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ABSTRACT

CHANGES IN WATER CHEMISTRY AND FLUVIAL GEOMORPHOLOGY FROM
ARSENIC CONTAMINATED FLOODPLAINS OF WHITEWOOD CREEK AND BELLE

FOURCHE RIVER, SOUTH DAKOTA

From 1877 to 1977 the Homestake Gold Mine in Lead, South Dakota released over 100
million megagrams (Mg) of arsenic rich mine waste into Whitewood Creek which joins tke Bell
Fourche River. The mine waste which contains arsenopyrite and other arsenic bearing,minerals
Is deposited along the floodplains of Whitewood Creek and the Belle Fourche River as overbank
deposits and abandoned meander and channel fill. The introduction of mine tailings into these

streams has impacted them chemically and geomorphologically for over 100 years.

This study is a continuation of the work from Ji (2021) who focused on the long-term
behavior of arsenic in the mine tailings. Her work involved sequential extractions of itigstail
to determine the mineralogical setting of the arsenic and its rate of redéssalso used
statistical regression on historical data to estimate the physical anccaheemoval of arsenic
IURP :KLWHZRRG &UHHNYYVY ZDWHUVKHG 7KH IRFXV RI WKLV V!
have impacted the stream chemistry of Whitewood Creek and the Belle Fourche River by
modeling mineral saturation indices of the stream and seep water through the gedchemica
modeling program, The GeochemisWorkbench.7 KH *HRFKHP LV WW}as uRRdtdl EH QF K

model the dissolution rate of arsenopyrite to calculate the rate of dissolved ansemitge



Whitewood Creek. Suspended arsenic entering Whitewood Creek was calculated using the

dimensions of the creek bed, thickness of tailings, and density of arsenopyrite.

In addition to chemistry, this study investigated the chamgt® tailings and fluvial
geomorphology of Whitewood Creek and the Belle Fourche River from 1948 to 2012. This was
performed by using aerial photographs from 1971, which mapped locations of the tailings along
the floodplains, and overlaying them with photographs from 1948, 1977, and 2012. Using GIS
through ArcMap, the tailings and their portions that have been removed over time were digitized.
Other fluvial parameters that have been determined and digitized are streaodloabit
profiles, sinuosity, contaminated floodplain width, channel migration, and total sediment

deposition area.

The mineral saturation indices of Whitewood Creek and the Belle Fourche River are
similar to each other and differ at the most by around 2-3 orders of magnitude. The minerals that
are supersaturated are mainly phyllosilicates (mostly clays), Fe, Cu and Al (hydr)oxides, and
carbonates with minor sulfates and phosphates. Seep waters have lower minerarsaturati
indices, up to 10 orders of magnitude lower for Fe bearing minerals. The only arsenic bearing
mineral that is calculated to be supersaturated $648&x).; however, this mineral has not been

observed in nature.

Based on the range of possible arsenopyrite concentration in the contaminated sediment
(15 to 0.11%), the calculation of dissolved arsenic being discharged out of Whitewood Creek
UDQJHV IURP WR 0J SHU \HDU 7KLV WBKyetl dFRMCSDUHYV W
rate range of 3.89-0.33 Mg/year. For a tailings width range of 0.6 to 3.5 m, the calculated rate of
suspended arsenic being discharged ranges from 254 to 1.98 Mg per year. Although large, this

UDQJH HQFRPSDVVHV -LYV transpol daté 8aHJ® &f B330 DOMYHED ydar.



The overlap of values from J(2021)statistical approach and this study's geochemical approach
indicates that arsenopyrite may be to some degree significant in controlling As trarmpantati

Whitewood Creek.

Based on GIS results, the location and evolution of contaminated floodplains along
Whitewood Creek and the Belle Fourche River are very complex. The streams are different from
each other and behave as their own systems. In Whitewood Creek, locations with high tailings
area and removal are controlled by a possible range of factors such as knickzone
geomorphology, bedrock lithology, and changes in stream energy due to topography. In the Belle
Fourche River, reaches with high tailings area and removal are found about 7 km from the
Whitewood Creek confluence and a 30 km stretch where rapid floodplain reworking occurs due
to neotectonics from Precambrian basement adjustments. Tailings removed area and
contaminated floodplain width graphs show that the Belle Fourche River has larger storage for
tailings and undergoes more floodplain reworking due to higher flood frequency and
neotectonics. In contrast, Whitewood Creek has lower storage and erosion due to decreasing
mine sediment load at least since 1948 and channel incision into shale bedrock iaastms.

While the reworking of tailings into the stream is lower in Whitewood Creek than the Belle

Fourche River, the tailings will remain on the floodplains for many generations.



ACKNOWLEDGEMENTS

| would like to thank my advisor, Dr Sally Sutton, for her guidance, mentorship, and
IXQGLQJ IRU *HRFKH Pllas®ivibhid likeUd\tiiahkQrigdadvisor, Dr John Ridley,
for suggesting this project, his guidance, patience, and mentorship. | greatly appreciatésmy thes

committee member, Dr Matthew Rofs, his insightful comments.

I would like to give a big thanks to Anne (Mu) Ji for providing me with the water and
sediment chemistry of the study area. | also want to expregsggatitude to David Garza and
Dedre Henderson from the Environmental Protection Agency for lending me the 1971 aerial
photographs of the area. Without the chemistry and photograph data, this project would not have

been possible.

| appreciate the faculty and staff, and graduate studétite Colorado State University
Department of Geosciences for their kindness and willingness to help others. | want to thank
Ellen Wohl for her help on the geomorphology portion of the thesis. | especially want to show
my gratitude to my friend and colleague, Christophe Simbo, for helping me out with

*HRFKHPLVW { VandRouriany Qdoehemistry discussions.

Finally, | would not be here without the support, encouragement, patience, and love of
my mom and dad, Wife®h a long ride on the academic road and the end appears to be in sight.
Thank you so much for picking me up in the beginning and walking with me all the way to the

end.



TABLE OF CONTENTS

Y 1 Y 2N [T
ACKNOWLEDGEMENTS ..ottt sttt e e e e sttt e e e e e e e st a e e e e e s annsbbeeaaeeesansnnneeeaeeeas %
LIST OF TABLES .....oci ittt e et e e e e e et e e e e s s sa b b e e e e e s e asnseaeaaeeans X
LIST OF FIGURES......ccoiittiiiiie ettt et e e e e e et e e e e e e ettt e e e e e e e e s sabeeeeaeeesassnnaaaeeeans X
LIST OF SUPPLIMENTAL DATA INCLUDED SEPARATELY ...ooviiiiiiiiiiiiee e, Xiv
CHAPTER 1. INTRODUCGCTION ...ttt e et e e et e e e et e e e et e e e ean e e e et e e e aanneeeennns 1
I I I (=T = L L= S TS 1
1.1.1. GeOChemiStry Of AIrSENIC .....uuueiiiii it e e e e e e e e e e e e e eeeaanaans 2
1.1.2. ArseniC MODIIIZATION .......cooiieieee e 3
1.1.3. IMMODINZALION OF ArSEIIC....ceiiiiiiiiiiieee et a e e e e e e e e e e e e e 4

1.1.4. Geomorphological-Geochemical Approach to Mine Contaminated Fluvial Systems .. 8

1.2. PUIPOSE OF STUAY ...ttt e e e e e e e ettt e et e et e e e e e e e e aeaeeeaens 9
CHAPTER 2. STUDY LOCATION BACKGROUND AND HISTORY .....cevvvieiiiiiiiieeeeeenee 11
P2 S (U o Y AN == T I Yo L[] o R 11
2.2. HOmeStake MINE HISTOTY ......oooiiiiiiiieie ettt eee e 11
2.3. Past Environmental and ACAdemiC WOTIK .........ccooiiiiiiiiiiiiiiiiiiiiiieireee e 12
CHAPTER 3. GEOLOGICAL SETTING .. ittt e et e e e e e e e e annns 20
G 00 O = =Y [ Yo U] 1 PSSR 20
3.2. Regional GEOMOIPNOIOQY .......uuuuuuiiiiie i e e e e e e et e e e s e e e e e e e e aaeeeaeeaanae 20
3.2.1. Neotectonics at the Belle FOUrche RIVET ..........oooiiiiiiiiiii e 24
3.3, WHITEWOOU CIEEK ...ttt e et e e e e e ettt ettt e et et e e e e e e aaaeeeeeaeas 25
3.3.1 Whitewood Creek Channel and Floodplain Characterization ...............cccceeeeeeviiiinnnnn... 26
3.3.2 Discharge of WhiteWo0d Creek ..........oooeiiiiiiiiiiiiiii ettt 28
3.3.3 Geomorphic and Environmental Changes of Whitewood Creek ..........ccccceeeeeiieeeeennnn. 28
3.4. Belle FOUICNE RIVET ... ..t e ettt s e e e e e e e e e e e eeeenennnes 29
3.5. Hydrology and Chemistry Of GrOUNAWALET ............eviiiiiiiiiiiiieeeeee e 30
3.6. Geology of Homestake Mine and Contaminated TailingS .........cccceeevviiiiieeiiiiiceccc, 30
3.6.1. Lithology of Tailings ContaminNation .................eeeeieeiiiiiiiiiiiieee e 33
3.6.2. Chemical Composition of Contaminated Sediments...........cccccevveiiiieieeieeiieeiiiienn 34

Vi



CHAPTER 4. GIS METHODS ... e 35

0 I o o T oL =T o T =0 1 = Tox 1 0] o U 36
4.1.1. Georeferencing of Photographns..........ccooo oo 36
4.2. Digitation of Tailings Location and Removal..............cccoiiiiiiiiiiiiiieeeee e 38
4.2.1. Areal Calculation of Tailings and Removed TailingS ...........cceeevvivviiiiiiiiiiiicee e, 38
4.2.2. Limitations of Digitized TailiNgS ......cceuuuiuiiiiiiiiie e 39
4.3. Creation Of FIUVIAl ParametersS. ......ccooii i i e e e e e e et e e e e e e e e e e eeeeeeeneennnnes 41
G T I @ = U oL = I 1Y/ 1T = o PO 41
4.3.2. Total Sediment DEPOSITION AICa .........uuuuuuueiiiii ettt e e e e e e eeeeaea s 42
4.3.3. SINUOSITY .eieeieeeeee e ettt ettt et e e e e e e e e e e e e e e e e s s s s s e bbb bbbt et s bt e et e e e e e e e e e e e aeeeas 42
4.3.4. Contaminated Floodplain Width ... 43
4.3.5. Longitudinal (Long Valley) Profiles ... 43
CHAPTER 5. GEOCHEMISTRY METHODS .......ccccttiiiiiei ittt 45
5.1. Water Chemistry from Ji (2021) .....coouuiuiiiiiiiiiiie e e e e s e e e e e eaaae 45
5.2. Missing analytes and redoxX POLENLIAIS ..........ooooiieiiiiiii i 46
*HRFKHPLVWIIV.LRUNEHQEK e, 47
5.3.1. pPH And BN INPUL....coc et e e e e e e e e e e e eeeeeannnas 47
5.3.2. Arsenic Oxidation State Determination...............uuuueiiiiiiieeeeeeeeee e e e e e 48
5.3.3. Determination of Mineral Saturation States (SPECES8) .........ccoovvrvrriiiiiiiiiiiiieeeeeeeee 50
5.3.4. Water-Rock Interaction Application (REACT) .....ccccciiiiiiiiiiiiiiiieeeeeeeeee e 51
5.3.5. Arsenopyrite Kinetic DISSOIULION .......cccoeeiiiiieiieeeee e e e e e 53
5.4. Determination of Rate of As Dissolution from Tailings into Stream Water...................... 55
5.5. Determination of Suspended As and Sediment Transportation in Whitewood Creek....... 58
CHAPTER 6: GIS AND FLUVIAL GEOMORPHOLGY RESULTS .....cooviiiiiiiiiiiiee e 62
6.1. Whitewood Creek RESUILS........ooo i 62
6.1.1. Whitewood Creek Correlations SignifiCanCe .............cooiiiiiiiiiiiiiiiiiiiiiiiieeeeee e 62
6.1.2. Whitewood Creek Sinuosity and Longitudinal Profile...............cccccoeeiiiiiiiiinn, 62
6.1.3. Whitewood Creek Contaminated Floodplain Width ... 63
6.1.4. Whitewood Creek Contaminated Sediment Al a...........cuviiiviieeeeeeieieieeeeeeeeeiiiiinnee 64
6.1.5. Whitewood Creek Contaminated Sediment Removed Area ..............cccceeiiiiiiinnnnnnne. 64
6.1.6. Whitewood Creek Channel Migration...........cccuuuuiiiiiiiiiiiiiiiieeeeee e 65
6.1.7. Whitewood Creek Total Sediment Deposition ar€a .............cccevvvveeeeviiiiiiiiiiieeeeeeeeeeee, 65

Vii



6.2. Belle FOUIChE RIVEI RESUILS ... .. oo e e 66

6.2.1. Belle Fourche River Correlations SignifiCanCe .............ccoovvviiiiieiiiiiiiiii e, 66
6.2.2. Belle Fourche River Sinuosity and Longitudinal Profile ..., 66
6.2.3. Belle Fourche River Contaminated Floodplain Width ..............ccccooiiiiiiiiiiiii, 67
6.2.4. Belle Fourche River Contaminated Sediment Area ..........ccccoeeeeieeeiiiiiciiiiiiiieeeee 67
6.2.5. Belle Fourche River Contaminated Sediment Removed............cccoeeeiiiiiiiiiiiiiiicinnenn. 68
6.2.6. Belle Fourche RIiVEr MIgration........ccccuuuuuiiiiiiiiiieiee et 68
6.2.7. Belle Fourche River Total Sediment Deposition Ar€a........cccoeeeeeeeeiieiieeeeiiiiiiieea e 68
CHAPTER 7. GEOCHEMISTRY RESULT ...coiiiiii et e et e e et e e e e 70
7.1. Summary of Water Quality of Whitewood Creek, Belle Fourche River, and Seeps.......... 70
7.2. As and Fe RedOX COUPIING ...cooviiiiiii e e e et 72
7.3. Minerals Saturation RESUILS ...........uuuiiiiiiiii e e e e e e e e e eeees 72
7.3.1. Whitewood Creek Mountain LOCatioNS BAz.......cccceeeeeeiiiiiiiiiiiiiiee e ee e 73
7.3.2. Whitewood Creek Great Plains Location${F=...........ccoooeiiiiiiiiiiiiiiiiiieeeee 74
7.3.3. Belle Fourche River LOCAtIONSK)-.......ooviiiiiiiiiiiiiiiiiiiiii et 74
7.3.4. Belle Fourche River before Whitewood Creek (L) ......ooooeeeiiiiiiiiiiiiicieiee e, 76
7.3.5. Whitewood Creek Seep Locations (B, G¢ fd« « « « « « « « € € € & &
7.4. Dissolved As Transportation Rate into Whitewood Creek Stream Water ......................... 77
7.5. Suspended As Transportation Rate in Whitewood Creek Stream Water................ccooo.. 77
CHAPTER 8. GIS AND FLUVIAL GEOMORPHOLOGY DISCUSSION .......ccccceeiiiiiiiiinneenns 79
8.1. Whitewo0od Creek DISCUSSION ......ccueeiiiiiiiiiiiieeee e e e e e ettt e e e e e e e e e eaanbabe e e e e e e e eaaas 79
8.1.1 Whitewood Creek Parameters Correlations .........ccoooeeeeiiiiieeeeiiiiiiieese e e e e e eeeeeeeecennnens 79
8.1.2. Controls on Contaminated Sediment Area in Whitewood CreekK..............cccccvvvvnnnnee. 79
8.1.3. Controls on Contaminated Sediment Removed Area in Whitewood Creek ............... 83
8.2. Belle FOUrche RIVETN DISCUSSION ........ciiiiiiiiiiiiiittbbitbtt ettt ettt e e e e e e e e e e e e e e e e e e e e e s s s aebeeeenees 85
8.2.1. Belle Fourche River Parameters Correlations ...........ooooviiiiiiiiiiiiiiiiiiiiiiiieieeeeeeee e 85
8.2.2. Controls on Contaminated Sediment Area and Removal in Belle Fourche River ...... 85
CHAPTER 9. GEOCHEMISTRY DISCUSSION ..ottt iiaeee e e 89
9.1. Comments About Mineral Saturation INAICES: ..........cooiiiiiiiiiiii e 89
9.2. Mineral Saturations iN StreamM Waler: ........ccoiiiii i e e e e e e 90
9.2.1 Clay and Phyllosilicate MINEralS..............uuuiuiiiiiiiiiie e e e e 90
S I © ) ([0 (23S o V0 [0t ([o [ S 92
S TS 1 U | = £ 93



