growing season precipitation patterns in 1999........c..ccccoevveerrreemrrennnee

POULIN NON-WEED TREATED treatment means for all nine treatments.
Differences measured among total and desirable plant canopy cover when
analyzing each treatment type as a main effect in analysis of variance and
LSD pairwise comparisons tests. Treatment means followed by the same

letter within a given graph are not significant at o = 0.05.....c.c.coecererrrrervrrerrrerenennes

POULIN NON-WEED TREATED treatment means for all nine treatments.
Differences measured among total and desirable plant biomass when
analyzing each treatment type as a main effect in analysis of variance and
LSD pairwise comparisons tests. Treatment means followed by the same

letter within a given graph are not significant at o = 0.05. .......ccoocverrrereresrreesivennns

Significant differences detected among total and desirable plant canopy
cover for non-weed treated soil fertility plots at the Poulin site. Treatment
means followed by the same letter within a given graph are not significant at

POULIN WEED TREATED treatment means for all nine treatments.
Differences measured among total and desirable plant canopy cover when -
analyzing each treatment type as a main effect in analysis of variance and
LSD pairwise comparisons tests. Treatment means followed by the same

letter within a given graph are not significant at o = 0.05........cccoeeverrrernuncne. b

POULIN WEED TREATED treatment means for all nine treatments.
Differences measured among total and desirable biomass when analyzing
each treatment typé as a main effect in analysis of variance and LSD pairwise
comparisons tests. Treatment means followed by the same letter within a

Significant differences detected among total and desirable plant canopy
cover and total plant biomass for weed treated soil fertility plots at the
Poulin site. Treatment means followed by the same letter within a given

graph are not significant at o = 0.05. .......ccocevrnenrrrenennenseneieessissssnssesssseesessssnens

WASHOE NON-WEED TREATED treatment means for all nine treatments.
Differences measured among total and desirable plant canopy cover when
analyzing each treatment type as a main effect in analysis of variance and
LSD pairwise comparisons tests. Treatment means followed by the same

letter within a given graph are not significant at o = 0.05. ......ccceoerreevverrerererreennens

Page

... 100 |

... 101

given graph are not significant at o = 0.05........coceniviniincmcrcerniencnecreecenene veorereneinnes 107

..... 109

..... 111




Figure

35.

36.

37.

38.

39.

40.

41.

42,

X1ii

- LIST OF FICURES - CONTINUED

WASHOE NON-WEED TREATED treatment means for all nine treatments.
Differences measured among total and desirable plant biomass when
analyzing each treatment type as a main effect in analysis of variancé and |
LSD pairwise comparisons tests. Treatment means followed by the same

letter within a given graph are not significant at oo = 0.05........cccoeveunee. feerereeransens

Significant differences detected among total and desirable plant canopy
cover for non-weed treated soil fertility plots at the Washoe site. Treatment
means followed by the same letter within a given graph are not significant at

Significant differences detected among total and desirable plant biomass for
non-weed treated soil fertility plots at the Washoe site. Treatment means
followed by the same letter within a glven graph are not significant at o =

0,05, ettt s e r et et s s e resarans

WASHOE WEED TREATED treatment means for all nine treatments.
Differences measured among total and desirable plant canopy cover when
analyzing each treatment type as a main effect in analysis of variance and
LSD pairwise comparisons tests. Treatment means followed by the same

letter within a given graph are not significant at o, = 0.05........cccceeerrrerrrenrreerrerenrens

WASHOE WEED TREATED treatment means for all nine treatments.
Differences measured among total and desirable plant biomass when
analyzing each treatment type as a main effect in analysis of variance and
LSD pairwise comparisons tests. Treatment means followed by the same

letter within a given graph are not significant'at o = 0.05......cccocevervrcreecvececrrrennenne

Significant differences detected among total and desirable plant.canopy
cover for weed treated soil fertility plots at the Washoe site. Treatment
means followed by the same letter within a given graph are not significant at

Significant differences detected among total and desirable plant biomass for
weed treated soil fertility plots at the Washoe site. Treatment means
followed by thé same letter within a given graph are not significant at o =

0.05. e e e s e e e e see e e et anes

An example of elevated plant canopy cover and productivity on the nitrogen

fertilizer and compost treatment plots at the Washoe. .......c.ccoensivinininceccncmeninnee.

Page

..... 116

..... 122

..... 123




Figure

43.

X1v

LIST OF FIGURES - CONTINUED

- Weed infestation on the Poulin treatment plots following peak stand of the

first growing season. The dominant weed species shown are Spotted
knapweed (Centaurea maculosa), Common mullein (Verbascum thapsus), and

Dalmation toadflax (Linaria geniStifolia). ..........ceevveeeeeemmrsessemssesersnessinssssesssssnsoseens

Poulin and Washoe treatment plbt plant available soil nitrogen

concentrations. ..........c.ccceeeseeeeen ettt e sae st asee et e e seean

Page

...... 125

..... 128




Xv

ABSTRACT

Historical, large-scale mining activities in Butte, Montana have created the largest EPA
superfund site in the northwest. Mine wastes with high trace element concentrations located in
residential areas-pose threats to human health and the environment. Reclamation of mine waste
began in the early 1980’s. Since initial reclamation, a decline in vegetation has been observed on
various reclaimed sites, which could result in future land degradation problems.

This research was conducted in two phases. Phase I involved the assessment of fourteen

" previously reclaimed areas in Butte to determine if relationships existed between coversoil
properties and the current success levels in the vegetative cover of reclaimed sites. The Phase I
assessment included the investigation of factors that may be contributing to satisfactory or poor
vegetative conditions on Butte reclaimed areas. Coversoil properties, weather statistics, and
reclaimed site characteristics were correlated with plant canopy- cover values. The Phase I
assessment determined that coversoil depth was the significant variable influencing reclamation
success in Butte. Reclamation sites with at least 56 centimeters (22 inches) of coversoil were
predicted to contain successful total plant canopy cover values (>60%). Coarse fragments, silt,
clay, as well as the nitrogen concentration of the coversoil were also found to be important for
promoting successful plant cover.

The Phase II study involved the establishment of field test plots on two reclaimed areas
in Butte, Montana. The effectiveness of inter-seeding, nitrogen fertilizer application, compost
incorporation, and various combinations were evaluated over a two-year period. A herbicide
weed treatment was incorporated on half of each test plot during the second year of research.
Vegetative measurements were collected at the end of each growing season to determine if the -
treatments significantly improved plant biomass and canopy cover when compared with control
values. Seeded species failed to establish on all inter-seeding treatments. Nitrogen fertilizer in
combination with weed treatment produced significant improvements in existing plant canopy
cover and biomass when compared to control plot values. Surface compost incorporation
improved resistance to weed invasion; however, the compost did not create significant
improvements in existing plant canopy cover or biomass values. Additional time may be
required before significant improvements in plant growth are observed from this treatment.




CHAPTER 1
INTRODUCTION

Over one hundred years of undergrourid and open-pit copper mmmg has substahtially
altered the landscape in Butte, Montana, ieaving behind numero’us mine 'waste piles and
seriously degrading land quality within the Butte city limits. The contamination poses threats to
human health and the envir01:1ment; As a result, i1'1 1983 the Environmental Protection Aéency
(EPA) placed ﬁutte on the National Priority List for cléanup under the Comprehensive
Environmental Response Compensation and Liability Act (CERCLA). The reclamation of mine
waste piles z;nd highly impacted.areas began in tﬂe early 1980’s (ARCO, 1998). Since ‘reclamaﬁon
began, many sites with adequate initial vegetative c'ahopy cover values later declined (Troutman,.
1997). Various treatments, aimed at improving vegetative cover and reciﬁcing soil erosion, have
been attempted on numerous reclaimed sites. Howévér, many reclaimed areas stiil require

maintenance or complete repair of the coversoil cap to restore adequate vegetative cover.

Thesié Objectives

Research objectives for this thesis are as follows:

1. - Evaluate soil properties across a range of Butte reclaimed sites to assess coversoil suitability
for plant growth with greater than 60% total plant canopy cover accordmg to Daubenmire
measurements,

2. Test the effectiveness of several Vegetation enhancement techniques to improve plant canopy
cover and vegetative sustainability.

3. Make recommendations of best management practices to enhance_plant canopy cover and
sustainability on ex1st1ng Butte reclaimed areas. ‘

This research was conducted in two phases to satisfy the above objectives. Phase I involved the

assessment of vegetative cover, coversoil properties, and additional site variables on fourteen
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pfeviously reclaimed sites. The Phase I assessment was designed to determine key variables that
are associated with current vegetative success on Butte reclamation. -Phase II involves the
establishment of field test plots to assess potential reclamation maintenance techniques. This
field reséarch evaluated the effectiveness of inter-seeding, nit;ogen ferﬁﬁzéﬁon, use of compost,
and various combinations of these tréatments to enhance plant canopy cover and Biomass values
on Butte reclaimed areas. Recommendations for best ma;rlqgement practices -on Butte reclaimed

sites are based on the Phase I assessment and Phase II treatment results.

Butte Mining History

Placer mining in the Butte area began along Silver Bow Creek in 1864 (Shévers et al., 1991).
These rather modest beginnings soon developed' into large-scale underground miﬁing operatibns
on the Butte Hill, which were consolidated by the Anaconda Mining Compa_ﬁy in tﬁe 1880’5..
Millions of tons of cop'per ore were mined in underground shafts and -sent to smelters located
around Butte and Anaconda. By 1956, the majority of large-scale undergrouﬁd mining ceased
and 6Ren pit mining at the Berkeley Pit began (Figure 1). The Berkeley Pit developed into' a large
open pit mine that was designed to remove and ship higH volumes of cc;p};er ore to Anaconda
smelters (Shovers, et al., 1991). In the course of a century of mini'ng, from 1870 to 1970, nearly $22
billion in coppef, gold,v silver, and other precious metals were .removed from the Butte Hill
establishing its reputation as “The Richest Hill on Earth” (Butte Historical Society, 1985).