0,24, CaAIDONALIES ... e e e e 94

S I T 0T 1S o] g = L (T S 95
9.3. Mineral Saturation States iN SEEP WALEK........ccccceviviiiii i e 96
9.4. Belle Fourche River Before Whitewood Creek Mineral Saturation Indices (L)................ 98
9.5. Similarity of Saturated Species Throughout Study Area .............ooovvvviiiiiiiiiii e, 99
9.6. Arsenic Adsorption Capacity in Stream Water through Ehand pH ...............cccccoee e 100
9.7. Arsenic Phases in Stream and SEePS WALEIS.......cccccuuuiiiiiiiiiiiiiiieeeeeeeee e 100
9.8. Transportation Rate of Dissolved As in Whitewood CreekK............ccceeeeeiiiiiieeeeeiieeeeiiinnnns 103
9.9. Transportation Rate of Suspended As in Whitewood CreeK..........cccccoevveiviiiiiiiiiccciiien, 104
9.10. Difference Between Dissolved and Suspended As Transportation................ccccvvvvennee. 105

CHAPTER 10. CONCLUSIONS AND RECOMMENDATION.......coiiiiiiiiiiiiiee et 107
TABLES ...ttt e e e e e e e h b — e e e e e e e e ——teteaeeeaanarataeaeeaaanrrraeaaeeaaas 111
(O gF=T o1 (=] g TR 1= 1] 1= O SPPUPPPPURPPRPPPN 111
Table 5.1. Redox potential and average additional species concentration added to Ji (2021) wate
(o 1= 0 013 Y5OSO 111
Table 5.2. Parameters for modeling the kinetic dissolution of arsenopyrite in REACT ............ 112
(O gF=T o) (= G A 1= o] 1= SPPPPSUPPPN 113
Table 7.1. Mineral Saturation Indices for Whitewood Creek Mountain Locations (A-D)......... 113
Table 7.2. Mineral Saturation Indices for Whitewood Creek Great Plains Locations (E-H):.... 114
Table 7.3. Mineral Saturation Indices for Belle Fourche River Locations (Location I-K): ....... 116
Table 7.4. Mineral Saturation for Location L (Belle Fourche River before Whitewood Creek
(o700 11 1= o Tt ) SRR 118
Table 7.5. Mineral Saturation Indices for Seep Locations (Locations B, G, H):............cuueennnn. 119
Table 7.6. Results from average transportation rate of dissolved As calculation imddhite

(O T T TP STSPPPP 120
Table 7.7. Results from average transportation rate of As in suspended sediment in Whitewood

(@ (=TSP PTPPPPPP 121
Chapter 8. - TADIES .. .. ettt e e e e e e e e e e e e e e e 122
Table 8.1. Whitewood Creek?Rorrelation of parameters from 1948-2012. Yellow highlights

are significant based on EQUALTION 6. 1. ..........ooiiiiiiiiiiiiiiaiaeee e e 122

Table 8.2. Whitewood Creek?Rorrelation of parameters from 1977-2012. Yellow highlights
are significant based 0N EQUALION 6.1, ........coooiiiiiiiiiiiis e 123

Table 8.3. Belle Fourche RiverPRorrelation of parameters from 1948-2012. Yellow highlights
are significant based on EQUAtION 6.1. ..........ooooiiiiiiiiiiiii e ———————— 124



Table 8.4. Belle Fourche RiverRorrelation of parameters from 1977-2012. Yellow highlights

are significant based on EQUAtION 6.1. ..........oooriiiiiiiiiiiii e 125
Chapter 9. - TADIES ... et e e e e e e e e e e e e e e 126
7TDEOH $UVHQRS\ULWH ZHLJKW SHUFHQWDJH XVLQJ -LYV
(= LT UPPPPPTRTPPPPPPIN 126
e T 1 TSRS 127
(O aF=T o) (= gt I o o U] =SS 127
Figure 1.1. AS EN-PH diagram.........ii oot e e e e e e e e e e 127
CRAPLET 2. - FIQUIES. ...ttt ettt e e e e e e e e e e e e e e e e s s e e e bbbt e s et e e e e e e e e e e e e e e aaeeeeeas 128
Figure 2.1. Regional location of the study area .............ccccceeeiiiiiieeiiiiieec e 128
Figure 2.2. Detailed view of the Whitewood Creek valley and the Whitewood Creek Superfund

]| (= PP PP PPPPP PP PP 129
Figure 2.3. Aerial photo of the Homestake Gold MINe ...........oooviiiiiiiiiiinniee e 130
Figure 2.4. Aerial photograph of the town of Lead, Homestake Gold Mine, Grizzly Gulch

tailings impoundment, and Whitewood Creek............ooouuiiiiiiiiiiiiii e 131
Figure 2.5. Sequential extraction system performed by Ji (2021) ........coevviviiiiiiiiiiiiins 132
(O g F=T o) (= g T o o U] =T 133
Figure 3.1. Overview of the erosional/knickzone fronts in the Black Hills Region................... 133
Figure 3.2. Hydrograph showing peak discharge from 1946 to 2022 on the Belle Fourche River
..................................................................................................................................................... 134
Figure 3.3. Map of the Belle Fourche and Cheyenne River basins east of the Black Hills showing
where basement rock INEAMENTS OCCUN ........oooiiiiiiii i 135
Figure 3.4. View of Whitewood Creek at 194th Street bridge ..........cccovvviiiiiiiiii 136
Figure 3.5. 1952 and 2012 aerial photographs of Whitewood Creek near the town of Whitewood

(ReaCh 2)( ECER GO COR GO CER CER GO (O (O CER CR GO (O (O (O GO CER COR (O (O GO GO GO (O (O GO GO (R (O (O (R (¢ 137

Figure 3.6. 1948 and 2012 aerial photograph of Whitewood Creek near the Belle Fourche River

CONFIUBNCEK « « € & €« € & € € K QK QKKK KKK KKK KKK KKK K KK 138

Figure 3.7. View of Whitewood Creek from the Vale Cutoff Road..............cccooociiiiriiiniiinnnn. 139
Figure 3.8. Whitewood Creek at around the Location G..........cccceeeeieiiiiiiiiiiiciiiees e 1404
Figure 3.9. Aerial photographs of showing the abandonment of a meander between 1948 to 2012

..................................................................................................................................................... 141
Figure 3.10. View of the Belle Fourche River near Highway 34 and the village of Volunteer . 142

Figure 3.11. Field photo of uncontaminated sediment overlayed by contaminated sediment at
Whitewood & U H H N « « « « « « & « € & &€ & K K & K € & KL KKK KKK KL KKK K 143

Figure 3.12. Auriferous sulfidic chlorite schist from the Homestake Formation ....................... 144

X



CRAPLEE 4. - FIQUIES. ... ettt et e e e e e e e e e e e e e e e e e e e e bbb e e e e e e e e e et e e e e e e e eeeeeeeas 145

Figure 4.1. Workflow process of digitizing contaminated floodplains and their removal ......... 145
Figure 4.2. The location of Whitewood Creek reaches............ccoooviiiiiiiiiiiiii e 146
Figure 4.3. The location of Belle Fourche RIVEr reaches ..., 147
(O g F=T o) (= g T o o U] =TS 148
Figure 5.1. Regional map of Whitewood Creek and Belle Fourche River with the location of Ji
02 ) IR T ] o] ] 148
Figure 5.2. Arsenic concentration for stream (orange line) and seep water (blue points) for each
location from Ji (2021) fIRIAWOIK .......ceeiiiiiiiieiee e 149
Figure 5.3. Dissolved oxygen concentration levels of stream and seep water for each location
1100 10 0T 02401231 I TP PPPPPPPPPPPPPPPR 150
Figure 5.4. pH levels of stream and seep water for each location from Ji (2021). ........ccceeeennn... 151
Figure 5.5. Arsenic Eh-pH diagram with stream and seep water conditions from Whitewood

Creek and Belle Fourche RIVRIK « « « « « « & « & « & « & « & K & « & K & « « 152

Figure 5.6. Parameters calculated from initial condition from REACT .........cccooeviiiiiiiiiieeenenns 1533
Figure 5.7. Conceptual illustration of the mine tailings interacting with the hydrology and

ge0logy Of WhItEWOOA CrEEK ......uuuiiiie ittt e e e e e e e e e e e 154
Figure 5.8. Example of As concentration dissolving into the stream water from

arseNOPYIIte AISSOIULION .......cciiiiieeeieiee e e e e e e e e e e e e e e e e e ee e e et e e e e e eeaeeeeaeeeeessnnnnns 155
(O g F=T o1 (=T g ST o U] =TSR 156
Figure 6.1. Sinuosity index for each reach at Whitewood Creek using the 2012 channel ......... 156
JLIXUH IRQIJLWXGLQDO SURILOH.RL..KLWHZRRG..&UBHNYV U
Figure 6.3. Contaminated floodplain widths at Whitewood Creek reaches...............c.ccceeeiinne 158
Figure 6.4. Contaminated floodplain widths and their variation (standard deviation) at

Whitewood Creek r@aCRES ... a e 159
Figure 6.5. Distribution of contaminated sediment area and Whitewood Creek reaches........... 160
Figure 6.6. Contaminated sediment removed area at Whitewood Creek reaches...................... 161
Figure 6.7. Result plot from GIS method of the channel migration at Whitewood Creek reaches
..................................................................................................................................................... 162
Figure 6.8. Result plot from GIS method of total sediment gained area at Whitewood Creek
== o 1T TSSOSO PPPPPPPPP 163
Figure 6.9. Sinuosity index for each reach at Belle Fourche River using the 2012 channel. ..... 164
Figure 6.10. Longitudinal profile of Belle FOUrche RIVET ... 165
Figure 6.11. Contaminated floodplain widths at Belle Fourche River reaches. .............ccc......... 166

Xi



Figure 6.12. Contaminated floodplain widths and their variation (standard deviation) at Belle

FOUICNE RIVET TEACKNES. ... .ottt et e et e e e e e e e e e e e e e eaeas 167
Figure 6.13. Result plot from GIS method of the distribution of contaminated sediment area and
Belle FOUICNE FEACNES. ......ooiiii e eeees 168
Figure 6.14. Result plot from GIS method of the contaminated sediment removed area at Belle
FOUIChE RIVETN TEACNES. ... et e e e e e e e e e e e e e aaaae s 169
Figure 6.15. Result plot from GIS method of channel migration at Belle Fourche River reaches.
................................................................................................................................................... 1707
Figure 6.16. Total sediment gained area at Belle Fourche River reaches............ccccceeeviiieeeen. 1717
(O gF=T o1 (=T gt e T o U] =T 172
Figure 8.1. Comparison of different parameters plots in Whitewood CreekK..............ccccvvrvrneee. 172
JLIXUH &RPSDULVRQ RI :KLWHZRRG &UHHNYV FRQWDPLQD\
L0 11O PPUPPPPPPPPPP PP 173
Figure 8.3. Comparison of different parameters plots in Belle Fourche River..............ccccce...... 174
)LIXUH &RPSDULVRQ RI %HOOH )RXUFKH 5LYHUYVY FRQWDP
L (0 1SS 175
REFERENGCES ...ttt et e e e e e e e e e e e e e e e e e e e e e e e e s e e nsnnsebbbeeeneeeeees 176
APPENDICES ...ttt ettt e et e e e et e e s ettt et e e e e e aaeaaaeeaaeaeeaaa e e e e e an e naannrrrranraneees 200
Appendix 5-1. Field parameters collected of in-stream and seep water samplateiwdyd

Creek and Belle Fourche River from Ji (2021)......ccooiiiiiiiiiiiiiiiiiiieiieee ettt e e 200
Appendix 5-2.$QDO\WLFDO UHVXOWYV IURP -LfV ZDW.R01 VDPSO'
Appendix 5-3. Mineralogy of mine tailing and their respective mineral mass in weight

[0S (o= g1 =T [ 205
Appendix 5-4. Mean mineral composition for the Pierre Shale .............ccccooiiiiiiiiiiiiiiiii 206
Appendix 5-5. Temperature of stream and seep water for each location measured by Ji (2021)
.................................................................................................................................................... .207
Appendix 6-1. 1948 Whitewood Creek parameter StatiStiCS .........cccceeeeeeiiiiiiiieeiiciciee e, 208
Appendix 6-2. 1977 Whitewood Creek parameter StatiStiCS ..........ccoveevviiiviiiiiiiiiiiieeeeeeiiiie e, 209
Appendix 6-3. 1971 Whitewood Creek tailings statistics from EPA (1972)..........cuvveeeviiiiinnnnnn. 210
Appendix 6-4. 1948 Belle Fourche River parameter StatiStiCS ..........cccceevvvviviiieiiiiiiiiiieceee e, 211
Appendix 6-5. 1977 Belle Fourche River parameter StatiStiCS ............coovviiiiviiiiiiiiineeeeeeeeeeeeeiinnns 212
Appendix 6-6. 1971 Belle Fourche tailings statistics from EPA (1972) (up to Reach 7)........... 213
Appendix 6-7. 1971 Belle Fourche tailings statistics from EPA (1972) (up to Reach 10)......... 214
Appendix 7-1. Mineral saturation indices of stream water calculatedtbR FKHPLV W V
Workbench at Location A (Whitetail Creek) ........couueiiiieie i 215



Appendix7- OLQHUDO VDWXUDWLRQ LQGLFHV RI VWUHDP ZDWHU

WOrkDencCh at LOCALION B ........uiiiiiiiiiiiiiiiiiiiii ettt e e e e e e e e e e e e e e e e e e e e e e e a s 216
Appendix 7-3. Mineral saturation indices of seep WHU FDOFXODWHG E\ *HRFKHPL
at Location B(( LCER CER SR (R R AR (R SO (R R (AR (O SO (R G (R (AR (O (R (O (O (O C R GO (R (O (R COR (AR (R (¢ 7