Atlantic Richfield Company (ARCO) purchased the Anaconda Mining Company’s
mining claims in 1977. However, ARCO ceased al] Berkeley Pit mining activities in 1982 due to
falling, copper prices, .rising producﬁon costs,. foreign competition, and en\;irqnmental problems
(Anaconda-Butte Heritage Corridor, 1993)..' Before the Berkeley Pit shutdown, a new open-pit mine, 4
the Continéntal Pit, located east of the Berkeley Pit was opened and the mining legacy continued.
The Continental Pit was acquired from ARCO by Washington Construction in 1986 and Has been

mined since then under the corporate name of Montana Resources (Shovers et al., 1991).
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timely cleanup and/or removal of hazardous mine waste on the Butte Hill in response to
immediate threats to human health and the environment. A large portion of Butte reclamation
performed to date has been completed under EPA ordered TCRAs. Pr;or to EPA ordered TCRAs
in the early 1980’s, ARCO perfor-me'd voluntary remedial actions involving r.m'ne waste removal,
recontouring, coversoil placement, and revegetation on various sites. The Abandoned Mined
Lands Bureau and Butte-Silver Bow Cc;unty also perfo.rmed mine waste removal and attempted

revegetation on numerous sites in the early 1980’s (MSE, 1992).

'Hard Rock Mining Reclamation Challenges

A number of factors make reclamation challenging in hard rock mining situations. In
many cases, hard rock mining occurs in areas with mountaﬁous terrain. Reclamation ﬁay need
to be performed on steep slopes due to limited available space and high costs associated with
grading and moving overburden. The establishment of productive \;egetaﬁon on steep slopes
can be difficult due to Iimitatioﬁs of ,reclamaﬁc;n equipment. Increased runoff and excessive
coversoil erosion may hinder plant establishment and survival on steep slopes. Coversoil sources
are often scarce and/or contain poor physical and chemical propert'ies due to the geology in
many hard rock mining areas. Good quality topsoil is a luxury and in most cases geologic
substrata are used as coversoil (Bradshaw & Chadwick, 1980).- These géologic materials are often
biologically steriie, " lacking adequate concentrations of soil organic matter and soil
microorganisms. The sterile soil conditions often limit plant available nutrient levels and as a
- result hinder plant growth (Veverka, 1998). Elevated trace eiemgnt concentrations are commonly
associated with ore bodies at hard rock mines. As a result of phytotoxic element concentrations,
mine wastes accumulated by the mining processes are often unsuitable for plant growth. Thé
coversoil “cap” placed over the mine waste often provides the only suitablé rooting medium for
vegetation. Adequate coversoil depths may not be used due to limited coversoil availability and

the high costs associated with coversoil handling. Limited plant cover on shallow coversoils may
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in turn result in increased coversoil erosion.” Revegetation activities conducted in a semi-arid
climate can be further challenged by weather conditions. The amounts a;ld timing of
_ precipitation in dry climates can have a considerable impact on vegetation establishment and
productivity. Even when all reclamation and revegetation practices are pen;orm.ed correctly,
plant establishment can still be hindered and oftentimes fail due to hot and dry conditions

present during the growing season.

Topography

. Steep slope reclamation, while generally not recommended, is performed in many hard
rqck mining situan;ons due to the high cos',ts of moving large volumes of overburden and limited
available space at most m.ine sites' (Leavitf et al., 2000). Reclaimed slopes steeper than a ratio of 3:1
or 33% are not generally recommended due equipment limitations aﬁd the .probz;bility of
increased erosion. Plant perfofmance can be hindered on steep slopes due to a lack of water
infiltration into the soil. Runoff, or the potential for runoff, increases with incfeasing slope length
and slope steepness. Frequent erosion can create rills and guilies degrading the soil resource and
eventually killing végetaﬁon that was intended to provide coversoil stability. Yegetaﬁve failure
often leads to mass coversoil waétdge and re-exposure of toxic mine wastes. Coversoils with high
coarse fragment content, referred to as “rock mulch”, are occasionally used on steep slope
reclamation to armor the ground surface against erosion. At the Golden Sunlight mine near
Whitehall, Montana, reclamation is performed on slopes of 2:1 (45%) to refiuce costs involved
with grading large mine waste Piles to a more gentle slope and to limit the area impacted by. the
mine. Special equipment is used to grade and seed the sl&pes. Coversoils with the “rock mulch”
surface have been used on the steep s]opés to protect against erosion (Smith, 1996).. A study 1n
Elko, Nevada, by Leavitt et al., 2000, demonstrated that the use of highly coarse coversoil may '
provide some slope stability up to the angle ‘of repose of the materials used. ‘ Difficulty

establishing vegetation on coarse coversoils limited the success of this approach. Fine textured
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coversoil provided for better plant establishment bu;c proved to be highly erosive and unstable
leading to mass movement of coversoils (ieavitt et al., 2000). |
In steep native environments, s]ope; aspect influences the S}_)eci'es éomposition of plant
communities. In the northern hemisphere, plant communities on north aspects tend to be more

productive compared to those growing on the drier south facing aspect. The hot and dry

conditions on south facing aspects often restrict plant communities to species capable of

tolerating near drought conditions throughout portions of the growing season. The limited and
sporadic vegetative cover of plant species growing on south aspects increases the likelihood of

soil erosion.

Coversoil Properties

Coversoil properties including soil texture, rock fragment content, bulk density, water

holding capacity, replacement depth, nutrient levels, soil organic matter, biological components,

and trace element concentrations play extremely important roles in promoting long-term '

reclamation success. A literature review of these coversoil properties is detailed in the foliowing '

sections.

Soil Texture, Rock Fragments, & Bulk Density

Coversoil texture largely determines the soil’s ability to retain water and nutrients.
Coarse textured soils. with a high volume ;>f rock fragments, minimal clay, and low organic
matter levels possess very poor water ar;a nu&ient }}olding capacities. A high percentage of rock
fragments reduces rooting volume, limits water holding capacity, anc}' restricts nutrient storage.
_ Excessive surface rock fragments may elevate ground. surface temperatures hindering
germination (Ba-skin et al., 1998). Sandy soils contain a high percentage of large pores for water

movement. Since water storage occurs primarily in small pores, only limited amounts of plant
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available water can be stored in sandy soils. Rapid water infiltration of sandy soil may result in
the leachfng of plant available nutrients and drainage of water beyond plant rdo‘a‘ng depths.

During periods of low precipitation, soil moisture may become extremely limited to
below the point at which most plants can extract sufficient soil water, known as the permanent
wilting point. Permanent wilting point ‘usually occurs when the soil matric potential reaches 15
bars. The high matric potential restricts the soil's ability to transmit water and the plant’s
capacity to extract moisture leading to wilting, senescence, or death. Vegetation capable of
surviving under drought conditions often does not provide adequate éround cover, leavmg bare
soil susceptible to weed invasion and erosion. Successful reclamation involves the application of
coversoil capable of storing and providing sufficiént soi.1 moi§ture during the growing season to
promote productive plant growth and establishment. Of course, soil moisture is linked to
precipitation events, yet the soil must be capable of retaining essential amounts of soil moisture
between growing season precipitation events to promote plant germination, establishment, and
persistence of the spécies (Bradshaw & Clmdwick,'1980): Unless a source of plant available water
can be reached by plant roots beyond the surface soils, shallow and coarse textured soils (sand,
loamy sand, and to a lesser degree sandy loam) in arid and semi-arid climates may not retain
sufficient moisture to support robust vegetation (Jones & Graham, 1993).

High soil bulk density can limit plant growth through reduced germination -and root
penetration. A study by Jones, 1983, de_m.onstrated that root penetration depended on the soil
bulk density, crlay + sﬂt percentage, and soil moisture content. The critical bulk density was
approximately 1.6 g/cm? for root penetratiop in soils with 70% clay + silt under optimal soil
water conditions. Research by Hanks & Thorp, 1956, showed that as bulk density increased from
normal. to maximum compactionl, seedling emergence decreased dramatically. An increase in
surface crust strength due to compaction led to ‘l:ncreased soil bulk density and decreased oxygen-

diffusion rates that inhibited germination. Surface compaction may intentionally be created on
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reclaimed areas to help prevent soil erosion prior to plant establishment by tracking the area with
large equipment. Unfortunately, this compaction may often increase future soil erosion due to

reduced plant productivity and cover.

Coversoil Depth

Coversoil depth should be sufficiently thick to provide an ample root zone for the
reclaimed plaht community. ‘Average maximum plant rooting depths for various native grass
species, as determined by a monolith study (Weaver, 1958) are shown in Table 1. The majority of
these native grasses, generally require at least 1.22 meters (m) (4 ft) of suitable soil to attain
maximun‘1 roqﬁng',depth. A study performed by C;);t;ﬁland & Johnson, 1964, in Saskatchewan,
Canada indicated that various plant species require at least 1,22 m of suitable soil to facilitate
natur.al root distribution. In most cases; greater than 50% of the root mass .w;':ls located in the
upper 15 cm of the soil profile. However, the deepésé roots.' were determined to be highly‘.
important for water extraction during drought périods. In arid and semi-arid environments the

maximum rooting depths shown in Table 1 Iﬁay not always be obtained.

Table 1. Native grass species average maximum rooting depths (Weaver, 1958)
. Average Maximum Rooting Depth
Native Grass Species Depth Varies Based Upon
Sail Type
Western wheatgrass (Agropyron smithii) . 152-213cm (5-71{%)
Needle & Thread (Stipa comata) 122-152cm  (4-5ft)
Big bluestem (Andropogon gerardi) - 122-152cm - (4-5f1t)
Switchgrass (Panicum virgatum) 244 -335cm  (8-11f1t)
Canada wildrye (Elymus canadensis) 76.2 cm (2.5 ft)
Little bluestem (Andropogon scoparius) 122-152cm  (4-511)
Needlegrass (Stipa spartea) 137-183 cm  (45-61t)
Sand dropseed (Sporobolus cryptandrus) 122-152cm = (4-5ft)
Side oats grama (Bouteloua curtipendula) 137 -168cm  (4.5-5.5ft)
Purple three awn (Aristida purpurea) 122-152cm (4-51t)
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" Near Lincoln, Nebraska, during times of extreme drought (1933 - 1940), plant death was found to

be directly correlated with rooting depth (Weaver et. al, 1935). Shallow rooted species, unable to
extract water from dry upper soil horizons, did not survive.’
Power et. al., 1981, determined that the productivity of Alfalfa (Medicago sativa) and

Crested wheatgrass.(Agropyron cristatum) increased as suitable soil thickness increased from 90 -

150 cm (2.95 - 4.9 ft). The experiment consisted of soil wedge treatments placed over unsuitable

sodic spoils. Generally, 90% of maximum yield was attained when a total of 90 cm (2.95 ft) of soil
consisting of 70 cm (23 ft) of suitable subsoil plus 20 cm (0.65 ft) of topsoil covered the sodic

spoils. Both Alfalfa and Crested wheatgrass were found to extract water at depths greater than

the thickness of the soil wedge up to 150 cm (4.9 ft).