Appendix7- OLQHUDO VDWXUDWLRQ LQGLFHV RI VWUHDP ZDWHU

WOIrKDENCKH Gt LOCATION C .o e e 2188
Appendix 7-5. Mineral saturation indices of stream wdd OF XODWHG E\ *HRFKHPLVW
WOTKDENCH @t LOCALION D ... e e e 219
Appendix7- OLQHUDO VDWXUDWLRQ LQGLFHV RI VWUHDP ZDWHU
WOTKDENCH @t LOCATION E ..o e e e 220
Appendix7- OLQHUDO VDWXUDWLRQ LQGLFHV RI VWUHDP ZDWHU
WOTKDENCH @t LOCAtION F....ooeeeoe e e 2211
Appendix7- OLQHUDO VDWXUDWLRQ LQGLFHV RI VWUHDP ZDWHU
VAV 014 (o T=T aTe] o 11 A Mo Jox= L 1 To ] T C TR 222
Appendix7- OLQHUDO VDWXUDWLRQ LQGLFHV RI VHHS ZDWHU FD
= Ll e Tox- Lo ] o I CTUUTRT TR TP PRPRPRRRN 223
Appendix 7- OLQHUDO VDWXUDWLRQ LQGLFHV RI VWUHDP ZDWHU
WOTrKDENCH At LOCATION H ..o e e e 224
Appendix 7- OLQHUDO VDWXUDWLRQ LQGLFHV RI VHHS ZDWHU FD
AL L OCATION H. oo e e 225
Appendix 7- OLQHUDO VDWXUDWLRQ LQGLFHV RI VWUHDP ZDWHU
WOIKDENCK Gt LOCATION | ..eeeeeiee et e e aans 226
Appendix 7- OLQHUDO VDWXUDWLRQ LQGLFHYV RI VWUHDP ZDWHU
WOTKBDENCKH Gt LOCAION J ..eeeeeeee e e 227
Appendix 7- OLQHUDO VDWXUDWLRQ LQGLFHYV RI VWUHDP ZDWHU
VAV o] (o L=Y aTed g IE= 1 I Tof= Lo ] o 1N - COTT TP 228
Appendix 7-15. Mineral saturation indices of stream wd& O F XODWHG E\ *HRFKHPLVW
WOTKDENCH @t LOCALION L ..o e e 229

Appendix 7-16. Plots of soluble As being released from into stream water from 0.11%
DUVHQRS\ULWH GLVVROXWLRQ FDOFXODWHG E\ *HRFKHPLVW
e T 1o T N ) TP 230

Appendix 7-17. Plots of soluble As being released from into stream water from 15% arsenopyrite
GLVVROXWLRQ FDOFXODWHG E\ *HRFKHPLVWYV :RUNEHQFK D\

Xiii



LIST OF SUPPLIMENTAL DATA INCLUDED SEPARATELY

Dataset 1- Whitewood Creek GIS
Dataset 2- Belle Fourche River GIS

Datasets includes the following:

x 1948, 1952, EPA (1972), and 1977, and 2012 aerial photographs
x Shapefiles of the channel, contaminated sediment, contaminated sediment reatalved,
VHGLPHQW GHSRVLWLRQ DQG -LYV SRLQWYV

Xiv



CHAPTER 1. INTRODUCTION

The occurrence of the element arseis) (s ubiquitous in a wide range of settings such
as the atmosphere, soils, rocks, organisms, and natural waters. The release of ardesic into t
environment can occur through a combination of biogeochemical, geogenic processes, and
anthropogenic processes. While natural processes can contribute to significant Aanpolluti
anthropogenic activities such as mining, agriculture, and fossil fuel combustion camleave a
important impact (Smedley and Kinnibaugh, 2002). The greatest concern with As is
contamination, both natural and anthropogenic, of drinking water. Groundwater in major
populous regions such as Bangladesh, India, China, and Vietnam, as well as parts of the United
Statesjs known to have high concentrations of arsenic that exceed the World Health
Organization (WHO) maximum concentration limits (MCL) of 0.01 mg/l (Smedley and
Kinnibaugh, 2002). The effect on people of arsenic in drinking water includes widespread
chronic and severe health problems like skin, liver, kidney, and gastrointestinal camesll ags
reproductive disorders and birth defects (Raham et al., 2009). While the cause of the As pollution
in these countries is mostly geogenic (especially in the Asian countries), arsengcl sbtwagh
mining activities can damage soil and sediments in the surrounding area, resultimgtéd pol
VXUIDFH DQG JURXQGZDWHU 7KHVH FRQWDPLQDWHG VRLO D«
and/or reworked by rivers and streams along floodplains, increasing the contamination tens to
hundreds of miles downstream (Marron, 1992). In addition to the tailings causing dynamic
fluvial changes, there are changes in geochemical conditions that control the@spetias.
Knowing the specific speciation is critical since it can dictate whetherghg iA solution and
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1.1. Literature Review
The information below is an overview of literature and knowledge of As mobility and

geomorphological-geochemical approasto mine contaminated fluvial systems. The following
topics includes: 1) geochemistry of arsenic, 2) arsenic mobility, 3) arsenic immobility, and 4)

geomorphological-geochemical approach to mine contaminated fluvial systems:

1.1.1. Geochemistry of Arsenic

Arsenic is a metalloid commonly found in rocks, sediments, soil, and water. It is'the 47
most abundant element and has an average crustal abundance of 1:5(in§ kgm)
(Vaughan, 2006). Common rocks with the highest concentration of As are shale, mudstone, and
slate, as well as coal. Arsenic is a chalcophile element that commonlgtnasgaffinity for
sulfur and sulfide minerals (Noll Jr et al., 1996). Common As bearing minerals are arsenopyrite,
arsenian (arsenic rich) pyrite, realgar and orpiment. Since metalloids have excessseteut
unfilled orbitals, arsenic has five oxidation states: -3, - DUVHQLWH DUVHQDW
2006). However, in oxidizing conditions, arsenic is more cationic in the form3f{Ws
arsenite) and A& (V, arsenate). Due to its tendency to combine witha®d OH, As will form
oxyanion complexes such as A8Gand HAsOs for As(V) and BAsOs" , HilAsOs-, and
HAsOz?- for As (Ill) ( Figure 1.). As (Ill) is a concerning speciation due to its mobility, net zero
charge, and toxicity (in the form ofssOz’) in a wide range of pH (0-9) and in semi-oxidizing
and reducing conditionés (V) on the other hand is known to have high adsorption to minerals
and sediments and is especially dominant inlgiglidizing and neutral-slightly acidic
conditions (in the form of bAsOs) (Kocar et al., 2006; Tufano et al., 2008). At near neutral-

basic pH levels of 6.5 to 8.5 (which are common for drinking water), small changes in pH and



Eh can lower arsenic adsorption capacity and increase mobility (Dzombak and Morel; 1990;

Smedley and Kinniburgh, 2002; Vance and Greenberg, 2010).

1.1.2. Arsenic Mobilization

The mobilization of As can be caused by three different chemical parameters:simnge

pH, changes in Eh, and competition for adsorption sites from other ions.

As indicated in the previous paragraph, pH is a major control on the speciation of As and
has an important effect on its adsorption, desorption, and precipitation due to pH affecting the
charge of sorbent surfaces. Multiple examples of how pH can affect As will be discussed in the

immobilization section below.

Changes in the Eh (reduction potential) can have a major impact on As. Changes in Eh
can be caused by multiple process such as microbial processes, oxidation of sulfides, and
groundwater levels which can result in the depletionofr€duction). A drop in Eh can lead to
the reduction of As (V) to As (lll) and/or dissolve away Fe (lllydr)oxideswhich can release
As back into the environment. Although, it is debatable which of these two processes wmmtribu
the most to As solubility, total As and Fe content have a strong correlation, thus mgdibati
Fe (IIl) (hydr)oxide dissolution can impact As sorption sites and retention (Smedley and

Kinnibaugh, 2002).

Another cause of As remobilization is ion competition for adsorption sites. Common
SFRPSHWLWRUV" DUH ELFDUERQDWH VLOLFDWH VXOIDWH
biggest challenger again&s due to its similar chemical properties to As(V) and its large pH

range for adsorption (pH 3-10) (Jain and Loeppert, 2000). Areas with high fertilizer and pesticide
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runoff such as farmlands where phosphorus is largely used are susceptible to As mobilization

(Jain and Loeppert, 2000; Peryea and Kammerack, 1997).

Generally,(hydr)oxideminerals can be amorphous (poorly crystalline, i.e., ferrihydrite)
DQG RYHU WLPH WKH\YO O i.E.Hjo®Hre] herRatite) aedording/tb 9ed L Q H
2VWZDOGYYVY 6WHS 5XOH $PRUSKRXV PLQHUDOV KQIHYWUHD OVODUJI
and this results in more adsorption sites. However, amorphous minerals are more
thermodynamically unstable than crystalline which leads to the risk of remobilizing As.
According to Appelo et al. (2002), ferrihydrite can be dissolved by an incongruent reaction into
more crystalline phases in reduced conditions. While dissolvirfgyek)oxidesthrough
reduction may lead to the release of As, under certain conditions re-mineralizati@tgan o
whereAs desorption is suppressed (Fendorf et al., 2010). Interestingly, As along with phosphate
oxyanion complexes has been shown to promote stability instead of dissolution of Fe
(hydr)oxidesand prevent the transformation from an amorphous phase to a more crystalline

phase (Rancourt et al., 2001; Borch et al., 2007).

1.1.3. Immobilization of Arsenic

Arsenic in near surface conditions can be immobilized through adsorption to mineral
surfaces and precipitation as secondary minerals. Adsorption is the principal control of As
mobilization due to the ability to transfer mobile As to particulate phases (Wang ahgad,ul
2006). Potentially the most important group of sorbents (sediment, mineral surface, and/or
collection of minerals like colloids where adsorption occurs) are Al, Mn, Fe (hydr)oxides which
are ubiquitous in soil in the form of discrete particles or coatings on mineral surfaces (Wang and
Mulligan, 2006).As (I1l) andAs (V) are known to form inner surface complexes on the surfaces
of (hydr)oxides by ligand exchange of ©&hd OH. The bonds of these complexes are more
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covalent making it difficult for As to mobilize. Howeveks (IIl) can form outer-sphere
complexes, as well, through electrostatic interactions. In contrast to inner sunfagiexes, the
bonds of outer-sphere complexes are weaker and As is more likely to remobilize (Wang and
Mulligan, 2006). In Al (hydr)oxides As (V) ans (IIl) form inner sphere complexes with

gibbsite and Al oxides although As (lll) can form outer sphere complexes (Wang and Mulligan,
2006). On an amorphous Al oxide surface, As (V) adsorption increases at pH 7 and decreases
significantly at higher pH whilés (lll) adsorption occurs at pH 6-9.5, and decreases as pH
increases or decreases (Ghosh and Teoh, 1985; Cox and Ghosh, 19@4)dybxidesare

known to oxidizeAs (lll) to As (V) while reducing Mn (Il and 1V) (Manning et al., 2002;
Oscarson et al., 1981). Fe (hydr)oxides are very important sorbe#ts doe to having a high

net positive charge in most geological settings and having high affinities for As spedeésBot
(1) andAs (V) can form inner sphere complexes with these minerals (Wang and Mulligan,
2006). According to Pierce and Moore (1982), As (V) can adsorb optimally between pH 4-7

while As (I1l) adsorbs optimally between pH 7-10.

Clay minerals are ubiquitous in terrestrial and aquatic environments. Due to their
different structures, As adsorption on clay minerals is complex. Around mid-range pH, clay
minerals generally have higher As (V) adsorption and whksl@ll) adsorption increases at
higher pH (around high pH, A#ll) has a net negative charge, see Figure (Lit)and Puls,

2000). Arsenic adsorption on 1:1 clays was found to be moderate to high with kaolinite where
the greatest adsorption At (V) was at pH 5 (Goldberg, 2002). It has been suggested by
Manning and Goldberg (1997) that the octahedral Al-OH component is more reactive to As(lll).
Since kaolinite has alternating tetrahedral and octahedral sheets, with exposeahathad

sheets, it should favor adsorbiAg (111) (Lin and Puls, 2000). Lin and Puls (2000) suggested



that halloysite (hydrated kaolinite) has gre#si(V) adsorption than kaolinite. This is possibly
caused by a hydroxy-arsenate interlayer that is formed in the halloysite from ptiecigtanigh

As (V) concentrations and helps cause As(V) to be lightly affected by pH increase. Foyg;1 cla
montmorillonite and illite have moderate adsorption with the highest adsorption capatity a

6.0 for montmorillonite and 6.5 for illite foks (V) (Manning and Goldberg, 1997). These types
of clays have higher adsorption fas (V) thanAs (lll) . However, Lin and Puls (2000) found

that illite and montmorillonite have highés (11l) adsorption than the kaolin minerals due to
finer particle sizes that can create more broken Al-OH bonds o R®© L G § Vhe¢2& 1H V

clay, chlorite, has greatés (V) adsorption as well a&s (111) and is little affected by pH

increase. This adsorption is possibly controlled by the Fe content of chlorite, the hydroxide sheet
interlayer, and/or the broken A+ ERQGV R Q allgesi THeRF® in @ § Whlorite, as well as
impurities in other clays, can form Fe hydroxide complexes, as mentioned above, which can

have high affinities for As(V) and As(lll).

There is a debate however over the signifteariay minerals play in collecting trace
metals in aquatic environments (Horowitz and Elrick, 13®8ne, 1976 In general, there is a
consensus that clay minerals are asimportant as As sorbents as organic matter and oxide
minerals (Miller and Miller, 2007). Although not entirely demonstrated, Jeane (1976) proposed
that clay minerals serve as substrates for the precipitation and accumulation of oagteric m
Fe, and Mn hydroxides due to their large specific surface area. These coatings areewhere th

accumulation of trace metals occur that are associated with clay minerals.

The presence of divalent catiorelements such as €and Fé* in hydr(oxide)
structures can increase As adsorption by increasing positive charge on the adsorbent surface

C&* helps increas@s (V) adsorption on Al oxides at pH 8, and ferrihydrite at pH 9 (Ghosh and



Teoh, 1985; Wilkie and Hering 1996). However, this will also help promote the adsorption of
phosphate (Antelo et al., 201%).contrast, C& and Mg@* can help decrease the competitive
effect of silicate on As (Meng et al., 2000). With the presence &fdda HCQ;, calcite is a
common precipitate. In addition to buffering the pH, calcite can play an important role as an
adsorbent. According to experimental work by Sg et al. (2@@8)V) sorbs to calcite in

oxidizing conditions in the form of #AsOs and CaHAs@ while As (l1l) cannot sorb in

reducing conditions. They also found that in conditions with decreasing alkalinity, the sorption
of As (V) on calcite can increase, however competition Wilf\V) and (bi)carbonate can also
increase. On the other hand, an increase in alkalinity can inckeg%¢ and phosphate
adsorption on calcite as well (House and Donaldson, 1986; Goldberg and Glaubig|ri988).
addition to promoting As adsorption, some cations such as V and Se adsorb stoAaly

which increases competition for sites (Vance and Greenburg, 2010).

Another way to reduce the mobility of arsenic is through precipitation. There are more
than 300 As bearing mineralswhich 60% are in the form of arsenates, 20% sulfides and
sulfosalts, 10% oxides, and the rest as arsenites, arsenides, native, and mei{@aielfsnd
Parshley, 2001). The most common secondaripearing mineral is Fe-arsenate scorodite
(FeAsQ:2H,0) under acidic Fe (Il1)-As(V) conditions, usually formed as a product from
weathered arsenopyrite and arsenic rich pyrite (Drahota and Filippi, 2009). In addition to Fe,
arsenates can form precipitates with Ca and Mg. Common Ca-arsenates include pharmacolite
(Ca(HAsQ)-2H,0), weilite (CaHAsQ), and hornesite (Mg@AsOs).-8H20) (Drahota and
J)LOLSSL $UVHQDWH FDQ DOVR VXEVWALWXWHK .BRIUGRW KH U
jarosite (KFe(SQy)2(OH)e) (Savage et al., 2000) and POn apatite (Cs(AsOs)3-OH) (Bothe

and Brown, 1999). Another relatively common secondary arsenic mineral is the cubic oxide



arsenolite (Ag03) and its monoclinic dimorph, claudetite. These minerals are often oxidation
products of arsenopyrite and weathered scorodite (Drahota and Filippi, 2009). According to an
experiment by Pokrovski et al. (1996), arsenolite and claudetite can dissolve at pH levels <8 (a
temperature 90 °C) and Nordstrom and Archer (2003) found that these oxides are stable in
equilibrium with high pH waters. Haffert and Craw (2008) suggested that due to the high
solubility of these minerals in water and acid, they may strongly infludac®ncentration in

waste water from acid mine drainage. In addition to arsenic bearing mineralg; easele
precipitated in ferric oxyhydroxide minerals such as goethite and ferrihydrite. These sineral
can form weathering crusts as well as coatingd®primary minerals like arsenopyrite, which

can help reduce the dissolution of arsenic into the environment (Bowell, 1994; Matera et al.,

2003; Larios, et al., 2012).