A study near Colstrip, Montana, (Wyatt et al., 1980) evalﬁated rooting depths of fifteen
plant species on native soils, old mine spoils, and new mine spoils. The deepest rooting depth
was recorded at 183 cm (6 ft) on suitable old mine spoils. Roots that extended below 76 cm (2.5
ft) totaled only 5% of the entire root biomass. These deeper roo.ts may be essential for water
upt.ake during dfought conditions. The s;cudy indicated that an adequate plant-rooting zone
requires a minimum 2 m (6.5 ft) of suitable soil, whether it is topsoil of acceptable substrate
material. This study was performed on coal mining reclamation, yet rooting depths of similar
plant species are not likely to greatly dﬁfer in hardrock mining reclamation situations.

In addition to coversoil requirements on coal m.ining reclamaﬁon, the upper four feet of
substrate materials (upper 2.44 meters (8 ft) according to Montana statutes) must also meet
suitaiaility :'requirements that further support plant growth. Substrate materials at many hard
rock mines can be toxic to plants and the environment. The substrate or hard rock mine waste
often does not provide an adequa-te rooting medium. Plant roots, as a result, are often restricted

to the coversoil layer applied during reclamation in hard rock mining areas.
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Soil borrow resources can often -be limited in hararock mining areas, such as in the Butte
area. Precious métal ore bodies are primarily locateci in igneous formations. Igneous rocks,
including intrusive granites and extrusive volcanics, weather very slowly in semi-arid
environments. Resulting soils are often coarse textured and/or contain abundant hard rock
fragments. Locating sufficient amounts of good quality coversoil materials to provide a suitable
plant rooting depth zone often beéomes extremely difficult and expensive under these
conditior.ls. Shallow coversoils on many hard rock reclaimed areas restrict deep-rooted plant
species especially if toxié substrate conditions exist. Vegetation resﬁicted to a thin coversoii layer
will rapidly.deplete plant available nutrients and water requiring future inputs of fertilizer or
organic matter to sustain adequate vegetative cover. Shallow, coarse textured céversoils, coupled .

* with a semi-arid climate makes for extremely difficult growing conditions.

Nutrients, Organic Matter, & Biological Activity

Providing an adequate supply of plant nu"érients is essential for achieving suitable
vegetative productivity, maintaining ground cover, and ensuring the long-;cerm survival of .
reclaimed plant communities. Vegetation on hardrock reclamation is often faced with limitéd
* nutrient conditions in coversoils from local borrow sources. Borrow materials usedv are often
devoid of plant available nutrients, soil organic matter, and the biological community normally
present in topsoil materials. Development of proper carbon and nitrogen cycling and the
building of biological communities may require decades or centuries on some harsh sites (Reeder
& Sabey, 1987; Hook et al., 1995), meanwhile plant growth can be dramatically sup}.)ressed'.
Oftentimes, fertilizer and organic amendments are applied duri’ng initial reclamation to establish
vegetation and initiate the natural nutrient cycling piocesses. " Initial fertilizer a}Splication may.
not be enough in m‘any instances. Long-term fertilizer applications can be used to provide a,
cénﬁr;uous éou_rce of plant available nitrogen but the long-term management costs.can be

prohibitive. Excessive fertilization may also increase plant nutrient levels to a point where weed
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species are favored over the native grasses (Morghan & Seastedt, 1999). Rangeland plant species
used for revegetation tend to require a low, steady supply of plant available nutrients and often
do not benefit from excess nutrient concentrations.. Once present, weed species may gain
dominance by out’ competing native rangeland species for the most limiting resource (Tilman,
1984). |

Studies of reclaimed lands have indicated that soil moisture can be the most iimiting
factor to vegetative growth, followed by plant available nitrogen. Plants extract more nitrogen
from the soil than any other nutrient to promote growth and reproduction (Reeder & Sabey, 1987).
Inputs of nitrogen to the soil in natural systems occur partly _(approxi'mately. 28%) thfough
atmospheric additions of N0z and NHy¢* from precipitation, while the majority (appr.oxil'nately "
72%) is addéd through biological fixation (Foth & Ellis, 1996). Biological nitrogen fixation
supports plant growth and helps to develop proper carbon and nitrogen cycling. Sterile coversoil
materials substituted for topsoil do not provide the biological soil component essential for
nitrogen fixation. Long-term plant growth will inevitably. suffer without contir‘lued nitrogen
1'11puts‘ through management practices involving organic amendment incorporatign or nitrogen
fertilization.
| Coarse textured soils limit .plant available Wéter and nutrient retention. E;Ien with an
adequate biological community, lack of soil water will restrict microbial activity (Burke, 198;9). As
a result, nitrogen mineralization diminishes when soil water potential detreaées to permanent
wilting point and lower concentrations. éuch dry soil conditions are not supportive to bidlogical
nitrogen fixation.

Legume establi;c,hment may alleviate plant available nitrogen deficiencies. Soil nitrogen
fixation occurs through a symbiotic relationship between legumes and bacteria in the genus
Rhizobium. Legumes supply the Rhizobium with a fixed carbon (phpsphosynthate) and in returﬁ

the bacteria supplies nitrogen as ammonium for use in legume cells. Unutilized nitrogen is
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excreted by the plant roots into the soil (Foﬂf & Ellis, 1996). Prior to ;;lanﬁng in agr'icultural or
reclamation situations, legume seeds ;elre often inoculated with the proper RI1iéobium species to
ensure efficient nitrogen fixation. A report by Sheehy, 1989, suggests that a legume content of 20%
cover in pastures creates optimum conditions for overall plant communi.ty productivity.
According to Reeder, 199b,- the amount of nitrogen added to soils by legumes may be a more
effective means of establishing nutrient cycling than applying an equivalent amount- of inorganic
nitrogen fert-ilizér. The inorganic nitrogen fertilizer can be susceptible to- both volatilization and
leaching. Leaching especially occurs in coarse textured soils. |

" Legumes can be difficult to maintain if herbicides are broadcast apflied for weed control.
Broadleaf species are often targeted with herbicides, killing weeds and legumésl alike. . Spot
spraying weeds can protect the majority of legumes, yet can be time intensive, costly, and does
not effectively eliminate undetected weeds and weed seeds ready for germination.

Organic matter incorporation can provide biological comi)onents, an organic nifrogen
source, and increase water rétention for coarse textured coversoils. The mjneraliza"don of orgarﬁc
nitrogen from organic matter provides allong;term source of nitrogen available for plant uptake
(Schoenholtz et al., 1992). According to a study by the University of Califoriia, 1998, the slow release
of minera’lized nitrogen from compost maintained low enough inéfganic mnitrogen levels to
discourage the invasion of weed species. . Organic matter incorporation (compost) combined with
legume establishment during initial reclamation may help initiate nutrient cycling (Prodgeré,

1998) providing & common sense substitute for long-term fertilizer applications.

Climate

- The lack of precipitation is often the most important variable determining reclamation
success in arid and semi-arid environments. Precipitation combined with temperature set the
stage for seed germination and establishment of mature pla‘nts. Generally, the first growing

season is most crucial in terms of predicting short to mid-term revegetation success. During the
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first growing season, hot and dry conditions can greatly lim.it seed germination and plant
establishment. Harsh v;reather conditions that lead to revegetation failure do not necessarily have
to exist for the entire growing season to dramatically effect plant establishment. The timing and
patterns of precipitation are often more important than the overall amount of moisture received.
(Ries & Svejcar, 1991). Several weeks of hot and dry conditions during'germinaﬁon and seedling
establishment can completely cripple revegetation efforts for the remainder of the year, even
* though total precipitation may be above average for the year.

Weather conditions in semi-arid environments are always questionable. Unfortunately,
adverse weathér cannot be manipuléted to improve reclamation efforts.. Climate limitations can
be offset to some extent by using coversoil witﬁ good water retaining capacities and sufficient soil
organic matter levels. Even ideal coversoil properties will not guarantee reclamation’ success
during drought conditions. In some cases, irrigation can be applied to alleviate dry conditions .
and improve plant cover. While ﬁecessary in some instances, this approach is expensive and not
a practical long-term solutioln for most reclamaﬁon situations. Water sourc’es can often be limited
in Montana’s semi-arid regions. Even if water is available, the long-term irrigation costs may be
prohibitive, likely exceeding the reclamation design and construction costs. In some instances,
reclamation pra;_tices may include first year irrigation to improve plant establishment, but only if
water is readily available and irrigation setup costs are low. Even with excellent plant
establishment using first year irrigation, the fate of the plant community can be highly dependent

. upon future climatic conditions (McLean & Wikeern, 1983). If precipitation is inadequate and
temperatures are excessive for extended periods of time, even well established vegetative cover

. may decline or fail due to restricted soil moisture.

Trace Elements
Phytotoxic conditions occur when trace elements in the soil reach levels that cause injury

or death to plants. Many environmental factors influence the exact concentrations at which
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-phytotoxicity begins. The form of trace elements };re;ent, solubility of metal and arsenic species,
soil pH, soil moisture conditions, and the plant species growhg on a _sité‘will all influence at
| what level injury occurs. Concentrations harmful to plants may be harmful to animals as well.
Soil microorganisms and buirowing animals are likely to be most affected. Yet, other animals
ﬁlat feea on those animals or feed on plants growing in contaminated soil will also suffer injury.
Humans are not immune. A short list of human ailments a;ssociated with chronic exposure to
toxic trace element concéntrations include numerous cancers, brain damage, nervous system

defects, respiratory defects, and skin lesions.
Ironically, plants require minimal concentrations of trace elements as micronutrients. In
many cases, p]alllts‘are less toleran't of insufficient trace element concentrations than elevated '

concentrations (Kabata-Pendias & Pendias, 1992).

Laboratory Analyses & Trace Element Effects

bften’dmes, the choice ofi analytical methods for trace element detection is intended to
mimic the trace element concentration a plant would likely extract from the soil. The selection of
proper extraction solutions (EDTA, DTPA, ammonium acetate, water, buffered, unbuffered, et.c.)_
representative of trace element uptake by plants under variable field conditions have been highly
debated. As an alternative approach to extractable analy.;,es, total soil trace element
concentrations can be detected through strong acid digestion. Total trace element concentration
represents the entire pool of a trace element in the soil, both soluble and insoluble.

The interaction between plants and trace elements can be highly complex. Analysis of
extractable and total soil trace element concentrations might not adequately assess whether
phytotoxic conditions are preseﬁt-. Sevéral combined factors often lead to phytotoxic conditions.
Trace elements interact W;Vith soil properties such as texture, soil pH, caltion exchange capacity,
soil organic matter, and nutrient levels, as we]l as microorganisms, invertebrates, and other

elements at specific ratios to hinder plant growth (Tyler et al., 1989). A large number of
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experiments have been -performed to determine exactly how elevated trace element

concentrations affect a plant. According to Kabata-Pendias & Pendias, 1992, trace element effects

have been recognized to alter plant cell membrane permeability, which limit water and essential -

nutrient uptaké capabilities. Trace elements aggressively compete with various metabolites and
major cations for exchange sites within plant cells. The trace elements tend to specifically target
and occupy uptake sites for nitrogen and phosphate. Trace -elements also react with phosphate
groui)s and cellular energy groﬁps ADP and A;TP. These processes act upon and/or destroy the
plant’s ability to utilize nutrients and enzymes needed for survival.’ Trace elements 'can also
behave differently within the soil according to electronegativity of divalent metals, solubility
products of sulfides, stability of chelates, a'n;i. metal bioavailability (Kabata-Pendias & Pendias,
1992). Visible symptoms of phytotoxicity in plants can be varied. Some typical symptoms
include .necrosis, chlorosis, brown spots on leaves and margins, abﬁorma] twisted and gnarled
root shape, and overall stunted plant growth. Specific trace element uptake and phytotoxic

effects for arsenic, copper, lead, zinc, cadmium, and manganese are detailed below.

Arsenic
Elevated soil arsenic levels can be very phytotoxic to plants. Decreases of up to 90% in

plant growth have been observed for cereal grain species at total soil concentrations of 1,000

mg/kg (Kabata-Pendias & Peﬁdias, 1992). Total soil arsenic concentrations do not represent actual -

amounts of arsenic available to plants. Arsenics* is believed to be the most readily available form

of arsenic for plant uptake. This form of arsenic can be passively transmitted to piants with water

flow. Anion arsenic species behave aifferently in the soil than cation metal specieé. At high pH
levels, arsenic can be highly soluble, whereas the majority of metal cations are soluble primariiy
at low pH levels. Arsenic poisoning can cause leaf wilting, de€p red to violet discoloration of
roots and leaves, depressed tillering, and wilting of new growth. Plant tissue concentrations of

arsenic ranging from 1.1 to 5.4 ppm have been observed in healthy grasses growing in a semi-arid
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region in Russia. Accgmulation of arsenic in plant tissue seldom reaches -levels harmful to
humaﬁs or grazing animals due to above ground grom‘rth reductions and plant death (Adriano,
1986). However, a related pr(')ble.m for grazing animals might be the cons{lmption of

contaminated dust on the surface of the plant.

Copper

Excess coppef can cause plant tissue damage, depressed growth, poor seedling
development, and reduced root development (Tiller é‘- Merry, 1981). Phytotoxic copper
concentrations can be highly V'ariable and difficult to assess. .Other elements, such as sulfates and
oxides, within the soil form complex interactions with copper that can be either :favorable (‘Jr toxic
to vegetative processes. 'fhe phytoto%icity of the coml.alexes depends upon the elements involved
and their associated concentrations (Kabata—Pendiés ;S’Pendias, 1992).

Lead

Phytotoxic levels of lead can cause leaves td turn dark greeﬁ and/or wilt, stunt fol‘iar‘
growth, depress root growth, and discolor roots brown (Kabata-Pendias & Pendias, 1992).
However, these effects are often only observed at high lead concentrations as soil lead is often
unavailable to plant roots. Studies have shown that plants- extract much less than 1% of the total
soil lead conclentration (Wilson & Cline, 1966). Plants can absorb large can absorb high
concentrations of lead, near 300 ppm, often without showing phytotoxic effects (Gough et al.,
+1979). Lead uptake by plants is reporteci to be constant with changing soil lead concentrations.
However, at very high soil lead concentrations, a critical level of lead in plant tissue may be
. reached (depending upon plant species) Beypnd which dramatic incre'ases in lead uptake occur,
leading to plant death (Antonovics et al.; 1971). Elévafed soil lead has been shown to héve alarge .
-impact on soil microorganisms. Soil lead con’témina’don can impair microbial activities needed

for ;nutrient cycling and organic matter decomposition (Tyler, 1976).
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Zinc

Elevated zinc concentrations in soil can cause depressed plant growth and chlorosis of
new growth. Zinc is not considered to be highly phytotoxic and only select sensitive: plant
species (cereals and spin.ach) at various growth stages have show:_n effects of poisoning (Davis,
19‘79). Upper phytotoxic levels of zinc have been measured at 500 ppm in plant tissues, a fraction -
of total zinc soil concentration. Such high zinc concentrations in contaminated plaﬁt tissues are
found primaril}; in plant roots and leaves. Cellular reéistaﬁce to elevated zinc .concentrations is
not well understood, yet plants may hf;lve an internal tolerance mechanism which explains the
high. concentraﬁons of zinc frequently found within healthy plants gr(;wir;g on contaminated

areas (Antonovics et al., 1971).

Cadmium

Elevated levels of soil cadmium can lead to chlorosis, brown leaf margins, curled leaves,
- brown stunted roots, and reduced overall growth. Plants readily absorb solu‘ble forms of s;oil
cadmium. Different plant species have shown varying levels of cadmium tissue concentrations
(iO - 100 ppm) when grown on the same soil (Kabata-Pendias & Pendias, 1992). Cadmium
’phytotoxicity generally occurs at I\nuch.lower concentrations than copper, zinc,.arsen_ic, .or lead.
Phytotoxic amounts vof cadmium within .plant tissues can range from 10 to 20 ppm depending on

plant species (Macnicol & Beckett, 1985).

Manganese

Manganese uptake and traﬁslocation throughout a plant occurs in combmaﬁon ;/vith
passive v;fater transport. The tolerance of plants to manganese is dependent upon the proi)er
mangaﬁese to iron ratio within plant tissues. Specific ratios and effects differ greatly .among
plant species and growth stages (Kabata-Pendias & Pendias, 1992). Manganese phytotoxicity is

most likely to occur in acid soils associated with aluminum toxicity. High soil manganese levels
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“can cause chlorosis-and necrotic lesions and spots on leaves, accumulation of MnO, in epidermal
cells, drying of leaf tips, and stunted root and above ground biomass (Kabata-Pendias & Pendias,
1992). Tissue contents of 500 ppm have exhibited phytotoxic effects in some cereal (l:rops,.
whereas tissue concentrations greater than 1000 ppm have been }eported in healthy wheat crops

(Adriano, 1986).

- Indirect Trace Element Toxicity Effects

Soil biota harmed by toxic trace element concentrations can indirectly hinder plant
growth. These indirect effects may be difficult to measure in terms of plant performance. Ideally,
the assessment of phytotoxic conditions should consider all pathways of harm. Often, the effects
of ‘trace element contamination v'vithin the soil are misunderstood by only evaiuating plant
growth, and not the entire soil community.

Elevated trace element concentrations can pose harm to soil microorganisms and
invertebrates, including insects and spiders (Hopkin, 1986). Negative impacts on these organisms
_ m.ay inhibit plant growth by reducing nutrient cycling, decomposition of orga;[;ic materials, and
soil respiration. Microorganisms utilize soil organic matter for nutrients and elnergy.' Trace.
élements may be readily adsorbed to soil organic matter, increésing total trace element
concentratiéns m high organic m;ﬁer areas. A study performed on German soils contaminated
with copper and zinc from nearby smelting processes indicated that microbial activity v;zaé eight
times less near the smelter than the microbial activity in outlying, uncontaminated soils (Tyler et
al., 1989). Nitrifying bacteria, such as Azotobaéter, and mycorrhizal fungi are especially sensitive
to elevated trace element concentrations. Spore germination. and hyphal extension rates into
leguminous plaflts can be decreased by elevated trace element concentrations, reducing or
eliminating nitrification By these plants '(H‘epper & Smith, 1976). Microbial decomposition rates
can also decreased by elevated trace element concentrations. Considerable litter layer incr'eases

have been reported near lead smelters in Missouri, Ontario, and England due to reduced
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microbial decomposition (Coughtrey et. al., 1979). Excess, non-decomposed plant litter layers
were identified at,distances up to 15 km from a lead smelter in Ontario (Freedmm & Hutchinson,
1980). Decreases in decomposition rate, ‘phosphatase activity, and phosphorus mineralization
were observed on forest soils located near metal processing industries, specifically copper and
zinc processing (Tyler, 1976).

Soil invertebrates, especially earthworms, are highly susceptible to trace element
contamination. The continual feeding on contaminated soils concentrates trace eléments in the
digestive system, eventually killing the organism. Studies have shown that total_soﬁ trace
element concentrations approximately twenty times higher than background concentrations
reduced earthworm populations dramatically (Tyler et al., 1989). Insects and spiders that feed on
other invertebrates are susceptible to tracé element poisoning by consuming prey concentrated
with trace elements. High trace element concentrations have been observed in spiders (Dysdera),

which have fed on soil invertebrates contaminated with trace elements (Hopkin, 1986).