1.1.4. Geomorphological-Geochemical Approach to Mine Contaminated Fluvial Systems

Since the 1970s, a large amount of research in North America and Europe identified the
spreading, storage, and remobilization of metal rich sediments in fluvial syatehiow they
can be directly related to sediment transportation, river channel and floodplain setiamenta
styles, and flooding regime (refer to Macklin et al. (2006) for complete sources). The rise of such
research is due to the transportation of 90% metal contaminants in rivers as particulgte form
which follow the same transport pathways as natural sediment load (Martin and Meybeck, 1979).
This coins the idea that if the spatial and temporal dynamics of river sedimentoaaddled
and understood, then the long term and large-scale distribution of metal rich sedimemsrin a r
system can be predictable. This approach to environmental management is coined byda¥lackli
al. ( DV 3 JHRPRUSKRORJLFDO+*JHRFKHPLFDO"™ 7KHQLDVW V\\

river system through a geomorphological viewpoint was by Lewin and Macklin (1987). This



research included documents of physical and chemical factors that control theadlispe

storage of metal contaminated sediments on spatial and temporal scales. Theygtinee

that the mining material can be transported as sediment in the river and not disrbphtied ¢
DQG IORRGSODLQ SURFHVVHY 7KH WHUP IRU MYKILV LV 3SDVVL
W UD Q VIR U BrEtelfIRI syatem is altered by the mining sediment input (Lewin and
Macklin, 1987). According to Macklin et al. (2006), these two terms are end members of a
continuum involving mining related channel changes. This classification schemeshasbd
worldwide (Benito et al., 2001; Miller 1997; Marron; 1992; Knighton, 1991) to model the
distribution of heavy metal rich sediments by fluvial processes and predict patterns amd rates
river basins affected by mining. Hudson-Edwards (2003) emphasized the long-term impact of
mining on the fluvial environment and the mineralogy and chemistry of heavy metal sediments.
The frequency and severity of flooding and droughts are important controls on river dynamics
which in turn can significantly affect metal bearing deposits through floodplain reworking

(Goudie, 2006; Macklin et al., 2006).

1.2. Purpose of Study
The purpose of this study is to investigate how As rich mine tailings on floodplains are

spatially distributed and reworked over time; what is the fate of the As when it is sebtiu
the stream water; and what potential minerals may be in equilibrium inr¢laensand seep
water. This project is a geomorphologic-geochemical approach to the continuatiarfiof
study of historic mine tailings on Whitewood Creek and the Belle Fourche River in South
Dakota. Jif §2021) recommendation for additional work that is incorporated into this project

includes the following:



x Identify and monitor floodplains contaminated sediment and their erosion on Whitewood
Creek and the Belle Fourche River to identify future movement of contaminated
sediments and where bank stability can be developed.

X Model mineral saturation imcks in the waters of Whitewood Creek and Belle Fourche
River to see what minerals and As bearing minerals are thermodynamicallyqutedic
precipitate.

X Model the daily release of dissolved and suspended As as a result of contaminated

sediment being added to the waters of Whitewood Creek.
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CHAPTER 2. STUDY LOCATION BACKGROUND AND HISTORY

This chapter will present the history of the Homestake Gold Mine and the environarahtal

research work on its pollution of the Cheyenne River Basin.

2.1. Study Area Location
The study area is located at the northeastern base of the Black Hills in Western South

Dakota (Figure 2.1). The mine tailings originated at the Homestake Gold Mine in theftow
Lead in the northern Black Hills. This research will focus on portions of Whitewood Creek from
Lead to the confluence with the Belle Fourche River and 30 km of the Belle Fourche River

downstream from the confluence.

2.2. Homestake Mine History
The Homestake Mine was the largest and deepest gold mine in North America (see

Figure 2.3). The major ore was gold along with minor silver (Smith, 2003). The mine operated
from 1877 to 2002. During the first 100 years of operation (1877-1977), between 893 to 1101
megagrams (Mg) of gold was extracted from the mine (Marron, 1992; Caddey et al., 1991
Homestake Gold Mine, 1976). However, approximately 110 million Mg of As enriched mine
tailings from the Homestake Gold Mine were discharged into Whitewood Creek and its
tributaries: Belle Fourche River and Cheyenne River (Marron, 1992). The floodplains of
Whitewood Creek, Cheyenne, and Belle Fourche Rivers still contain a significant pottien of

tailings in their storage (Marron, 1992; Goddard, 1987; Cherry et al.).1986

During early operations, ores were crushed by crude methods and gold was recovered by
gravity or mercury amalgamation. By 1880, 60 stamp mills with more than 1000 stamps were set
up where ore was crushed to coarse grain size (Cherry et al., 1986). Prior to the turntdf the 20

century, most of the ore came from oxide and hydroxide minerals in oxidized zones, and
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paleoplacer deposits. The oxidation products are from arsenopyrite, pyrite, and pyrrhotite. By the
turn of the century, the mining operation focused below the zone of oxidation (Wuolo, 1986).
Large amounts of reduced ores and minerals such as arsenopyrite and pyrrhotite were extracted.
The use of cyanide along with mercury in the milling process began during this time. Around
5,000 Mg of tailings were processed each day (Cherry et al., 1986; Wuolo, 1986). Rod and ball
milling techniques were used which hedlyield finer grains of tailings (Marron, 1992). As the

mine became deeper, mine tailings began to accumulate and be dischargedwo®dhiieeek.

By 1917, the Homestake Gold Mine became the only contributor to filling Whitewood Creek

with tailings as other mills in the area ceased operati&ynd955, approximately 50% of mine

tailings produced each year were used as backfill in the mine shafts (Waterland, 1973). To
FRPSO\ ZLWK HDUO\ TV HQOYLURQPHQWDO UHJXODWLRQV V
Dressing Effluent Guidelines), the Grizzly Gulch tailings impoundndamt was created for the

tailing storage (see Figure 2.4, located near Lead, 4.8 km south of thglBRAe)2012; Wuolo,

1986). Despite no tailings discharge since December 1977, there are still large coonsrmfat

contaminated sediments, surface water, and groundwater downstream from the mine.

2.3. Past Environmental and Academic Work
Prior to the Clean Water Act of the 1970s, Whitewood Creek did not undergo any

environmental regulation. The sanitation districts of Lead and Deadwood releassivaye
that went untreated into the creek. The mix of sewage and mine tailings causedofhite
Creek to flow black according to local residents (Marron, 1987). This resulted in Whitewood
Creek{ Mck of support for aquatic life (Goddard, 1989; S.D. Dept. of Game, Fish and Parks et
al., 2005). In 1978, Stach et al. (1978), found dissoA®doncentrations ranging between 2.5-
J/LQ ZHOO ZDWHU QHDU ODUJH GHSRVLWK RURBRLIQGND P L C

evidence of possible environmental hazard along Whitewood Creek. Prior to this report, 50

12



Holstein dairy cattle, part of a dairy operation adjacent to Whitewood Creek, died from an
unknown cause during the winter of 1974-75. According to the South Dakota State University
Department of Veterinary Science, the cattle died fAmpoisoning due to consuming corn
silage which had been contaminated with mine tailings during silo-filling opasa{Bergeland

et al., 1976).

Because of the poorly understood spatial extent of the possible environmental hazard and
effects on of approximately 85 people and several residences (EPA, 2017), the EPA listed a 30
km length of Whitewood Creek and Belle Fourche River as an Interim Priority Site under the
Comprehensive Environmental Response Compensation and Liability Act (CERCLA) in 1981
(see Figure 2.1 and 2.2 for location). By 1983, the EPA added Whitewood Creek to the National
Priorities List (NPL), creating the Whitewood Creek Superfund site (EPA, 2017). The
Homestake Mining Company made remedial actions in 1984 such as installing a wastewater
plant to treat effluent from mining operations discharging into Whitewood Creek (S.D. Dept. of
Game, Fish and Parks et al., 2005) and removing 4,500 cubic meters of contaminated sediments
from 16 residential yards (EPA, 2017). The Homestake Mining Company also funded several
comprehensive environmental studies such as Fox Consultants Inc. (1984a and 1984b) and

Cherry et al. (1986).

In the Fall of 1982, the USGS with the cooperation of the South Dakota Department of
Water and Natural Resources conducted a 2-year long basin-wide study of the hydrologic effects
of the contaminated sediments. This research was used to help accurately éva jpeatential
hazards of the Interim Priority Site (Goddard, 1988a). While working simultaneously with the
86*6TV LOQYHVWLIJDWLRQ )R[ &R QV XOOnibteowhsir stu@yFonthe D DQG

alluvial aquifers along Whitewood Creek and Belle Fourche River. They issued a series of

13



unpublished reports in two phases: Phase | disstigdd procedures, data, data-analysis control
procedures, and a general overview of the study area. Phase Il interprets data from Phase | along
with a literature review of the topic of concern (Goddard, 1988a). Additional interpretations of

the data collected by Fox Consultants, Inc., are presented by Cherry et al., 1986. In 1985, the
Whitewood Creek-Belle Fourche River-Cheyenne River-Lake Oahe system wasiseyettte

USGS for its Toxic Substances Hydrology Progr8urface Water Contamination program.

The goal of this program is to improve the understanding of how toxic substances enter, are
transported, and are removed from surface water systems (Mallard, 1987; Mallard and Ragone,
1988). Basic data collected during the USGS research on tailing contaminations of the Cheyenne
River Basin for 1985 and 1986 can be seen in Goddard (1988b) and for 1987 and 1988 can be
seen in Goddard (1990). Geochemistry of the floodplain deposits of Whitewood Creek and Belle
Fourche River from the USGS studies are summarized by Goddard (0989)arger scale,

research has been done on how As behaves as aiwhioée\Whitewood Creek-Belle Fourche-

Cheyenne River-Lake Oahe system (Horowitz et al., 1988; Horowitz and Kent, 1990).

Results from the 1980s work shows that the presence of Fe (hydr)oxides as coatings on
grain surfaces are the dominant control of dissoAeth the stream water of Whitewood Creek
(Cherry et al., 1986; Goddard and Wuolo, 1987; Fuller et al., 1987; Goddard, 1989). Horowitz
and Kent (1990) used SEM on the bank and floodplain deposits from Whitewood Creek and
Belle Fourche River and found that the major source of As is in Fe oxide coated arsenopyrite.
They found that approximately 80% of the As is associated with the sulfide phase while 20% is
in the Fe oxides. Fuller et al. (1987) found that the domiAarspecies is in the form &s (V).

The immobilization ofAs is due to adsorption dfe oxyhydroxide surfaces on mineral grains

(such as arsenopyrite) or precipitation into secondary iron-arsenate minerals (i.etescorodi

14



according to Cherry et al. (1986) and Fuller et al. (1987). Maxirsiadsorption occurs at the

pH of 6.5 and begins to desorb when the pH goes to 8.5 (Goddard and Wuolo, 1987). Cherry et
al. (1986) observed thés release is not dependent on the bacterial oxidization of arsenopyrite.
They also found that most of the As is in a solid phase and is not readily soluble, thisukill re

in the contaminated sediments remaining in place for potentially hundreds to thousands of years

(Cherry, et al., 1986; Marron, 1989; Goddard, 1989).

One interesting study from the 1987 investigation was conducted by Rees and Ranville
(1988) who identified colloid compositisnn the waters of Sheeler seeps (Location H, by the
Whitewood Creek-Belle Fourche River confluence, see Figure 5.1) and Whitewood Creek. This
is an interesting site since the creek downcuts through a historic meander tleat vsiti
tailings and into shale bedrock. Water samples were taken from Whitewood Creek and seeps and
analyzed for various chemical components after separation into aliquots that passed 400-, 100-
and 50-nm Nucleopore filters or were unfiltered. Analysis of suspended colloids were
determined using photon correlation spectrometry (PCS) and the filtered material was examined
throughscanning electron microscope (SEM)/X-ray analysis (Rees and Ranville, 1988). Results
from the SEM showed that the colloids in the stream water of Whitewood Creek are mgstly cla
with little Fe. No particles were retained on a 100 nm filter after filtered through 400ters fil
except for calcite and amorphous Fe-oxides. Colloids collected from the seep waterecompris
amorphous Fe hydr(oxides), crystalline silica with no coating of Fe, and platy Fe coated Ca
silicates with a wide range of dimensions from 200-1,000 nm. In addition, a single 700 nm
gypsum crystal was found. A third water sample was analyzed from a quiet pool which includes
a diversity of minerals such as several non-crystalline calcium-potassiuimadilioates, well

crystalized gypsum, polyframboidal pyrite, magnesium-calcite crystals, and a Ti rich particl
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(rutile, brooksite, or anatase). In general, particles with a dimension range 100-400 nm are more

abundant at the seep and pool than the creek (Rees and Ranville, 1988).

In the 1990s, Gomez and Marron (1991) investigated how neotectonics affect the
sinuosity and channel migration of the Belle Fourche River. Marron (1992) the following year
would also publish a sediment budget of the contaminated floodplain deposits in the Belle
Fourche River system. Her research estimated that 129 Md.0f tailings were produced from
Homestake during its first 100 years of operation (1877-1977). However, only 1$0g10
were discharged into Whitewood Creek while the rest were backfilled in the mine. Of the 110 x
10° Mg discharged tailings, 13% remain in the floodplains of Whitewood Creek (14 SMdg)0
and 29% in the floodplains of Belle Fourche River (31.9%M@). The remaining have been
transported to the Cheyenne River and settled on its floodplain and/or settled in LakinOahe
Whitewood Creek, of the 14.5 x &g tailings stored, less than 1.0 X*Mg are stored
between Lead and Whitewood, 5.8 ¥ Myg 20 km downstream of Whitewood, and 8.7 £ 10

Mg 6 km before the confluence with the Belle Fourche.

By 1996, the EPA took Whitewood Creek off the NPL (EPA, 2017). The USGS
continued to investigate the effect of As contaminated alluvium of Whitewood Creek, Belle
Fourche River, and Cheyenne River on benthic flora and processes that control dissolved As
(Kuwabara and Fuller 2003). Recent chemical worthe area includes further investigation of
metals in the Belle Fourche and Cheyenne Rivers fluvial deposits by Stamm and Hoogestraat
(2012), As geochemistry in sediment and pore waters by Pfiefle and Stone (2011) anetPfiefle
al. (2018), bicarbonate and phosphate effects on As rdleasenine tailings in the Cheyenne
River by DeVore et al. (2019), As remediation through plant roots by DeVore et al. (2021), the

mobilization of As by microbial reduction by DeVore et al. (2022), and long-term arsenic
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behavior in the contaminated sediments of Whitewood Creek and Belle Fourche River by Ji
(2021). Other recent work in the area involving geomorphology includes stream erosion and
terrace development in the Cheyenne/Missouri River areas (Zaprowski et al., 2001; S&mm e
2010; Stamm et al., 2013), modeling and predicting suspended contamination route and storage
in the Belle Fourche River (Pizzuto, 2020) and modeling climate change effects on mine tailings

of the Cheyenne River system (Shockley, 2021).