Reclamation Challenges in Butte, Montana

ARCO began reclamation effort;s in Butte, Montana during the early 1980’s. These éffortg
continﬁe still today. Vegetation on various reclaimed areas currently does not meet 30% live
plant cover standards (Prodgers, 1995) based on point intercept measurements (Daubenmire, 1968)
accepted by the local Butte Silver-Bow county. government. Coarse textt_ﬁed Asandy loams
weathered from decomposed granite‘were used for the majority of reclamation prior to 1997.
These coarse textured coversoils frequently possess poor water holding capacity and are deficient
in plant available nutrients, soil organic matter, and soil microorganisms essential for sustainihg'
vegetation.

Phytotoxic mine waste lies directly beneath an approximate 5 cm thick lime I‘(I)Ck barrier
and the coversoil cap on the majority of Butte reclaimed areas. The low pH and high trace

element concentrations of the mine waste create highly unsuitable conditions for plant growth.
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Plants growing on the réclaimed areas are restricted solely to the coversoil depth placed during
initial reclamation activities. The hard and dense lime rock barrier that separates the mine waste
from coversoil materials tends to restrict root penétration to greater depths.

The EPA 'requirem'ents for Butte reclamation specify that co.\zérsoil depth must be at least .
46 cm (18 in) (AERL, 1999). Various reclaimed areas contain considerably less coversoil than the
.required amount. Shallow coversoils greatly limit the available pool of water and nutrients for
plant growth. Plants can rapidly deplete available nutrients and soil water w1thm a 46 cm
coversoil thickness. In native, semi-arid environments, plant .roots ((Iilepending upon species)
may extend greater than 1.8 m to compensate for water shortages during drought'conditions. As
mentioned earlier for coal mining reclamation, the salvaged soil resource is placed over at least
1.2 m of suitable substrate materials to promote long-term vegetative grox&th. In comparison
with coal mining reclamation standards and many .u.ndisturbed native enviroﬁments, even the
deepest coversoil on Butte réclamation is limiting to root penétration and long-term plant
productivity because substrate materials are either phytotoxic or unsuitable for plant growth.

Many reciaimed areas in Butte have slopes nearing 3:1, or 33%, on south facing aspects.
Butte’s semi-arid climate receives 30.5 to 35.6 cm (12 to 14 in) of precipitation annually (National
Climatic Data Center, 1990). The combination of slope, hot and dr)'r south facing aspects, low
annual moisture, and shallow coversoils‘ with depleted nutriént concentrations and limited plant |
available water holding capacity hinder. the establishment and survivai of seeded vegetation.
Reclaimed sites with poor vegetative growth may become susceptible to weed invasion and
excessive coversoil erosion, possibly requiring complete reconstruction of the coversoil cap.

Changes have been made in reé]amaﬁon practices during the past several years (1997 -
presen%) that are improving végetaﬁve cover on newiy reclaimed Butte sites. Coversoﬁ materials
copsisting of the coarse decomposed granite are no longer used as frequently. Tertiary fill froﬁ

the nearby landfill in Rocker, Montana, has bécome the primary -coversoil source. The loamy
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tertiary fill matér_ial contains a higher percentage of clay and silt than decomposed ‘Agram'te
(Prodgers, 1998), capable of retaining higher concentrations of water and nﬁtrient's. Initial
'reclamation construction on many sites now in¢ludes catﬁe manure incorporation ’;o il/nprove. soil
organic matter percen'tages, increase nitrogen levels, and supply the biological components
needed for establishing vegetation.

Approximately 170 ha (420 acres) of mine waste and disturbed areas have ioeén reclaimed
in Butte (actual reclaimed acreage is highly debatable depending on defin£ti0n of reclamation and
reclamation success). Approximately 40% to 50% of the total area has been reclaimed with ‘coarse
texturéd decomp;)sed granite coversoils. Reclamation evaluations performed by the EPA and
Bighorn Environméntal on the reclamation performed during co.mpleted pri§r to 1997 have noted

a decline in vegetative cover and increased erosion on numerous sites. Many of these reclaimed

sites will require extensive maintenance and/or additional applications of coversoil to promote -

sustainable vegetation with greater than the accepted Butte-Silver Bow County criterion of 30%

total live plant canopy cover based on the point intercept method (Daubenmire, 1968).
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CHAPTER 2
PHAGSE I - INTRODUCTION

Reclamation in Butte, Montané; was evaluated to determine if relationships existed
between coversoil properties and the current success levels in the vegetative cover of reclaimed
sites. The Phase I assessment included the investigation of factors that may be contributing to
satisfactory or poor vegetative conditions on Buite reclaimed areas. Vegetative declines apparent

‘on various reclaimed sites may be attributed to a variety of factors such as coarse textured
Icoversoil, limited water .and nutrients, Helevallted trace | element concentrations, and low pH
(Munshower & Neuman, 1992, Troutman, 1997). Phase I was performed to assess specific causes of
vegetative dec1i1.1es on Butte reclama‘tion. Effective reclamation alternatives cannot be established
if current problems are not clearly understood. Reclaimed sites rated from unsuccessful to
-successful based upon vege‘tative cover were studied to identify trends that may explain specific
causes of vegetative declines. Definitions for i’hase I reclamation success categoriés are provided

in subsequent sections of this thesis. N

'Reclamation Specifications
The Environmental Protection Agency (EPA) general specifications for past and current
Butte reclamation, outlined by'_”Butte Hill Revegetation Specifications” in the Final Response
Action Design Report for the Alice Du.mp, Mafch 18, 1999, (AERL, 1999) stipuléte that all mine
waste be removed and/or recontoured to slopes of 3:1 or less. The ;:ontoured mine waste must
be capped with a 5 cm (2 in) limé rock'l;alyer or 785 metric tons of lime rock per hectare (350 toﬂs
' lime rock/acre) andA a minimum 46 cm (18 in) of coversoil to protect human health and the
. env-i'ronme:nt. Coversoil materigls must méet certain physical and chemical requirements,

explained in detail in later sections. Reclaimed sites are seeded with a suitable seed mixture,
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Vegetative Declines

Coversoil applied during initial reclamation construction is expectéd to effectively cap
mine waste areas for many decades. The establishment of vegefation is essential for providing
coversoil stability. Vegetative cover protects the coversoil from wind and water erosion by
ininimizing areas of bare ground, reducing surface water ruﬁoff velocity, and l;>y increasing
infiltration. . Loss of vegetative cover can iead to elevated coversoil erosion, which may
eventually re-expose toxic mine waste. Storm events in Butte can readily erode and carry the
exposed mine waste into city streets, residential property, and city storm drains. Uptown Butte
city storm drafﬁs .empty, into Silver Bow Creek, often lowering pH and elevating trace element :
concentrations in the stream.

In order to assess the condition of various reclaimed areas and to identify reclamation
problem areas involving exposed mine waste, the EPA evaluated Butte reclaimed areas twice in
the 1990’s. The evaluations were'developed in cooperation with the Montana State University
Reclamation Research Unit in 1992. These eva'duaﬁons, performed in 1992 ahd 1996, a.ssessed
reclamation characteristics including various vegetative properties, erosion,.signs of disturbance,
and mass instability (Munshower & Neuman, 1992, Troutman, 1997). The evaluations provided
ﬁormaﬁon of initial vegetative trends on various reclaimed areas. Plant canopy cover data
gathered from thése evaluations are shown in the graph indicatiﬁg plant cover trends from initial
seeding dates (1988 - 1991) to .1996 on various reclaimed areas (Figure 4).

The reclaimed sites were grouped according to plant canopy cover values into successful,
moderately successful, and unsuccessful.‘ reclamation categories. Four out of six reclaimed areas
with excellent initial plant establishment in 1992 maintained successful vegetative cover through

1996. Two sites with .excellent initial establishment and plant cover-in 1992 declined to

unsuccessful conditions by 1996.
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On reclaimed areas whgre initial establishﬁent was poor‘in 1992, vegetation was not able to -
achieve successful vegetative cover by 1996. The evaluations indicate 'that without excellent
initial plant establishment during the first growing season, vegetation will not likely achieve
future successful canopy cover values.

Plant reproduction is essential for promoting long-term vegetative cover and

- sustainability on reclaimed areas. Even on successfully vegetated sites, limited vegetative

reproduction will lead to future declines in vegetative cover. The 1996 evalqaﬁon generally
indicated thé reproduction of few to common };oung plants on the reclaimed areas assessed. It
should be notéd that these EPA evaluations were performed on a relaﬁvely short time span
following initial site seeding. Prodgers, 1998, indicates that conditions for plant regenerationi on
ButFe reclaimed sites will become considerably worse in comparison with conditions existing
during initial seeding.

As mentioned earlier, poor establishment and declines in vegeta’cive~ cover may be
attributed to a variety of factors. This Phase I assessment investigated coversoil properties
including ‘texture, coarse fragment percentage, depth, trace element concentrations, nutrient
status, and soil organic matter percentages. Weather conditions during the first growing season
were assessed to determine if poor initial establishment may have resulted 1n current vegetative
failure on many sites. " A better understanding of the.causes of vegetative failure will provide an
important first step towards reversiﬂg the -decline of plant productivity- and canopy cover on

various reclaimed sites.
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Phase I - Methods & Materials

Phase I Assessment - Reclaimed Area Selection

More than a hundred sites have been reclaimed in Butte, Montana to date. The

assessment of all reclaimed areas was beyond the scope and budget for this project. Therefore,

fourteen sites, perceived to be representative of the majority of Butte reclamation performed in

the 1980’s to the early 1990’5; were :selected for the Phase I assessment. These fourteen reclaimed

areas were chosen based on the EPA evaluations performed by the MSU Reclamation Research

" Unit in 1992 and 1996. In addition, plant canopy cover, productivity, and available soils data

reviewed in Prodgers, 1998, and Keammere;f, 1992, influenced reclaimed site sélection‘ for Phase I
Additional site \}ariables‘obtained from personal observations and the ARCO reclaimed area
database such as slope, aspect, source aﬂd depth of borrow material, msﬁmﬁonal contro‘ls, and
original seed mixture were considered during the selection process.

Thé fourteen sites (Table 2) selected represent examples of successful, moderately
successful, and unsuccessful reclamation as Well as the two common coversoil materials usea for

past reclamation (1982 - 1997) in Butte, Montana.