The previous work above shows that the As rich sediment behavior is dynamic and
unstable due to physical and chemical sediment transportation, active dissolutiomdarad gr
pore water flushing (Pfeifle et al., 2018). Pfeifle et al. (2018) found that As was associated with
amorphous, poorly crystalline, and inert highly crystalline iron oxyhydroxides in the sediments.
Pore water redox gradients have a major control on As mobilization where reducing conditions
dissolve iron oxyhydroxides and release As. DeVore et al. (2019) showed that the introduction of
phosphate and bicarbonate to Whitewood Creek tailings causes significant As mobilization due
to anion competition. They also found through Mossbauer analyses, that goethite is present in the
sediments and may play an important role in As binding. DeVore et al. (2021) found that As-rich
sediment along the Cheyenne River can accumulate in plant roots (Little Bludsieare
amended by endophytic fungi. Arsenic was found to adsorb and/or precipitate vitth Ca-
minerals on the roots. DeVore et al. (2022) discovered that As release from mine tailisgs is a
strongly controlled by microbial reduction in mine tailings in the Cheyenne River. Ji (2021)
concluded that the overall environmental quality of the Whitewood Creek/Belle Fouraheaare
improved due to environmental regulations and institutional control. She also found that As
dissolution into the environment is slow and minimal with the low amount of breakdown

products from arsenopyrite dissolution most likely due to coating by Fe oxyhydroxides. Through
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sequential extraction, Ji (2021) used deionized water, sodium phosphate, hydroxylamine
hydrochloric acid, and hydrochloric acid to determine residence sites of As in the tailfags (re

to Figure 2.5 for details of the extraction). She found that 40% of the As in system is labile
(0.37% to weakly bounded exchangeable surface sites andsgéibte secondary minerals,

11% to weakly bound organics or exchange sites, 4.8% to weakly bounded amorphous to weakly
fine grained oxides/hydroxides, reducible phases, other surface sites, or soluble carbonates, and
24% moderately strong bounds to weakly soluble secondary minerals like clays or crystalline
oxides/hydroxides). The remaining 60% are immobile, probably encased in arsenopyrite due to

oxyhydroxide coating slowing down dissolution.

She also found that there are no continuous tailings horizons due to variation in thickness,
geometry, and lateral extent. For example, a 4 m cutbank at Location G (see Figure 5.1 for
location) has only 0.6 m of contaminated sediment on the top followed by 2.4 m of
uncontaminated alluvium, and 1 m of shale bedrock. At Location H (see Figure 5.1 for location)
however, a 4.5 m cutbanks has 3.5 m of contaminated sediments and 1 m of shale bedrock. Ji
(2021) also estimated the annual suspended and dissolvwesingsa 30 year period (1982-2012)
to find the total As transport rate. She used USGS historical databases from the atresuof g
Whitewood Creek (Above Whitewood and Above Vale, see Table 5.1) to compile dissolved As
concentration, suspended sediment flux, and stream discharge. She also used three different
methods such as raw data averaging, rating curves, and As distribution percentage to find
average transportation rate. Her findings predict that the total As transportation rateéneut of t
Whitewood Creek drainage basin was estimated to be 34 to 71 Mg per year where total dissolved
As ranges from 0.33-3.89 Mg/year and average suspended As ranges from 33-70 Mg per year. At

this rate, it would take between 250-1500 years to clear As from Whitewood Creek, however,
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this is based on uniform movement of uniformly distributed sediment. Similarly, using models t
compute long term timescales across watersheds, Pi2026) showed that the time to remove

As enriched tailings on a 112 km reach on the Belle Fourche River would be approximately 750
years. Overall, the total transportation rate of As in Whitewood Creek has been staldte over t
last 30 years (Ji and Ridley, 2013). If the regional climate remains the same and Asesoii

be diluted by uncontaminated sediments, then As will remain stable. However, ifrthgecl
changes, changes in pH or Eh or other conditions (such as exposing buried material and change
in water table depth), and bank stability failures continue, then As will contiouagn

downstream (Ji, 2021). Similarly, Shockley (2021) concluded that climate change plays a major
role in the mobilization of As in the Cheyenne River Basin. She said that mitigatiomsaate
important to minimize erosion, transportation, dissolution/solubility, and may be adjuste
response to climate change variability. Previous geomorphology work from the area shows that
bank stability is a concern for Whitewood Creek and the Belle Fourche River since the regional
geomorphology includes active channel adjustments, resulting in unstable chatarefa €6

al., 2013; Stamm et al., 2010; Zaprowski et al., 2001).
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CHAPTER 3. GEOLOGICAL SETTING

This chapter will present the geology of the study location and include the following: tbpic
EHGURFN XQLWYV :KLWHZRRG &UHHNTV JHRPRUSKRORJ\ DQ
geomorphology and hydrology, 4) groundwater hydrology and chemistry, 5) regional

geomorphology, and 6) geology of mine tailings.

3.1. Bedrock Units
Whitewood Creek is situated on the northeastern edge of the Black Hills uplift which is

composed of Precambrian gneiss, schist, and granitic intrusions. The flanks of the uplift expose
steeply dipping sedimentary rocks. Within the Whitewood Creek area, the bedrock consists
mostly of shale with lesser amounts of argillaceous sandstone and limestone. Thesesock unit
range in age including Permian (Minnekahta Limestone and Minnelusa Formation), Triassic
(Spearfish Formation), Jurassic (Morrision Formation, Gypsum Spring, Sundance Formation
and Cretaceous (Lakota Formation, Fall River Formation, Mowry Shale, Belle Fourche Shale,
Greenhorn Formation, Carlile Shale, Niobara Formation, and Pierre Shale). Most of tie area i
this research is underlain by the Pierre Shale. The ages get progressively younger from west to
east and south to north. Various shale sirathe area are slightly permeable at shallow depths

from vertical joints and horizontal bedrock fractures (Cherry et al., 1986).

3.2. Regional Geomorphology
Zaprowski et al. (2001) recognized and mapped two erosional knickzone fronts in the

&KH\HQQH DQG %YHOOH )RXUFKH 5LYHU ZDWHUVKHBY 7KH WH
SNQLFNSRLQW"™ KRZHYHU D NQLFN]J]RQH KDV D PRUH VXEWOH
while a knickpoint is an abrupt change in a short distance (e.g., like a waterfall). Identifying

knickzones is difficult in the field; it is easier to identify them in a river ltwagnal profile. In
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the Black Hills area, Zaprowski et al. (2001) correlated the knickzones to the sesfalce

Black Hills region (from oldest to youngest: Mountain Meadow, Rapid, Sturgis, Bear Butte, and
Farmington). While there were 4 knickzones migrating upstream from the Missouri River,
Zaprowski et al. (2001) identified two young knickzone fronts in the Black Hills that are
associated with the Sturgis (older) and Farmington (younger) terraces (see Figure 3.1). These
knickzones represent erosional fronts upstream from the Cheyenne and Belle Fourche Rivers. At
and below a knickzone, the channel can incise through the alluvium and into the bedrock,
resulting in floodplain abandonment and terrace formation. Above a knickzone, there is less

channel incision, forming a broad valley bottom (Zaprowski et al., 2001).

The causes of the knickzone mechanism and active geomorphology adjustments in the
Cheyenne River Basin is complex. In the Black Hills, there are three major regional
geomorphological factors and an anthropogenic factor that affect or may affect the fluvial
geomorphology of Whitewood Creek and Belle Fourche River. The first is stream piracy. Stream
piracy plays an important role in the geomorphology of the Black Hills region, especially in the
northern part (Darton, 1909). Stamm et al. (2013) used optically stimulated luminescenge (OSL
and radiocarbon to estimate the age of the terraces (as mentioned in the previous paragraph) in
the Belle Fourche and Cheyenne Rivers area. Results show that the incision to the level of th
Bear Butte terrace was around ~63 ka, Farmington terrace around ~40 ka, and modern levels
around ~12-9 ka. They proposed that around 22-21 ka, the ancestral Belle Fourche River pirated
the headwaters of the ancestral Little Missouri River. This results in an inofediseharge for
the capturing Belle Fourche River, causing an increase in incision and lowering thevbhse

(Zaprowski, 2001).
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Another factor is the response of incision in the lower reaches of the Cheyenne River
from glacial isostatic rebound. Glaciation plays a major role in flow in the Missouri Rivir. Bas
Todd (1914, 1923a, and 1923troposed the Missouri River formed along the margins of a
blockading continental glacier and by east-west flowing streams that were detouring around the
ice pouring into the river. Plumley (1948) found terraces in the eastside of the Black Hills and
proposed that their formation might be correlated to the last glaciation stagesinm &gith
Dakota by downstream blocking of the ice sheets in the Missouri River. Before the appearance of
glaciers, streams in the region used to flow from west to east (Hoagstrom, 2006). Once the
glaciers receded, the channels and floodplains dynamically coevolved together. These are
important components controlling water and sediment (Belmont, 2011). Although the location
of the Black Hills region was south of the edge of the continental ice sheet in the north,
Zaprowski and Floyd (2005) showed that non-glaciated landscapes on the hinges of glaciated
areas can still be affected, even after crustal modification. In the Lower CheyennenRisiemn
was as large as 80 m around the time of ~63 ka and ~40 ka (Stamm et al., 2013). According to
Stamm et al. (2013), 40 m (out of 80 m) of incision in the lower Cheyenne River might have

been associated with glacial isostatic rebound.

The third geomorphic factor is the change of climate from glacial to interglacial. During
interglacial periods, there is less sediment influx compared to glacial pertudb, nesults in the
increase of incision in the streams (Vandenberghe, 1995). The Northern Plains Region is an area
of concern since it can be vulnerable to flooding, drought, and rising temperatures from changing
climate (Reidmiller et al., 2018). Knowles et al. (2006) showed that rainfall is occuroirgg m
than snowfall and Mote (2003) indicated that the snowpack in the Western United States is

decreasing. McCabe and Wolock (2020) found from 1900-2014 runoff data in the United States
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that drought events occurred before 1970 followed by pluvial (rain periods) with an increase in
precipitation during the Fall (Oct-Dec) in the following years. While flood peak distribution is
difficult to determine due to distinctions between man-made and natural variatibasriMet

al., 2009), and having data only going back to about 100 years in the majority of studies.
Shockley, (2021), Kibria et al. (2016), and Norton et al. (2014) observed that there is an upward
trend in observed streamflow within the study area from USGS gaging stations from 1960-2011,
although Kibria et al. (2016) did not see any significant trends in rainfall. Sando et al. (2008)
indicates that South Dakota is progressively becoming semi-arid which helps increase drought
conditions. These conditions deplete vegetation cover and help increase peak flowlpotentia
Figure 3.2 shows a hydrograph of the Belle Fourche River near Volunteer (Location K, see

Figure 5.1) from 1946 to 2022 where peak discharge has been increasing since the 1980s.

A fourth factor is through anthropogenic activities such as the creation of the Lake Oahe
dam are a major factor in establishing new stream base levels. With the lestabtisf the
Lake Oahe dam, suspended sediments are deposited in deltaic and benthic sedimehes whe

river water enters the lake, helping to establish a new base level (Shockley, 2021).

With the presence of the knickzones and incision in the lower Cheyenne River, this
indicates that the watershed of the region is still adjusting to these geomorpiris, fieegulting
in continuing channel instability (Zaprowski et al., 2001; Stamm et al., 2010; Stamm et al
2013). This may play a major role in the mine tailing storage of Belle Fourche and Cheyenne
Rivers (and most likely Whitewood Creek) which could leave them vulnerable to tailing

remobilization.
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3.2.1. Neotectonics at the Belle Fourche River

Although this may be more local than regional, there is another geomorphic factor that
can affect mine tailing storage. On the Belle Fourche River, Gomez and Marron (1991) identified
a relationship between sinuosity and floodplain/channel slope within 17 reaches along an 81-
kilometer section of the river (starting at the Whitewood Creek confluence and ending near the
EIm Creek confluence, see Figure 3.3). Reaches 1-7 are within the Belle Fourche River portion
of this project (see Figure 4.3). At the beginning and end (Gomez and Maroon (1991) reaches 1-
4 and 11-17, respectively, have relatively stable channels and sinuosity is inverse to channel
slope. However, Gomez and Marron (1991) found a discontinuity in the floodplain and channel
slopes starting near reach 5 (Reach 4 for this project, see Figure 4.3) through floodplain long
profiles. Reaches 5-10 (roughly the middle to the end of the study area; includes Location J and
K, see Figure 5.1) have sinuosity that is positively correlated with channel slope. as&ac
6, and 7 (equivalent to Reach 4-9 for this study, see Figure 4.3), sinuosity along with the
floodplain slope increases, and the floodplain is anomalously reworked by large channel
migration. A positive relationship between sinuosity and floodplain slopes indicatesetigat t
may be channel adjustments due to unstable floodplain slope. Near the beginning and end of the
Belle Fourche River study area, the slope of the floodplain is constant (mean slope values of
0.000128 and 0.0013, respectively). However, at the reaches 5,6, and 7, the floodplain slope
varies (from 0.001-0.0022) (Gomez and Marron, 1991). Interestingly, while these sections of the
Belle Fourche River are downstream from the Whitewood Creek and Horse Creek confluences,
Gomez and Marron (1991) concluded that the mine tailings and sediment influx is not
responsible for the anomalous fluvial behavior due to being more localized in reaches 5, 6, and 7

rather than the entire river. The conclusion of Gomez and Marron (1991) on the cause of these
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fluvial behaviors is the response to neotectonic activity. Changes in geodetic survéyalines

cross lineamentsontht ODFN +LOOV XSOLIWVY HDVWHUQ ERXQGDU\ KH
survey lines that go through the Belle Fourche River flows show that there is a relagasencr

in elevation to the west and decrease to the east, indicating neotectomeati®n (Gomez and
Marron, 1991). These lineaments are associated with approximately east-west andstorthw
southeast trending linear valleys where the Belle Fourche River and its tributarieseow (s
Figure 3.3). The lineaments are part of the alignment of major eastward flowing rivers imweste
South Dakota caused by structural adjustment to tectonically active weak zones in the
Precambrian basement (Shurr, 1979; Peter et al., 1988). From a personal communication in
Gomez and Marron (1991), there are offsets of Pleistocene age gravels and colluvium about
1300 years old. The offsets are believed to be linked with the Precambrian basemenssveakne
zones. According to Nichols and Collins (1986), these offsets and weak zones could be caused

by glacial rebound or erosional changes.

3.3. Whitewood Creek
Whitewood Creek is a small perennial stream that is divided equally betweenitig roll

grass covered hills of the northern Great Plains prairies and the mountainous landscape of the

Black Hills (Goddard, 1987). From Lead to Whitewood, Whitewood Creek has a drainage area

of 105 kn% and from Whitewood to the confluence with the Belle Fourche River, an area of 260

km? :KLWHZRRG &UHHNYV ZDWHU RULJLQDWHYV IURP WKH GLVF
Mississippian Madison Limestone and the Cambrian-Ordovician Deadwood Formation in the
%ODFN +LOOYV 3UHFDPEULDQ PHWDPR Swell asorpsarfgdcd UWLD U\ L
runoffs Downstream from Lead, the basin is underlain by limestone and shale as the creek flows
northeast from the Black Hills into the Great Plains (Goddard, 1987). The upstream reach

occupies a narrow canyon as a V-shaped channel in the Black Hills incising Palieoasione
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and Precambrian bedrock with a minimal floodplain, gradient of 50 m/km, and flowing over
channel materials consisting of gravel, cobbles, and bedrock outcrops (Goddard, 1987; Ji, 2021).
According to Hortness and Driscoll (1998), Whitewood Creek used to be a losing stream during
W KH V DQG E\ WKH -OWR ¥ HG D' PAMBUMDIEQVhitewood near the

base of the Black Hills, the stream changes its morphology as it flows into the Gnest e
downstream reach has a meandering and locally braided flow with a wider channel and a wide
floodplain, a gradient of 20 m/km, and cuts into both alluvium and shale bedrock (mostly Pierre
Shale). From Whitewood, the sinuosity index of Whitewood Creek is mostly 1.4 which indicates
it is sinuous except for Reach 5, 8 and 9 which is about 1.5 and Reach 10 (Figuieedei)is

2 (meandering) (Figure 6.1). The downstream channel materials consist of gravels, eoldbles
bedrock outcrops. The dominant private land use around Whitewood Creek is livestock grazing,
hay cultivation, and rural developme(EPA, 2012). Public lands are also found near the creek
where recreational activities such as fishing, boating, and hiking occur (S.D. Dept. of Game, Fish

and Parks et al., 2005).