Table 2. Fourteen Butte, Montana reclaimed areas selected for Phase I assessment. *

Coversoil type used is indicated in parenthesis following site name.
Successful Sites Moderately Successful Unsuccessful Sites
Walkerville Ballfield (Ryany  Timber Butte Mill (Other) =~ Washoe Sampling Works (1-90)
Lexington Mill (Ryan) Travona Dump (I-90) Star West Dump (I-90)
Late Acquisition (Other) Original Mine Yard (Ryan) Otisco (Other)
Steward Mine Yard (Ryan) National (Ryan) Poulin (Ryan)
Tension (Other) , - Anselmo Mine Yard (Ryan) -

These reclaimed areas were grouped into success categories in this Phase I assessment based
upon data collected by the EPA, Keammerer, and Prodgers. Figure 5 illustrates examples of

successful, moderately successful, and unsuccessful reclamation.
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The majority of Feclaimaﬁon prior to 1997 was performed with coversoils from either the
" Ryan or. I-90 borrow sources. Other coversoil borrow sources were useci on selected reclaimed
.sites. The Ryan borrow site is located just north of the town of Walkerville at the top of the Butte
hill. This borrow site was a‘bandonéd in the mid 1990’s due to reported cases of elevated trace
element concentrations. Borrow material from the Ryan site has a gravelly, coarse sandy loam
texture that averages 12% clay and 15% coarse fragments by volume. The I-90 borrow source is
located southwest of Butte near interstate I-90. This material is very gravelly with a loamy coarse
sand texture with an average 8% clay and 36% coarse fragments by V(;Iume. Coversoil physical
properties for these two borrow source materials were determined by the Phase I 'assessment.
Photos of the fourteen reclaimed areas including brief summarized data are also included in

Appendix A. The photos display site conditions as of August 2000.

Field Data Collection

Soil samples were collected from the fourteen reclaimed areas in Butte (Table 2) on May
1, 1999. Plant canopy cover measurements were collected the following year on August 5 - 6,

2000, to correlate coversoil data with current plant canopy cover conditions.

Soil Sampling

Soils were sampled a.t three locations representative of Vegetativé conditions within each
reclaimed area on May 1, 1999. Soil pits were dug to the lime rock barrier between the coversoil
and underlying mine waste. Two soil samples were collected from each soil pit. Surface samples
were collected from the 0 - 10 cm (0 - 4 in) coversoil depth inc.r'ement.and subsoil samples from
10 - 40 cm (4 - 16 in). Subsoil sampling 1n coversoils shallower than 40 cm was performed
betweeﬁ 10 cm and the lime rock barrier. A 10% hydrochloric acid solution was used to detect
the presen;:e of the lime rock material. Care V\:/as taken not to mix lime rock material with the'

subsoil sample. The surface and subsoil samples were collected to identify differences within the
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reclaimed cap possibly caused by the upward migration of low pH water and trace elements
through the lime rock barrier from the underlying toxic mine waste. Surface samples from all
three pits were composited by thoroughly mixing the soils in a stainless steel bowl. The same
composite procedure was followed for the subsoil samples. |

Approximately 1,500 grams of ‘so‘il were obtained for both the surface and subsoil
samples from each reclaimed site. The mixing bowl and all sampling equipment were washed
with Alconox soap and deionized water between mlxmg batches to prevent cross contamination
of samples. The two composite samples from each reclaimed area were transferred to labeled
zip-lock bags and were stored in coolers for transfer to the laboratory. A total of 28 soil samples
were collected and submitted for laboratory analyses. During the soil sampling, field
observations including slope steepness, aspect, and coversoil depth were recorded at each sample

site.

Plant Canopy Cover Measurements

On August 5 and 6, 2000, measurements (Daubenmire, 1959) of plant canopy cover were
fecorded on the fourteen reclaimed areas. Daubenmire measurements were collected within a 1.0
x 0.5 meter (m) frame for canopy cover by species, surface litter, bareground, moss and lichen,
and surface coarse fragments. Individual plant species values measured within each frame were
combined to obtain total plant canopy cover. Twenty frames of cover data were collected from
three 40 m transects on each reclaimed area for a total of 60 frames per reclaimed site. Individual
reclaimed areas were carefully inspected to determine representative locations for transect
placement. Transects were not oriented in a particular or consistent manner, but were placed to

best capture the overall vegetative cover of each reclaimed area.
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- Laboratory Analyses

| Soil analyses were performed at the Montana State University (MSU) Soils Labofatory.
Soil séfnples were dried at 1059 Celsius (C) for.48 hours or until consistent dry weight was .
obtained. The dried samples were disaggregated and sieved to obtain the less than 2-millimeter
(mm) soil fraction for analyses. All particles larger than 2 mm were recorded as coarse
- fragments. The following parameters were analyzed for soil samples collected on May 1, 1999.

Analytic procedures are briefly described for each parameter (Page et. al., 1982).

o Total trace elements (Cu, i—“e, Zn, Pb, As, Cd, and Mn) were extracted using hydroﬂuoric acid and
other mixed acids at a 1:100 ratio of soil to solution. The extract solution was analyzed for .
total trace elements with Inductively Coupled Plasma Spectrometry (ICP) analysis.

o Unbuffered DPTA extractable trace elements (Cu, Fe, Pb, As, Cd, Al, Cr, and Mn) were extracted
with an unbuffered DTPA extract for approximately two hours. The extract solution was
analyzed for trace elements using ICP analysis.

o pH was measured by mixing soil and water in a 1:1 slurry. The pH of the slurry was
measured with a pH electrode

-0 Exchangeable acidity of A3* and H* was determined by filtering a 10 gram (g) soil sample with
25 milliliter (ml) of KCI solution through a Buchner. funnel fitted with filter paper. The
filtered solution was titrated with a NaOH solution until a clear color change endpomt was
visually observed.

o  Cation exchange capacity (CEC) was determined by saturating cation exchange sites with
barium choride followed 'by mixing with MgSOs to react and replace barium with
magnesjum. The loss of magnesium from the reactant solution MgSO, was detected with
Advanced Atomic Spectrometry (AAS). The magnesium loss was equal to CEC. '

o Electrical conductivity (EC) was measured by mixing soil and water in a 1:1 slurry. The slurry
was measured with an EC electrode. The EC and pH were measured simultaneously for each
slurry sample.

o Nitrate (NOs) and ammonium (NHs*) were detected by saturating soil with KCl in a 1:5 ratio
for 30 minutes. The solution was decanted and filtered. The filtrate was analyzed
colorimetrically with the auto-analyzer (AAII). Nitrates were observed using the automated
cadmium reduction method and ammonium with the automated phenate method.

o Total inorganic nitrogen was analyzed with the Total Kjedahl Nitrogen (TKN) method and
. LECO total nitrogen procedures. TKN was determined by digesting 2 g soil with catalysts
‘(potassium sulfate and hydrogen sulfate) and heating for 1 hour at 425° C. Total inorganic
nitrogen was determined by a titration procedure with hydrogen sulfate to a color change
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endpoint. LECO total nitrogen methods were followed according to - manufacturer
specifications from LECO.

o Olsen’s phosphorus (P) was determined by mi)dng soil and a 0.5 molar (M) solution of sodium
bicarbonate in a 1:20 ratio for 30 minutes. A pH of 8.5 was obtained through thls _process.
The solution was extracted and measured on the colorimeter.

° Extractable potassium (K) was detected at a neutral pH of 7 using a 1.0 M solution of
ammonium acetate. The soil was saturated for 30 minutes followed by extraction and
filtration. The filtrate was analyzed with AAS.

o Organic matter was detected using LECO total carbon procedures. Methods were followed
according to manufacturer specifications from LECO.. Inorganic carbon was tested for and
subtracted from the total carbon concentration to obtain the correct amount of organic

" carbon. Organic matter was calculated by mulhplymg total organic carbon by a_correction
factor of 1.72. :

o . Particle size distribution was determmed with the bouyoucos hydrometer method (Bouyoucos,
1962). A 50 g sub-sample of the less than 2 mm soil fraction was placed in a dispersing cup
with deionized water and 5 ml of hexametaphosphate. The solution was thoroughly mixed
on a shaker rack. The contents were then placed in a cylinder adding deionized water to
attain the proper volume. The soil solution was vigorously stirred and allowed to settle
while collecting hydrometer measurements at 40 seconds, 4 minutes, and 2 hours to obtain
the sand, silt, and clay fractions respectively. :

o  Saturation percentage was determined by completely saturating a 50g sub-sample of soil with
deionized water. The sample was dried at 105° C until constant weight was achieved. The
weight of water divided by the dry weight of soil equaled the saturation percentage.

o  Field capacity at 1/3 bar and permanent wilting point at 15 bars of disturbed soil samples were
determined using a pressure plate extractor.  Water Holding Capacity (WHC) was
determined by saturating sub-samples of soil with deionized water and pressurizing them at
1/3 bar and 15 bars for several days or until soil/water equilibrium was achieved. The
weight of remaining water in each sample was divided by soil sample dry weight at 35° C.

o  Bulk density was determined by collecting intact soil peds. The peds were weighed, coated
with paraffin wax, and immersed in a volumetric cylinder containing water. Bulk den51ty
was calculated by dividing the soil ped weight by the volume of displaced water.

The quality and quantity of data obtained through laboratory émalyses were checked with data

quality objectives. Qualitative and quantitative statements were defined for each procedure to

ensure the accuracy and precision of analytical data was adequate to thoroughly assess coversoil -

properties.
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Sfatist-ical Analyses

Total live plant canopy cover has generally been used in Butte to determine if
reclamation currently meets suitability standards, requires maintenance, or is in need of complete
reconstruction. During the last decade, a number of individuals with the EPA, Butte-Silver Bow
County, and ARCO have measured total canopy cover values to assess reclamation success.
Total plant canopy cover data collected by Prodgers 1995 ,1;11rough 1998 and Keammerer 1§89
through 1990 were correlated with coversoil data to detect possible past trends in vegetative
cover related to reclamation success or failures. Information contained‘:in these data sets does not
completely assess all fourteen sites evaluated under this Phase I study. Total canopy cover data
collected by these individuals were obtained using both Point-intercept and Daﬁbenmire
methods. As a result, the data sets needed to be treated separately, limiting statisﬁcal analyses.
For theée reasons, only the total plant canopy cover data collected for the Phase I assessment in
August 2000 were used for staﬁstiéal correlations.