3.3.1 Whitewood Creek Channel and Floodplain Characterization

KLWHZRRG &UHHNYYV FKDQQHO ZLGWK RI WKH NP VHJI
Whitewood (mountain section) is between 3 to 5 m. There is relativelAsosnrichment of
sediment in this reach due to the steep gradient of the creek and lack of alluvial floodplain
development. However, Ji (2021) did find As enrichment in some seeps from the alluvium but
their volume is small. Downstream in the Great Plains, abandoned meanders can provide
localized storage for the mine tailings (Cherry et al., 1986; Goddard, 1989; Marron, 1992).
Between the town of Whitewood and the confluence with the Belle Fourche River (41.7 km),

Whitewood Creek contains a large volume of contaminated tailings deposited in overbanks and
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abandoned meanders. According to the EPA, the upstream portion of this segment has a wide
channel with tailings occurring as overbank deposits, some extending up to 100 meters from the
channel (EPA, 2012). The downstream portion is dominated by abandoned meanders and
channel incisions where the tailings fill the abandoned channels (see Figure 3.Saoideme

being abandoned between 1948 to 2012). The input of mine tailings can be seen in cut banks
where the cross sections indicate the channel bed was up to 3 meters higher than the modern
channel, indicating that the increased influx of mine derived sediment could be releptorsi

the rapid channel incision, meander straightening and abandonment, and water input change

from water diversion (Marron, 1992).

The average discharge of Whitewood Creek increases downstream; however, low flow
discharge decreases downstream in response to surface water tributary inflow, groundwater
inflow, and waste effluent discharge (Ji, 2021; Marron, 1€aidard, 1987). The large deposits
of contaminated sediments completely covering the floodplain in the downstream reanh are
important geomorphological characteristic. Before the discharge of the mine talhiiswood
Creek was a small meandering stream with inadequate capacity to move large wblumes
sediments (Cherry et al., 1986). When large concentrations of tailing sediments were introduced
to Whitewood Creek, the result was an increase in floodplain sediments and gradient and
straightening of the channel through abandonment of meanders. These abandoned meanders
were then filled in by tailings and allalisediments. Successive layers of these sediments were
deposited in overbanks with the assistance of ice jamming (Cherry et al., 1986). According to
Cherry et al. (1986), these meanders were filled before 1900 as evidencefby&ar-old
trees growing in the tailings. While the abandoned meanders were being depositeeathe s

began downcuttingto the shale bedrock. When the discharge of the tailings ended in 1977,
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Whitewood Creek incised into the previous channel beds, leaving behind sedimehisdanric
mine tailings hanging above the level of average river flow at most locations (Marron, 1992)
(Figure 3.4 and 3.11 for field photos of hanging tailings). According to Marron (1992), from

1966 to 1986, Whitewood Creek incised about 2 m.

3.3.2 Discharge of Whitewood Creek

Ji (2021) compiled flow data from four river gauges along Whitewood Creek during the
1982-2011 period using USGS databases. On average, spring to early summer (April-June) have
high flows with average discharge between 1.56 to 288 (5-100 f¥/s). During mid-summer
and through winter (July-March), low flows occur with an average discharge of 0.34 to®s71 m
(12 to 25 f#/s). Whitewood Creek has mean annual floods of 14/8 (600 fé/s) along with 8t

10-year floods of 56.6 #fs (2000 f¥/s) (Mussetter Engineering, Inc. et al., 1996).

3.3.3 Geomorphic and Environmental Changes of Whitewood Creek

Since the 1980s studies of Whitewood Creek showed that the creek itself has evolved.
These changes include destabilization of cut banks, incision to bedrock, and straightening of the
meandergsee Figure 3.5, 3.6, and 3.9 for aerial photographs and Figure 3.4, 3.7, 3.8, and 3.11
for field photos of Whitewood Creek). The pattern of aggradation of mining sediments, followed
by rapid incision has been seen in other river systems, especially those in California below gold
mines (Gilbert, 1917; Adler, 1980; Kelsey; 1980, James, 1989; James and Davis, 1994; James,
1999. The cause of this fluvial behavior has been described by Gilbert (1917) where the influx
of sediments increases energy of the stream to carry the load. When the sedimenbpg|ux s
the stream still has high energy, so it begins to incise through the alluvium/mimgstaihd into
bedrock. The instability of the cut bankssignificant as they can potentially reintroduce

contaminated tailings into the creek. According to a property owner from Ji (2021), within one
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season, up to 40 feet (~12 m) of cut bank can erode laterally (see Figure 3.8 for field photo of
eroded banks). Also, from Ji (2021), through personal conversations, USGS geologist, John
Stamm hypothesizes that motion of large ice blocks in the stream during spring caitizéestab

the cut banks by grinding against them. In 1965, Whitewood Creek did not support aquatic
bottom organisms and little to no vegetation occurred in some areas (Wuolo, 1986; EPA, 2012).
However, after the 1980s, aquatic invertebrates, insects, algae, and moss began to appear aga
trout were reintroduced, and barren areas were covered by riparian vegetation (Mussetter et al.,

1996; S.D. Dept. of Game, Fish and Parks et al., 2005).

3.4. Belle Fourche River
Whitewood Creek ends at the confluence with the Belle Fourche River at the southern

boundary of Butte County and northwest of Meade County. The Belle Fourche River is the
largest tributary of the Cheyenne River. It originates in the Powder River basin in eastern
Wyoming and flows southeast around the northern Black Hills. The river then converges with
the Cheyenne River and then Lake Oahe (dammed Missouri River). Below the Whitewood Creek
confluence, the Belle Fourche River is a meandering stream with an alluvial floodplain and
occupies a flat floor valley underlain by Pierre Shale. The mean annual discharge i§/40.2 m
(Marron, 1992). The floodplains in this valley are confined by terraces and bedrock bluffs. There
are active point bars and moderate meanders (see Figure 3.10 for field photo of the Belle
Fourche River). Unlike Whitewood Creek, the gradient is much less steep with a slopenbetwe
2-5 m/km. The sinuosity index of the Belle Fourche River mostly fluctuates around 1.5 and 2
(meandering) except for Reaches 7 and 8 (see Figure 4.2) which are 2.7 and 3 respectively (see
Figure 6.9). The channel material is composed of cobbles and gravel with some sand and silt.
(Goddard, 1987; Marron, 1992). Due to its larger channel dimension and wider floodplains than
Whitewood Creeks, the Belle Fourche River has a greater capacity for storing miniregtderiv
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sediments (see Figure 4.1 of tailings on the Belle Fourche River). Channel abandonment has
been less frequent over time compared to Whitewood Creek, and this results in 60% of tailings
stored in overbank deposits, 40% in point bars deposit, and little storage in abandoned channels
(Marron, 1992). The Belle Fourche River contaminated sediments can be one meter thick and
extend 90 meters laterally from the channel. Arsenic concentrations can be ashii@a

mg/kg (Marron, 19923i, 2021).

3.5. Hydrology and Chemistry of Groundwater
Nearly all the aquifers of the Whitewood Creek and Belle Fourche River valleys are

made of shallow alluvium in contact with the streams. The alluvium is discontiandusnited

in the deep, narrow canyon of upper Whitewood Creek. Downstream the alluvium generally
increases its thickness and lateral extent. The alluvium thickness around niheef idhitewood

is about 15 m, further downstream the saturated thickness is about 3 m (Goddard, 1987). The

alluvium texture ranges from silty sand to clean gravel (Cherry et al.).1986

The major ion composition of groundwater in the alluvium is derived from the
underlaying shale bedrock. The shale provides large concentrations of the dominant asgipn, SO
to the groundwater which ranges from 1,000-6,000 mg/l. Dominant cations are Ca and Na

(Goddard, 1987).

Groundwater contamination in the Belle Fourche River and Whitewood Creek valleys
occurs where alluvial aquifers contact the contaminated sediments. High dischainggshe
spring can store water as back storage which can flow into the alluvium through seeps (Cherry et
al., 1986; Wuolo 1986). The contaminated groundwater has a dissolved oxygen concentration of
0 mg/l and Eh values ranging from 0 to -100 mV (Goddard, 1987; Wuolo, 1986). Dissolved As

FRQFHQWUDWLRQV LQ ZDWHU Ué&eshAd wélls\abrotQitewodtF-Creek J J L
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could change groundwater quality and As content. The first factor is that most of the original
sulfide minerals have been dissolved due to oxidation or high organic matter. The only sulfides
that remain are in fine grained deposits where low permeability creates a reduciogreaut.

The second factor is pH buffering by the occurrence of carbonate minerals and rocks. The
carbonates are derived from limestone bedrock upstream of Whitewood Creek, limestone gravel
in the alluvium, and carbonate minerals in the shale bedrock. There are carbonats mitfeza

ore deposit, as well, and they are present in the mine tailings (explained in next paragragph). Lim
was also introduced to milled ore before extracting gold through cyanide. pH levels in the
aquifers range from 6.1-7.6 (Goddard, 1987). The third factor is that As is adsorbed to large
concentrations of Fe oxides and hydroxides that are present in the aquifer and contaminated
sediments. This is to be expected since maximum As adsorption works more efficieatly at
QHXWUDO S+ FRQGLWLRQV :XROR +RZHYHU -LYV

As adsorption to Fe (hydr)oxidesfairly low.

3.6. Geology of Homestake Mine and Contaminated Tailings
The Homestake Gold Mine contains three formations from youngest to oldest: The

Ellison, Homestake, and Poorman Formations. These formations make up the Precambrian core
of the northern Black Hills. These rocks were originally sedimentary and volcanic rocks from the
early Proterozoic and experienced regional metamorphism ranging to greenschist-upper
amphibolite conditions between 2.20 to 1.87 Ga (Redden et al., 1990). Gold mineralization
occurred within the Homestake Formation. The Homestake Formation is a sidergMesiieh
Fe-carbonate)-quartz schist containing biotite, chlorite, graphite, magnetite abddma

extensively metamorphosed along with replacement of sideroplesite by cummingtonde in a

near the ore body (see Figure 3.12 of a rock sample from the Homestake Formation). Parts of the
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sideroplesite and cummingtonite in the ore bodies are almost completely ctdq@iaaghter,

1968; Noble and Harder, 1948). The ore bodies contain abundant quartz masses and veins with
7-8% iron sulfide minerals such as pyrrhotite, pyrite, and arsenopyrite (Noble, 1950). Other
minor minerals include ankerite, calcite, dolomite, biotite, garnet, graplotes, ajalena,

sphalerite, chalcopyrite, specularite (hematite), magnetite, and gold (Noble, 1950;e3laught
1968). Arsenopyrite is the most concerning of these minerals as it serves as the main host of
arsenic. Itis disseminated throughout the Homestake Formation with a volume ranging from
more than 15% to trace amounts (Caddey et al., 1991; Noble, 1950). Caddey et al. (1991) stated

that gold ore grades greater than 4.7 grams per ton are generally associated with arsenopyrite.

Goddard (1989) analyzed 46 samples by XRD to determine the mineralogy of the
contaminated sediments. 75% of these sediments are composed of silicate mineesds suc
guartz, feldspar, amphibole, pyroxene, and mica which are likely derived from the Homestake
Formation. Chlorite and gypsum also make up a portion of the composition (Ji, 2021). 22%
consists of clay minerals derived from the weathering of ore body silicates or from the Great
Plains shales like the Pierre (Goddard, 1987). Less than 3 % are made up of iron sulfides and
carbonates (calcite, ankerite, dolomite, siderite). Pyrite has been found only in 5 out of the 46
samples and never reached a proportion greater than 1%. This was also observed by Cherry et al.
(1986), who report 2 of 9 contaminatsediments contain pyrite. Possible reasons kdy
sulfide count is low in the contaminated sediments are that the original sulficiebden
weathered to secondary iron minerals, the analytical method destroyed or did not detiest sulfi
by removing iron hydroxides, or the sulfides were destroyed by cyanide during gold extraction,

and hydraulically segregated during downstream transport (Goddard, 1989). In these
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calculations, pyrite is the only sulfide mineral that was mentioned. In addition ke ttemoval

process from Goddard (1989), other minerals such as gypsum and calcite were also removed.

Water soluble efflorescent salts often form during the dry season in the Cheyenne River
Basin on the surface of the tailings. They occur around alluvial seeps by the accumulation of
soil-moisture evaporation. The major composition of the salts is hydrated magnesium-sodium
sulfate. These salts can encompass heavy metals such as Cu, Ni, Zn, As, and Se. Onda they are

the stream water, they dissolve quickly (Roddy et al., 1991; Shockley).1989

3.6.1. Lithology of Tailings Contamination

Before the introduction of mine tailings, the non-contaminated floodplain sediment of
Whitewood Creeks buff-colored silt, clay, coarse sands, and gravel (Ji, 2021). The thickness is
usually lessthan 1, DQG WKH FRPSRVLWLRQ LV FODVWV RI %ODFN +L
quartzite, and metamorphic rocks. There is also local cementing of the matrix from tlgn whit

bands of calcite (Goddard, 1987; Wuolo, 1986).

Almost all the mining waste tailings along Whitewood Creek and the Belle Fourche
River include red-brown silt, sand, and gray silty-clay lenses which are derived from various
milling processes (Marron, 1992; Goddard, 1989). Pre-1920, the ore was crushed by stamp mills,
creating coarse sand size particles. Afterwards, rod and ball mills were intatlgdnd the
ore to finer particles. On the Belle Fourche River and Whitewood Creek, the tailings have
intermixed with natural sedimentts varying degrees in deposits that can be recognized visually
by color, texture, and stratigraphic position. However, these types of deposits cannot be
identified further down on the Cheyenne River (Goddard, 1987). These deposits normally

comprise sediments that are well sorted, fine sand to silt size particldamiriar and small
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angle cross beds. There are three different sediment deposit types: The first is found on the
steeply sloping reaches between and near Lead and Deadwood, and is composed of a reddish
brown, cemented conglomerate-type sediment. The second is a fine-grained silty Band wit
brown-red colors. The third is almost identical to the second in terms of texture arsizgrand

is a medium to dark grey fine-grained silty sand. The second and third sediment types are
commonly found alternating in complex patterf@@oddard, 1989). Color banding is common to

the third sediment type, with the color change indicating different degrees of weatineking a
relative redox state in the contaminated sediment. The gray indicates unoxidizeaosnditi

while red implies oxidized conditions resulting in formation of iron oxides and hydroxides.
Goddard (1989) identified a possible correlation between particle size and visible clsicecte

of the sediments. The unoxidized gray sediments contain small grainsizes around less than 0.062
mm while the oxidized red sediments are coarse sand size. Itis also possibvie to h

contaminated sediment that has been reworked by the stream which can result wetyrelati

lighter color, coarser grainsize, and a more heterogeneous appearance (Ji, 2021). Wisle the

no defined thickness of contaminated mine tailings from previous studies, sonmfeestmetc
Whitewood Creek have sharp contacts between pre-mining alluvium and tailings based on color.