Descriptive statistics and histograms for each soil property were examined to determine
appropriate statistical approaches for relating coversoil data with total plant canopy cover. One-
way analysis of variancé and linear regression were used to analyze the relationships of coversoil
properties to plant canopy cover on the reclaimed sites. Descriptive statistics are presented for
each soil variable to show the range of soil properties encountered in the reclamaﬁon. Significant
differences wouid not t.>e expected for variables that have.a narrow range of value or that are
limiting across all treatments. Histograms were plotted to determine the distribution of the da*a.
Oné—way analysis of variance (ANOVA) mean comparison tests (Least Significant Difference) in
SAS v8 were used to detect significant differences in plant canopy cover for non-uniformly
distributed coversoil data sets that contained obvious class breaks.

Simple linear and multiple linear regressions in Microsoft Excel 2000 and SPlus 2000 were

also used to correlate coversoil data sets (independent variables) with plant canopy cover data
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(dependent variables). Regrgssion significance was checked with p-values calculated from an
ANOVA in SPlus 2000. P-values represent the probabili‘tyy of exceeding the value of the test
statistic under the null hypothesis condition tha’; no significant differences were present. The'
adequacy of the linear regression analysis assumptions were ci\ecked by observing the normal

quantile-quantile plot of residuals for each regression performed in SPlus 2000.

- Phase I - Results & Discussion

Current Reclamation Conditions

- Total plant canopy cover data were collected August 2000 to assess the current vegetative .
conditions on the fourteen reclaimed areas. These reclaimed area (originally grouped into
categories of successful, moderately successful, and unsuccessful reclamation according to 1992
and 1996 EPA evaluation data) were reclassified based upon the plant canopy cover data
collected during the Phase I assessment in August 2000. Table 3 displays the fourteen reclaimed
areas evaluated, their current reclamaﬁon condition, total plant canopy cover, desirable plant A
canopy cover, and undesirable plant canopy éover values. Desirable plant cover contains mostly
perennial, non-invasive grass and forb species that effectively prevent soil erosion. These species
may be native 6r introduced. Undesirable plant cover contains various annual, biennial, and
perennial weed species that Eontribute minimall erosion protection and often deteriorate overall
plant community health. Individual speciés canopy cover and ground cover data including litter,
_coarse fragments, bareground, and moss. and lichen coveragé measured on the fourteen
reclaimed areas are included in Appendix B.
Successful reclaimed areas contain grez;lter than 60% total and desirable plant canopy
cover. Moderately successful sites contain 60 to 45% total and desirable plant canopy cover.

Poor sites contain either less than 45% total plant cover or less than 45% desirable plant cover.
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Table 3. Reclamation success category and total, desirable, and undesirable plant canopy
cover values measured on the fourteen reclaimed areas in August 2000.
Reclaimed sites have been reclassified into success categories based upon the
Phase I canopy cover measurements collected August 2000.

Total Desirable Undesirable
Plant Plant Plant
Reclaimed Reclamation Canopy Canopy Canopy
Areq Success Cover % Cover % ° Cover %
Lexington Mill Successful 80.45 79.80 - 0.65
Late Acquisition _ Successful 76.35 76.35 0.00
Steward Mine Yard Successful 77.15 76.30 0.85
Walkerville Ballfield Successful " 66.25 64.05 . 220
Travona Moderately Successful 61.70 58.90 2.80
Original Moderately Successful 62.20 58.15 4.05
National Moderately Successful 56.32 56.17 0.16
Timber Butte Mill * Moderately Successful 61.61 - 54.01 7.60
Tension Moderately Successful 57.06 53.61 - 346
Star West Dump Moderately Successful 51.35 48.40 2.95.
Washoe Sampling Works * Unsuccessful 46.87 41.76 512
Poulin Waste Dump * Unsuccessful 37.55 28.20 9.35
Otisco * Unsuccessful 53.21 23.61 29.61
Anselmo Mine Yard * Unsuccessful 33.00 16.80 16.20

* Reclaimed area with undesirable plant cover comprising > 10% of the total live plant canopy cover.

All reclaimed areas classified as unsuccessful reclamation contain a high percentage of
undesirable plant canopy cover that comprises\ greater than 10% of the reclaimed area’s total
plant canopy cover. -These.reclamat_ion success category criteria differ from those shown in
Figure 4 due to the different techniques used for plant cover measurements. Visual estimates of
total plant canopy cover are shown in Figufe 4. In the Phase I assessment, individual species
canopy cover values were measured with Daubenmire methods (Daubenmire, 1959). Individual
species measurements in the Phase I providéd total plant canopy cover, and the amoun"c desirable
species and undesirable species present. Several reclaimed areas in Table 3 have changed success
categories from those shown in Table 2 based upon plant canopy cover data collected in August
2000. The Tension has declined from successful to moderately successful and the Star Wes?

Dump has improved slightly from unsuccessful to moderately successful.
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Species richness valugs for each reclaimed area indicate that sites with a high number of

species generally have moderate to poor total canopy cover because a large percentage of the

species are undesirable. A Tinear regression equation (total canopy cover = -2.66 x species

richness + 86.44) with an 12 = 0.65 and a significance value of p < 0.0005, predicts that a 95%

chance exists that total plant canopy cover will be greater than 60% if there are less than six

species present. Crested Wheatgrass (Agropyron cristatum), Thickspike wheatgrass (Agropyron
dasystachyum), Alfalfa (Medicago sativa), and-Sheep fescue (Festuca ovina) were ge;nerally measured

in the plant communities of successful reclamation with fewer than six species.

Summary Statistics for Coversoil Data

Coversoil samples were collected from the fourteen reclaimed areas May 1999, A range
‘of soil properties were analyzed to determine the suitability of coversoil to support vegetation
with greater than 60% total and desirable plant canopy cover. Coversoﬁ data have been
evaluated according to criteria provided by the Montana State University Reclamation Research
Unit and “Butte Hill Revegetation Specifications” from the March 18, 1999, FinalvResponse Action
Report for the Alice Dump (AERL, 1999). Coversoil data not addressed by the revegetation
specifications have been checked against recommended literature values. Summary statistics for -
coversoil physical properties, coversoil chemical properties, and trace element concentrations are
displayed in Tables 4 through 6 respecﬁvely.

“Butte Hill Revegetation Specifications” state that coversoil materials must be applied at
a minimum thickness of 46 cm (18 in) unless otherwise specified by the EPA. The a;verage
coversoil depth sampled the fourteen reclaimed areas was 41.12 cm (16.2 in), approximately 5 cm
(2 in) less tﬁan the 46 cm requirement. Nine out of the fourteen sites assessed contain coversoﬂ

depths less than 46 cm. The shallowest coversoil depth was measured at 16.09 cm {6.33 in).
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Table 4. .Sﬁmmary statistics of average physical properties measured for coversoils on the

. fourteen reclaimed sites.

Couversoil Physical Properties Mean Max. Min.  Std. Dev.
Coversoil Depth (cm) 4112 62.65 16.09  17.07
Coarse Fragments Vol. % _ 20.73 39.09 12.27 8.22
Bulk Density (g/cm?) ' 1.68 1.83 1.60 0.07

. Sand % ' o 71.75 79.00 60.00 5.38
Silt % 16.46 22.00 4.00 3.54
Clay % : 11.79 18.00 " 5.00 3.42
Vol. % HO at Saturation (0 Bar) ’ 31.23 42.51 17.22 8.13
Vol. % HzO at Field Capacity (1/3 Bar) 13.71 22.08 5.70 '4.95
Vol. % HO at Permanent Wilting Point (15 Bars) 7.10 11.43 270 267
Plant Available Water Holding Capacity (Vol.-%) 6.61 10.77 3.00 2.54

Other investigators, including Keammerer and Prodgers, have noted a range of coversoil
depths from 23 to 48 cm (9 to 19 in) with an average coversoil depth of 32.26 cm (12.7 in) on
various Butte reclaimed sites as summarizea by Prodgers, 1994.

Specifications staée that coversoil coarse fragment percentages must not exceed 45% by
volume. The average coarse fragment content by volumé for the fourteen reclaimed areas was
measured at 20.73% with a maximum of 39.09%. Reclaimed area coversoil bulk density- values
were often increased on sites with high coarse fragment content. The majority_of Butte coversoils
sampled classify as coarse sandy loams with the exception of a several loamy coarse sands. The
EPA deems sandy loam texture as suitable while loamy sand is considered acceptable in only
select cases. In addition, the fevegetation specifications state that coversoils must retain greater
than 25% and less than 85% water by volume at complete saturation. Four of the reclaimed area
coversoils sampled retain less than 25% volumetric water at complete saturation.

Coversoil pH and EC falls within the acceptable range of 5.5 to 8.5 'a'nd less than 4
mimbhos/cm respectively on all reclaimea areas sampled. The EPA revegetation specifications do
not provide specific stipul.ations for suitable plant available nutrient concentrations, soil organic
matter, or carbon to nitrogen ratios in coversoils. According to Jacobsen, 2001, plant available

nitrogen less than 17 mg/kg, phosphorus less than 4 mg/kg, and potassium less than 75 mg/kg
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are considered to be very IQW. All reclaimed areas sampled have very low plant availabie
nitrogen concentrations. The maximum and average plant available nitrogen concentrations
were analyzed at 9.50 and 3.33 mg/kg resi)ecﬁvely. Several reclaimed areas contain very low

levels of phosphorus (1.90 mg/kg) and potassium (62.0 mg/kg).