However, in other areas, the two sediment units can be mixed (Ji, 2021; Marron, 1992

3.6.2. Chemical Composition of Contaminated Sediments

The contaminated sediments have high levels of Mg, K, Na and lower levels of Ca in
comparison to uncontaminated sediments. The Mg and K are most likely derived from the
breakdown of feldspars, amphiboles, and micas. While Na is common in silicate miméeals
more soluble than K or Mg. This helps remove it from the contaminated sediments et efast

(Goddard, 1989). The Ca is lower in the contaminated sediments compared to the surrounding
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uncontaminated sediments which are naturally enriched in Ca. Naturally high Ca is cammon i
western South Dakota. Sources of Ca include limestone (Paleozoic aged Madison and
Minnekahta Formations, and Minnelusa Formation), calcareous shale (Cretaceous aged Belle
Fourche Shale, Greenhorn Formation, Carlile Shale, Niobrara Formation and Pierre Shale), and

gypsum rich shale (Permian-Triassic Spearfish Formation) (Goddard, 1989).

Arsenic and some other trace elements in the contaminated sediments shomiiseasera
to several orders of magnitude higher levels when compared to uncontaminated sediments.
According to Goddard (1989), these trace elements can be divided into four categories based on
their anomalous concentrations compared to the uncontaminated sedimenttThadir€d,
Cu, and Ag which are linked with the ore and when compared to the uncontaminated sediments,
have mean concentrations ranging from 4 (Cu) to 200 (As) times higher. Next are Fe and Mn
which are also related to the ore, as well as non-ore, sources and have levalsismsehigher
compared to the uncontaminated sediments. Next are Cr, Pb, Ni, Se, and Zn, which are not
related to the ore and do not have a significant difference compared to the unconthminate
sediments. Other chemicals that were used for gold extraction such as cyanide and Hg were
found in many contaminated sediments, but barely reached detection limits in the

uncontaminated sediments.

Arsenic has the highest anomaly in contaminated sediments. From Goddard (1989), 13
uncontaminated sediment sampleKDYH DQ $V PHDQ RI JJ FRPSDUHG WI
sediment sampl¢ ZLWK D PHDQ RI JJ 7KH $V IURP VLWHV ZLWHK
are derived from breakdown of the ore mineral, arsenopyrite (Ji, 2021). Noble (1950) found that
WKH DUVHQRS\ULWH KDV DQ $V FRQFHQW UDW LeRaptniRrt

of Health (1960) found an As concentration of 0.25% (1,200Jin whole ore.
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CHAPTER 4. GIS METHODS

This chapter will discuss the GIS methodology used to help find the areal distribution of the
mine tailings, tailings removal area, and other fluvial parameters to understand the

geomorphology of Whitewood Creek and Belle Fourche River.

4.1. Photograph Extraction
The role of the photographs is to provide temporal and spatial data of the contaminated

floodplain deposits in Whitewood Creek and Belle Fourche River. The first step is to acquire
aerial photographs of the Whitewood Creek and Belle Fourche River areas. Most of these

SKRWRJUDSKV ZHUH FROOHFWHG HhithR/Reavhkxslo826.66:%.4p(/D UW K ([ S O

which is a digital database for satellite imagery, aerial photographs, and map proderegtaréh

3 main types of aerial photographs that were gathered in this project: Aerial Photo Single
Frames, National Agriculture Imagery Program (NAIP) photos, and aerial photographs of the
tailings from an EPA report of the area during 1971(EPA, 1972). The aerial photo single frames
are black and white, natural color, and color infrared aerial photographs taken all over the United
States from 1937-2014 (USGS, 2018a). These photographs were taken from the USGS. Single
frame Photographs from 1948, 1952, 1958, 1967, 1971, 1977 of the Whitewood Creek and Belle
Fourche River valleys were collected. However, only 1948, 1952 (Whitewood Creek only), and
1977 photographs were used because of time constraints for completing this project. Itis
important to note that the 1948 and 1952 photos have a scale of 1:17,000 compared to the 1977
scale of 1:80,000. While they are grainier, the 1977 photos are larger and cover more area,
including most of the study area. However, a downstream stretch of the Belle Fourche River area
past Reach 7 is not covered (see Figure 4.3). The 1948 and 1952 photos have a higher resolution

but are smaller and do not cover as much. The reason 1952 was used in Whitewood Creek and
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https://earthexplorer.usgs.gov/

not Belle Fourche River is because it helped extend the coverage of the Whitewood €xeek ar

and being temporally close to 1948. The Belle Fourche River area is all covered by 1948
photographs. The second type of photographs that was acquired was from NAIP. These
SKRWRJUDSKV KDYH EHHQ DGPLQLVWHUHG E\ WKH 8QLWHG 6\
(FSA) since 2003ZLWK WKH SXUSRVH RI PRQLWRULQJ WKH DJULFXO\
conditions. These photographs are orthorectified with a 1-meter resolution and based on a 3.75-
minute longitude by 3.75-minute latitude quarter quadrangle, including a 300-meter buffer on all

four sides (USGS, 2018b). In this project, the NAIP photographs selected were from 2012

because they cover all the areas of interest and are temporally accuratefengeal sampling

E\ -L 7KH WKLUG W\SH RI SKRWRJUDSK WKDW ZDV XVHG
mine tailings in the Whitewood Creek and Belle Fourche River valleys. In November of 1971,

the EPA used three framing cameras, an infrared line scanner, and side looking radar on aircraft

WR KHOS LGHQWLI\ WKH WDLOLQJV $OWKRXJIJK QRW WUDGLWL
allowed tailings to be identified, and the creation of polygons to overlay on appropriate USGS
7.5-minute quadrangle maps of the area with an error of 50 feet (~15 m) (EPA, 1972). These

EPA photographs were accessed by requesting a loan of the EPA (1972) report from the Andrew

W. Breidenbach Environmental Research Center Library Services in Cincinnati, Ohio. The

photographs from the report were then scanned into a digital format.

4.1.1. Georeferencing of Photographs

After collecting the aerial photographs, the next step was to georeference thpremtaal
VLQJOH IUDPHV WR WKH 1$,3 SKRWRJUDSKV )LUVW XVLQ.
ArcMap, all the NAIP photographs of the study area were combined as one, generating an

important basemap for most of the GIS project. Next vRisXVH WKH $UFODSTV *HRUHIE
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Toolbar to rectify the single frame photographs over the NAIP basemap using control points.
Control points were selected on one feature of the single frame photographs and the same feature
on the NAIP photographs to allow overlaying the two photographs. These selected features have
not changed over time, for example groves of trees, roads, and bridges. Since the focus of this
project is on the streams, all the points were selected around Whitewood Creek and Belle
Fourche River. For the 1948 and 1952 photos, about 4 to 6 points were used and in the larger
1977 photographs 8 to 11 points were used. The next step was to georeferenced the 1972 EPA
photographs. This required a different method since they are not true aerial photographs. These
photographs have crosses that indicate coordinates that are found in USGS 7.5-minute quad
maps of the area. Using the mapping application Avenza, which can access this type of map,
these coordinates were identified by hovering the cursor over them. Applying the control points
again, the crosses were selected, and a second point was selected on the NAIP basemap by
imputing coordinates found from Avenza. Once all the tailing maps were georeferenced, they

were then mosaicked together.

4.2. Digitation of Tailings Location and Removal
Once the photographs were georeferenced, the next step was to identify the temporal

changes of the contaminated floodplain deposits. To do this, the NAIP is overlayed by one of the
aerial photo single frames representing one year (i.e. 1948, 1977). Next, using the Editor

Toolbox from ArcMap, the paleochannel of Whitewood Creek and Belle Fourche River was

createdor each temporal interval by creating polyline shapefiles. This was used to help

determine what portion of the floodplain deposit has been eroded and show the temporal

behavior of the streams. Next, the EPA (1972) tailings photographs were placed over the single
frame photos. Using the Editor Toolbox again, polygon shapefiles of the floodplain deposits

were created using the EPA (1972) polygons @&\ DV D JXLGH $OWKRXJIK WKH (:

38



the tailings do not perfectly match with the basemap, interpretation of where theicatgédm

area is vasmade by seeing the similarity of the shape or seeing floodplains around the suggested
ORFDWLRQ 2QFH WKHVH SRO\JRQV ZHUH FUHDWHG XVLQJ WI
attribute table, the area of the polygons was calculated. The next step wasrnindetdat

proportion of the floodplains have been eroded up to when the 2012 photo was taken. Using the

2012 NAIP basemap, along with the paleochannel and tailings polygons of each respective year,

a new polygon was created on the portion of the floodplain that had been eroded by the modern

2012 channel. To see a visual example of this process, refer to Figure 4.1.

4.2.1. Areal Calculation of Tailings and Removed Tailings

Once the tailings areal data has been completed, the next step is to understancehow thes
behave spatially. First, digital shapefile lines of the 2012 channel were created for both
Whitewood Creek and Belle Fourche River. Next, using the Editor ToolbdxkeaV WUHDP §V OL Q
was arbitrary divided into 10 equal segments (see Figure 4.2 for Whitewood Creek and Figure
4.3 for the Belle Fourche River). The result from this division is an individual reach length of
3903.61 m for Whitewood Creek and 7468.19 m for the Belle Fourche River. After dividing the
streams, the shapefiles of the contaminated floodplains are added to the map. Todtadl the t
VXP RI WDLOLQJY DUHD LQ D UHDFK DQ LQGLYHGXBOHNHWPHOQ
/ID\HU %)\ /R @, Wobdplain daposits within 100 m of the selected reach will also be
selected. If a selected floodplain deposit is outside of the reach, it is dedelkatfloodplain
deposit straddles between two reaches, that shapefile is divided into two basedeothathe
reach ends and another begins. The divided end that is outside of the reach will bz isdlleete
subsequent reach. The total area of the selected contaminated deposits inettteyrasing the

S6WDWLVWLFV"® SRSXS the dépkdiis. DNs\E bldoRppheH torhe EE@dvedR |
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sediment shapefiles as well. Finally, the approximate area of contaminatedrs#adi@012 was
calculated based on difference between the 1948 contaminated sediment area amoviiefe

the 1948 contaminated sediment area.

4.2.2. Limitations of Digitized Tailings

The following bullet points address some limitations to the digitization of tiheggdescribed

above:

X 7TKH GLJLWL]HG SRO\JRQV PD\ QRW ILOO LQ WKH H[DFW V.
sites due to different temporal floodplain geometry and georeferencing errors. In this
investigation, using the aerial photographs, floodplains that have a lighter colored
appearance than the older surrounding deposits are assumed to be the respective
contamination areas that EPA (19723wr

o Similarly, due to georeferencing errors, parts of the paleochannel may be off
(around 10s of meters), especially in areas where an aerial photograph ends and
another one begins.

X Itis important to note that not all ¢f3$ TV polygons have been recreated due to
being unable to identify any floodplain deposits or the image being too grainy. This is
especially a major problem with the 1977 images since they cover larger areas aad have
larger scale. This can be seen in the statistics where there are mdseofd948
polygons than 1977 (see Chapter 6 Appendices).

x The following bullet points compare the surrounded area of tailings calculated in this
investigation to EPA] {972) valuesFor additional comparisons, refer to Chapter 6

Appendices:
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o The 1948 Whitewood Creek tailings polygons have a sum of about 1,1002000 m
800,000 Mfor 1977, and 820,000iMURP (3$ 7KH DQG (3%1V
(1972) polygons have a similar sum value and are the same magnitude. While the
1948 sum is about 30% higher, these tailings underwent more reworking than the
1970s tailings.

o For the Belle Fourche River, the 1948 tailings sum is 3,400,GQthoh2,900,000
m? for EPA (1972) (up to Reach 10). For the 1977 tailings, the sum is 1,600,000
m?2 and 1,900,000 Afor the EPA (1972) (up to Reach 7). Similarly, the 1977
WDLOLQJV VXP LV VLPLODU DQG WKH VDPH PDJQLWXC(

the 1948 sum is about 40% higher.

4.3. Creation of Fluvial Parameters
To understand the relationships between the floodplain deposits and dynamic fluvial

processes, the following parameters were measured: channel migration, totehted

depositional area, sinuosity, long valley profile, and width of contaminated floodplain.

4.3.1. Channel Migration

The calculation for average channel migration of Whitewood Creek and the Belle
Fourche River is based on the document from Legg et al. (2014). To find the average channel
migration, the area between the 1948/1952 and 1977 channels to the 2012 channel needs to be
determined.7R ILQG WKH FKDQQHO PLIJUDWLRQ WKH 3)HDWXUH WR
polygons between these two stream lines (i.e. 1948 and 2012 channels). Next, using the
3&DOFXODWH E\ *HRPHW WepomgBriR @as deteihimed. AitienR res¢iKwhs
VHOHFWHG DQG WKH 36HOHFW /D\HU %\ /RFDWLRHFVWERBO ZDV

within that reach. As described before, if a reach ends in between a polygon, that polygon is
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divided up based on where the reach ends. Once the polygons of a certain reach are selected, the
VXP RI WKHLU DUHD LV GHWHUPLQHG XVLQJ WHKH7Ka-WDXVAL R\ L |
the area was then divided by the length of the reach (3903.61 m for Whitewood Creek and

7468.19 m for Belle Fourche). This will help determine the average channel migration rate

between 1948/1952 and 1977 to 2012.

4.3.2. Total Sediment Deposition Area

To find the total sediment area that was depositdi KH SRO\JRQV IURP 3)HDW XL
3 R O\ JR Qfrowv éh&@el migration calculation) were used. Areas where these polygons were
overlayed by the removed/eroded polygons wei&K HQ HUDVHG XVLQJ WKH 3(UDVH’
ideally should be situated around the modern stream location. However, this is not foe case
all the polygons since lateral migrations can both erode and deposit sediments. In addition, some
polygons occur within the modern channel where channel migration was minintakolze
these problems, the polygons are manually checked and were additionally added or removed
when necessary. Once the polygons have been edited, like the contaminated and removed

polygons, the sum of the area was determined by selecting them within their respechiee. reac

4.3.3. Sinuosity

The sinuosity of each reach was determined by dividing the river distance from end to
end of the reach to the straight line distance from end to end of the reach. For the river distance,
each reach has a consistent length, depending on the stream (Whitewood Creek, eachssegment i
3903.61 m long while Belle Fourche is 7468.19 m). For the straight line distance was determined

by using a straight line ruler from the beginning to the end of the reach.
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4.3.4. Contaminated Floodplain Width

The contaminated floodplaid LGWK ZDV GHWHU P IMritfamBowddnigQJ WRRO
GHRPHWU\" 7KH SXU&GRtY ttedd palyigane that RMRIOsed others to help estimate
geometric properties such as area, length, and for this parameter, width. There are different
VKDSHVY WKDW FDQ EH XVHG OLNH UHFWDQJOHY DQGFRLUFOH\
is a good choice for elongated curved shapes like the contaminated floodplains in this project.

After running the tool, a few issues arose. The first is that many of the estimated palsgons
larger than the actual floodplain polygons, hence overestimating the width. Another potentia
Issue is that the width of these polygons is found by the shortest distance between any two
vertices. ldeally, it would be good to have the width perpendicular to the stream, but tise resul
GRQTW V Kd&sdlvVe/tKdsé/problems, the floodplains polygons were manually checked and
have their widths edited to make sure that they are not too large, and they are agiplpxim
perpendicular to the stream. This task can be difficult espeuiadliseas where floodplain widths
vary. The length of these floodplains was determined by finding a value between the large and
small width in that floodplain. Onal the polygons have been checked, the mean and standard

deviation of floodplain width was determined for each reach.