Table 5. Summary statistics of average chemical properties measured for coversoils on the
fourteen reclaimed sites. '

Coversoil Chemical Properties -Mean Max. . Min. Std. Dev.
PH (-log [H*]) - 7.65 . 840 6.40 0.56
Exchangeable Acidity (meq/100g) 003 008 0.00 0.02
‘Cation Exchange Capacity (meq/100g) 14.36 1990 °  9.00 3.31
Electrical Conductivity (mmhos/cm) 0.20 0.32 0.08 0.07
Total Kjeldahl Nitrogen (mg/kg) 295.71 570.00 40.00 164.19
LECO Total Nitrogen (mg/kg) o 0.00 . 0.06 0.02 0.01
Nitrogen as NHy* (mg/kg) 219 -5.10 0.70 0.99
Nitrogen as. NOs- (mg/ kg) R 1.15 4.40 0.10 1.28
Plant Available Nitrogen (mg/kg) 3.33 9.50 0.70 1.97
Olsen’s Phosphorus (mg/kg) 11.10 25.90 ©1.90 6.04
Extractable Potassium (mg/kg) 159.00 442.00 62.00 83.73
LECO Total Organic Carbon % ' 0.49 0.96 0.17 0.21
Organic Matter % 0.36 1.06 0.08 0.29
Carbon to Nitrogen Ratio (C:N) 13.00 = 1745 9.44 1.98

According to Munshower, 1994, soil organic matter on reclaimed lands should be considered very
low at concentrations less than 2.0%. This value is relatively high based upon the classification
for a fertile Mollisol soil, where organic matter percentages must be at léast 1% (U.S. Dept. of
Agriculture, 1999). The maximum organic matter percentage on the Butte reclaimed areas
sampled was 1.06%, while the average orga.nic concentration measured only 0.36%. Nitrogen
~ mineralization génerally occurs through microbial activities with carboﬁ to nitrogen (C:N) ratios
less than 20:1. On the Butte reclaimed areas sampled, the maximum C:N ratio was detectéd at

17:1 with an average C:N ratio equal to 13:1.

Total trace element criteria for Cu (<250 mg/kg), Pb (<100 mg/kg), Cd (<4 mg/ kg), Zn

(<250 mg/kg), and As (<97 mg/kg) (AERL, 1999) were exceeded on only several reclaimed areas.
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Table 6. Summary statistics of average DTPA and total trace element concentrations

measured in coversoils on the fourteen reclaimed sites.

DTPA & Total Trace Element Concéntrations Mean Max. Min. Std. Dev.
DTPA Copper (mg/kg) 6.67 31.12 0.51 6.91
DTPA Iron (mg/kg) 1.66 9.13 0.04 - 219
DTPA Lead (mg/kg) : 2.06 8.10 0.10 2.20
DTPA Cadmium (mg/kg) 0.10 0.36 0.03 0.08
DTPA Aluminum (mg/kg) 0.01 0.14 0.04 0.07
DTPA Chromium (mg/kg) 0.03 0.03 0.03 0.00
DTPA Arsenic (mg/kg) 0.12 0.23 -0.07 0.04
DTPA Manganese (mg/kg) 2.66 8.02 0.20 1.88
Total Copper (mg/kg) 191.36 631.00 27.00 161.87
Total Iron (mg/kg) 4.00 548 . 2.82 0.62
Total Lead (mg/kg) 103.96 692.00 15.00 171.92
Total Cadmium (mg/kg) 1.97 5.60 0.90 1.14
Total Zinc (mg/kg) 313.82 1588.00 87.00 . 38476
Total Arsenic (mg/kg) : 23.64 50.00 9.00 12.16
Total Manganese (mg/kg) 1484.64  2536.00 605.00 541.28

Criteria for DTPA extractable elements and total Fe and Mn have not been established for Butte
revegetation specifications. Trace elements effects for Butte reclaimed area plant growth are

discussed in later sections. -

Surface vs. Subsurface Soil Properties

Coversoil samples were collected on the fourteen reclaimed areas at two different depth
increments. Surface coversoils were sampled at 0—1d cm and subsurface coversoils were sampled
at 10-40 cm. On shallow coversoils, subsurface coversoil samples were collected between 10 cm
and the lime rock barrier, excluding the collection of lime rock particles. Surface and subsurface
data sets were compared to deterﬁine if differences throughout the coversoil profile could be
affecting plant growth. The upward migration of low pH water and trace elements from
underlying mine waste through the lime rock barrier could be a major concern for plant growth.
No significant differences (p<0.05) in trace element concentrations or pH were detected between
the surface and subsurface coversoil sample; when compared with a one-way ANOVA test. On

reclaimed sites with coversoils deeper than 40 cm, subsurface coversoil samples were not
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collected directly above the lime rock layer where the upward migration of trace elements would
contamin;te soils. However, soil sampling pits were excavated to the lime rock layer on ail sites
and no visual evidence of upWard migration of trace elements or low pH water was detected.

Significant differences were only detected between surface and subsurface coversoil
depth samples when comparing plant a\}‘aﬂable nutrient concentrations of nitrogen, phosphorus,
- and potassium and soil organic matter. Plant available nutrient concentrations are greater in
surface coversoils likely due to reclamation maintenance activities involving occasional

applications of granular fertilizer across the ground surface.’

Simple Linear Regression Results

Coversoil data cc;llected May 1999 (Appendix C) have been correlated with total plant
canopy cover data collected August 2000 (Appendix B) to determine if any significant trends exist
in these data that explain declining vegetative conditions on Butte reclaimed areas. Total and
desirable plant canopy cover data displayed in. Tablé 3 form the basis for linear correlations
between independent variables including coversoil data, reclaimed site characteristics, and
weather effects. Total plant canopy cover data, often considered as the primary indicator of
reclamation success by the EPA and Butte-Silver Bow County, served .as the dependent variable

_in linear correlations. Table 7 (iisplays a variety of independent variables that were linearly
correlated with total plant canopy cover, the -regressfon equation, 12 value, and p—value.'

An ANOVA performed in SPlus 2000, calculated the regression fit using sums of squares
of decomposition. The decomposition indicated how much each factor contributed to the total
variance in the model. The F-statistic and corresponding p-value for.each term tested whether
that term contributed significantly to the model.

Coversoil depth, potassium concentration, plant available water.holding capacity,

precipitation received following fall seeding (October to July), fine earth index, and texture (clay
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index and clay + silt index) were all found to be significant when correlated with total plant

canopy cover for the fourteen Butte reclaimed areas assessed.

Table 7. . Simple linear regression results of total plant canopy cover verses various soil

and precipitation variables. Total plant canopy cover is the dependent variable

(y) in all equations.

Independent Variable Equation 72 p-value
Coversoil Depth (cm) * y =0.63x +38.82 0.59 0.0014
Nitrogen (N) (mg/kg) y =3.83x + 40.60 022 0.0944
Potassium K (mg/kg) * y =0.09x + 4043 0.32 0.0365
Potassium K Index y = 26.35x + 58.05 0.00  0.8961
Phosphorus P (mg/kg) y =0.08x + 57.43 0.00 0.9170
Phosphorus P Index y = 0.01x + 57.36 0.00 0.8382

Coarse Fragments (%) y =-0.33x + 68.66 0.08 0.3283

Fine Earth Index * y =0.74x + 34.27 0.60 0.0011

Clay (%) y=0.96x + 46.24 0.04 04723

Clay Index * r | y=10.56x + 38.72 054  0.0027

Clay (%) + Silt (%) y = 0.05x + 57.07 0.00  0.9423

Clay + Silt Index * : y =4.40x + 38.31 0.50 0.0048

Clay + Coarse Fragment Index * y =11.84x + 42.97 0.47 0.0065
Clay + Silt + Coarse Fragment Index * y =5.09x + 42.36 0.46 0.0077
H>O at Field Capacity (%) y =1.03x + 49.62 0.05 0.4503
Plant Available Water Holding Capacity (Vol. %) * | y = 24.36x + 43.02 0.46 0.0076
Precipitation (October - July) * y = 8.99x ~ 25.20° 0.30 0.0445
pH y=-13.26x +15854 028  0.0500

Cation Exchange Capacity (mmol./g) y =-0.029x + 59.11 0.00 0.9800
' C:N Ratio y = 1.04x + 51.05 004 05170

* Significant linear regression equation.

Index values ‘were calculated by multiplying the independent variable by the average
coversoil depth measured on each reclaimed area. The index values represe.nt a depth weighted
measure of a specific independent variable for the coversoil profile as a whole (e.g. clay index 1s a
depth weighted measure of clay content for the ‘profﬂe as a whole). It is important to note that .

' the index values discussed in the following sections are significant, yet are also very dependent
upon coversoil depth. Trace element regres_sior.l equations were excluded from Table 7 because

no significant trends were detected when correlating total plant canopy cover with both total and -

DTPA extractable trace element concentrations.
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Multiple Linear Regression Resﬁlts

A number of independent variables were studied with fnulﬁple linear regression analysis
to determine if combined factors have more importance than one single variable. Table 8
displays several of the multiple linear regression .equat‘ions performed in this study. Major
differences between each of the sig:m'ﬁcént multiple regression equations are difficult to discern,
due to the simjlarities of independent variables involved.
Table 8. Simple multiple linear regression results of tc;tal plant canopy cover verses

various soil and precipitation variables are displayed. Total plant canopy cover
is the dependent variable (y) in all equations.

Multiple Linear Regression Equation 7> - p-value
y =140 Depth +1.86 N-0.12CF +30.71 * - ' 0.65 0.0121
y =1.47 Depth + 1.97 N + 1.17 % Clay + 1047 * 0.70 0.0053
y =1.19 Depth + 3.44 Precipitation + 1.80 N + 1.52 %Clay - 20.87 * 0.72 0.0140
y =091 %Clay + 0.49 %Silt + 4.45 N - 0.03 %CF + 18.79 0.28 0.5103
y =0.72 %Clay + 3.67 N - 0.10 %CF + 35.21 0.27 0.3585
y=090N-044P + 0.09 K + 43.27 0.35 0.2087
y =3.07 N - 0.23 P - 0.02 K + 24.57 PAWHC + 35.77 0.57 ° 0.0823

* Significant multiple linear regression equation.

Coversoil depth' was included in all significant mu.ltiple linear regression eciua‘dons and was
consistently the significant Variable involved according to ANOVA tests. The multiple regression
equations further illustrate the influence of coversoil dépth on total plant canopy cover.
. Significant relationships among total pllant canopy cover and important independent variables

are detailed in the sections below.

Coversoil Depth

Coversoil depth was the most important variable driving reclamation .success in the
reclaimed sites studied. Significant correlatjons were consistently foundlwhen coversoil depth
was compared to plant canopy covér through ]ineér regression and one-way ANOVA mean
comparison tests. Table 9 displays the average coversoil depth and the individual depth

measurements collected from the three soil pits excavated on each reclaimed area.
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