4.3.5. Longitudinal (Long Valley) Profiles

Two longitudinal profiles were made in this project: One for Whitewood Creek from
Location E to the Belle Fourche River confluence and one for the Belle Fourche River from the
Whitewood Creek confluence to Location K (see Figure 5.1 for location). This task was done by
XVLQJ WKH WRRO 36WDFN 3URILOH™ 7KLV WRRO IFUQHHDWHYV D
features over a raster surface. In this case, the line features were the 2012 Whitewood Creek and

Belle Fourche River channel lines as mentioned above and the raster surfacéiatbdE
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study area. The table was created as an Excel sheet with data incladatgpeland distance.
This information is then represented as a scatter plot with smooth lines. Initiallyisthdegge
amount of data (almost 7000 counts), resulting in the graphs being noisy. To smooth the graphs,

WKH GDWD LV PDQLSXODWHG E\ XVLQJ ([FHOYV EXLOG LQ 20R
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CHAPTER 5. GEOCHEMISTRY METHODS

This chapter describes the geochemical modeling approach to evaluating thedpllow
parameters: 1) Mineral saturation indices of Whitewood Creek and Belle Fourche River, 2) Rate
of As input into the stream water from arsenopyrite dissolution, and 3) Rate of As input into the

stream water as suspended sediment.

5.1. Water Chemistry from Ji (2021)
The chemical data that was used in this project (Appendix 5-2) came from the work of Ji

(2021)collected during the summer of 2010. She collected water samples at 13 sites between
upstream of Deadwood to Volunteer (see Figure 5.1). In addition, one sample was collected at
Whitetail Creek above Lead (Location A) and another about 7.5 kilometers above the
Whitewood Creek and Belle Fourche River confluence (Location L). Location L role serves as
an uncontaminated control site. Downstream from the confluence, 3 samples wetedolle

along the Belle Fourche River (see Figure 5.1). Overall, 8 samples were taken from Whitewood
Creek (Locations A-H), 4 from the Belle Fourche River (Locations I-K), and 3 from seep water
locations along Whitewood Creek (Locations B, G, H). The water samples were taken 5 feet
(~1.5 m) from the bank. At the same time, dissolved oxygen was measured using a DO-600
ExStik 1l probe from Extech Instruments along with pH, specific conductivity, and temperature
measured with a PCTestr 35 Multi-Parameter probe from Eutech Instruments. An aliquot of the
water sample was put inside of a 10 ml plastic syringe through suction and placed ina 15 mL
Nalgene screw-top scintillation vial. A second aliquot went through the same procedure but wa
GUDZQ WKURXJK DattachmenMénb@addHfilter (ICMillex-LH filter unit from
Millipore). Total metal concentrations were measured in the unfiltered samilestie total

dissolved metal concentrations were measured in the filtered samples. Toekaegiéls in
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solution, each scintillation vial was pre-acidified with a small drop of pure nitidc &he water
samples were then placed in a cooler. These samples were analyzed through indoctplet
plasma optical emission spectroscopy ICP-OES and by inductively coupled plasma mass
spectroscopy (ICP-MS) at Colorado State University's Center for Environmental Medicine
Analytical Laboratory using an ELAN DRC Il instrument from Perkin Elmer SCIEX. These two
techniques were applied because ICP-MS has lower detection limits for traca-toacky
elements while the ICP-OES can detect and quantify major elements, santipleg)iwvi

concentrations, or samples with widely varying elemental concentrations.

5.2. Missing analytes and redox potentials
While most of the water chemistry for this project came from the work of Ji (2021), her

data does not contain the following analytes: HQID, K*, and PG? (except for P at Location

E). In addition, another critical chemical parameter that was not included was the recdalpote

of the stream water (Eh). However, the USGS has three river gauges in this watershed (two on
Whitewood Creek and one on the Belle Fourche River) that have obtainddrda@amissing

parameters, going back ableast 1991. TiH ILUVW JDXJH LV FDOOHG 3:KLWHZRR
Whitewood, South Dakotg 06436180 “(see Table 5.1), which is located just upstream from

the town of Whitewood, near the transition zone for Whitewood Creek from higher to lower

gradients. This is also the same site ds8D21) Location Hsee Figure 5.1). The median of the
JDXJHYV PLVVLQJ DQDO\W H -FORIQadsDré t) thevganie @ram Lodatdn E to
Location G. This applies to the redox potential as well. From Location H-I, the values are from

WKH JDXJH VWDWLRQ FD O O H/ale? SKUtWMDHKO R EN 3819 tsde TBIR Y H

5.1). Similarly, Location K also has different analyte values due to being adjatbatgauge
VWDWLRQ 3 %HOOH )RXUFKH 5L Y#0B84376UsdeWable 3.LNVTHR XW K 'DNF
station has been in operation since 1946, but for consistency, 1991 was used as the starting year.
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+RZHYHU WKLV VWDWLRQ GRHVQYfW KDYH UHWGH¢wbddI RUPDWLF
Creek Above Vale station was assumed to be the same as this location. For LodatomA;

the missing analytes were not included due to not having any USGS gauge stations nearby.

Location A-D also flows through different bedrock lithologies such as metamorphic and

carbonate material, while most of the other locations have shale bedrock (except fonLBcat

which is underlain by Paleozoic carbonates). The seep water data also do not inckide thes
parameters due to little information about their chemistry. However, Wuolo (1986) and Goddard
(1987) didcalculate the Eh of the alluvial aquifers in Whitewood Creek ranging from 0 to -100

mV. See Table 5.1 for Eh and missing elemental components collected from the USGS.

5.3. Geochemist] Workbench
In this project, the water chemistry reported by Ji (202%) used to determine what

minerals are supersaturated or thermodynamically predicting what mineral coulchtbba a
stable in these waters. To perform this task, the chemical data was assgmiligh the
geochemical software, Geochenfidt#/orkbench. This program is a set of software tools that
manipulate chemical reactions, calculate equilibrium states of natueaisveaid mineral
stability diagrams, track reaction progress, and plot results of these type of calc(Bzitrhe

et al., 2021).

5.3.1. pH and Eh Input

Important input parameters in all chemical calculations are pH and redox conditions (Eh).
Ji 1§2021) fieldwork found that the stream water pH ranges from slightly basic to bas&78.1
(see Figure 5.4.). While Ji (2021) found the concentration of dissolved oxygen to range from
4.56-6.3 mg/l in the stream water, the Eh (oxidation potential) was not measured. The

measurement of this parameter is difficult due to redox reaciidos/ temperature not reaching
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equilibrium (Thorstenson et al., 1979; Thorstenson, 1984). For this project, the Eh was
determined from three USGS water gauge sites as described above. Redox values from the first
station, Whitewood Creek Above Whitewood, had high variability ranging from 781 to -218 mV
during 2004 to summer of 2021. These value ranges are generally correlated to discharge, with
high discharges showing more oxidized readings and low discharges showing more reduced
readings. To simplify this complexity and seeing hel JP021) dissolved oxygen concentration
varies little in the stream water (see Figure 5.3), the redox value during the (2621

conducted her fieldwork (summer of 201055 mV, will be used for Location E to Location G.
Below Location G is the next USGS water gauge, Whitewood Creek Above Vale. Like the
previous site, the Eh varies greatly, so the value from the summer of 2010, 161 mV, was chosen.
This value is also used for Locations H-K (I-K are on the Belle Fourche River). While i woul

be useful to have redox data for the Belle Fourche, the third USGS gauge station at Location K,
Belle Fourche River near Sturgis, does not have that information. Similarly, Location L (above
the confluence with Whitewood Creek) does not have any water gauges near it, so the Eh value

is assumed to be 161 mV.

For seep water, Ji (2021) found that pH is lower with a range of 6.9-7.6. Like the stream
water, the redox conditions were not evaluated. However, Wuolo (1986) and Goddard (1987)
calculated Eh values for contaminated water from the alluvial aquifer alongwgbideCreek,
and found a range of 0 to -100 mV with a dissolved oxygen concentration of 0 mg/l. For the seep

water redox in this project, the Eh used in calculations is in the middle of thisaiastfemV.

5.3.2. Arsenic Oxidation State Determination

It is important to know the As oxidation state (Il or V) and speciation in the stream/seep
waters. As mentioned before, Eh and pH have a major control on As species and state. Based on
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an As Eh-pH diagram (Figure 1.1 and 5.5), at the conditions assumed in this study Asivill ex
in the stream water dominantly in the form of HASOn this form, the As oxidation state is V.
This is supported by Fuller et al. (1987) who found that the dominant As oxidation state in
Whitewood Creek to bAs (V). In addition, this oxidation state was observed in a laboratory
setting. While performing an experimental dissolution of arsenopyrite, Wang et al. (2018)

studiedAs (I1l) oxidation to As(V). This can be seen using the reaction from Yu et al. (2007):

Equation 5.1.

FeAsS(s) + 3/2H;0 + 11/40;(aq) = Fe?" + H3AsO05(aq) + S04~

Followed by:

Equation 5.2.
H3AsO3(aq) + 1/20, = HAsO4%~ +2H*
H3AsO3(aq) + 1/202 = HAsO4 +HT

According to the speciation diagram, the dominant species will be HA3be
chemical reaction of Yu et al. (2007) also shows that the presence of dissolved oxygam plays
important role for As oxidation although it is kinetically slow at room temperature (Wang et al
2018). In reality, the As species might be a mixture of As(lll) and As(V) aiitlas towards
As(V). With the presence of dissolved oxygen in the waters, the Eh-pH diagram, and the results
from Fuller et al. (1987), it is reasonable to represent all the As in the stream svadgia in
HAsOs?". However, the As species may be different in seep water due to higher acidity (pH 6.9-

7.6). According to the Eh-pH diagram (Figure)55s (V) andAs (lll) speciation ratio will be
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approximately 50:50 in the seep water whasgV) will have a speciation of HAS® andAs

(I11) will be As(OH}.

5.3.3. Determination of Mineral Saturation States (SpecE8)

One of the main goals of this project is to observe the conditions of the stream and seep
water through mineral saturation states. The initial water is the streamclvateistry with its
constituents (i.e., elematconcentration, pH) that was measured by Ji (2021) before being
modeled by reactions calculated froH RFKH P L VW { VThR task Eshh€)fbried with the
*HRFKHPLVWY{V :RUNEHQFK 6SHF( DSSOLFDWLRQ 6SHF( PRG
geochemical systems in an aqueous fluid (Bethke et al., 2021). It can calculate the aqueous
species equilibrium distribution in a fluid, saturation state of the fluid with respednerals,
the sorption of agqueous species to various surface types, and partial pressure and fugacity of
gases dissolved in the fluid (Bethke et al., 2021). Before running the program, two parameters
need to be defined. The first is to set the charge balance to zero by adjusting an anion
concentration since water analyses are not typically balanced electribally @an lead to an
increase in absolute errors depending on how high the anion concentration is. For all locations,
the charge balance was set usg@?-. This anion is chosen because it is the only anion that Ji
(2021)measured and has the highest concentration in Whitewood Creek area (Cherry et al.,
1986;*RGGDUG 7KH QH[W SDUDPHWHU WR VHW LV UHGR][ F
Workbench, there are many different redox pairs and reactions sucl{lsHe(lll) and AsQ?
-As(OH) (equivalent to As (V)As (lIl)). If these redox pairs are coupled to each other, this
means that the ratio of one pair will be controlled by the ratio of the other. Typicallyjithe pa
with the highest concentration of elements is the controlling parR FKHPLVW fValsRUNEHQF

uses the corresponding coupling reaction to eliminate separate redox species frontidims reac

50



in the database. For example, if Fe (lIl) is coupled with Fe (I), the model will add this coupled
reaction to the reaction for hematite which eliminates Fe (Ill) species indepenteisce.

reaction is also dependent on what the redox input is (i.e. Eh) (Bethke, 1996). On the other hand,
if they are decoupled, then each species can be independently constrained. However, this
requires more analytical data for each element and the fluid redox state. Siads tie

information on the different As and Fe species, for simplicity of the project, As (lll) with As (V)
and Fe (I1) with Fe (lll) species, respectively, were coupled in this analysis although in reality

they are most likely in disequilibrium.

The output of SpecES8 is a Notepad file with a list of minerals that are supersaturated at
the conditions set in the program and that might crystallize if equilibrium thermodynamics
govern precipitation and if there are no other minerals competing for the same ions. Taésmine
DUH OLVWHG ZLWK WKHLU UHVSHFWLYH /RJ AWIDGEWUBQGMW WV
the ion activity product (IAP). See Appendix 7.1-7.15 for SpecE8 saturation index result for each
location (the results are technically from the REACT application described belotbilie

same information that SpecE8 produces).

5.3.4.WaterRock Interaction Application (REACT)

While SpecE8 is good for assessing the equilibrium state of the stream water, there are
some limits with predicting mineral precipitation or dissolution from the programse€uie
limit is that if a mineral shown to be supersaturated precipitates, thiéecisahe saturation
state of other minerals initially listed as supersaturated. Some of the Isxthataare
supersaturated are not known to form in the geological environment considered here (see
Appendix 7-1 to 7-15 for list of indices for each location). For example, the software initially
shows antigorite to have the highest saturation index in the stream water, but ansigorite i

51



metamorphic mineral found in serpentinites while the stream wadésisficial conditions. A

second limit is that the numerical value of saturation indices depends on theailwmiplexity

RI WKH PLQHUDOYV IRUPXOD )RU H[DPSOH PLQHUDNEBV ZLWK
the highest indices. A third limit is that the results from SpecES8 are based obregnuili
thermodynamicsAt surface conditions, many reactions are kinetically controlled. A fourth limit

is SpecE8 does not predict what is the mass of minerals that would precipitate or dissolve

achieve equilibrium with the solution. To evaluate the mass of minerals that wocilgitpte to
DFKLHYH HTXLOLEULXP DQRWKHU *HRFKHPLVWTV :RUNEHQFK
REACT is an extensional program of SpecE8 and can use the aqueous species equilibrium
distribution in a fluid, and the saturation state of a fluid with respect to minelalsatad by

SpeckE8 to trace the evolution of an open or closed system as it undergoes reversible or

irreversible reactions and can integrate kinetic laws (Bethke et al., 2021). REACT useiisl

for programmatically adding minerals to the water to see how the water will interachavith t

minerals. This is conceptually for minerals from the tailings that eroded into the stedam

from the banks, especially for arsenopyrite (see conceptual illustration in Figure 5.7).

In REACT, the basis interface is the same as SpecES8. Similarly, the setup describe
SpecE8 will be used in this application. The REACT interface has another parareter ca
S5 HDFWDQWV™ WKLV LV ZKHUH RWKHU HO HRhe @héniicdl VSHFLHYV
system and react with the initial fluid in the basis panel. The mass of thesmtsdor this
project are represented as weight percentages (see Appendix 5-3). It is importdetthat the
weight percentage inH R F KH P L VW { Vs efudl fbELBIOKiforams of mineral per
kilogram of solutionUsing the assumption based eh TV  sequential extraction and

+RURZLW] DQG .HQWYV mosbdf eheZ &S isIstoreld kh drskenopyrite, all of the
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As will be sourced from this mineral. Other minerals from the tailings were adldlee reactant
basis as well (see Appendix 5-3) but their interaction with the water is thermaddy(meaction

Is instantaneous) while arsenopyrite will be kinetic. Additional chemicafhses such as Eh

and pH are set as well. While there are other complicated factors such as orgtei,

agricultural fertilizer, and nutrients that affect chemical parameters in theaed, for

simplification, the Eh and pH are fixed at their measured values. This can be reasonable for pH
since it has a fairly low variability and remains neutral-basic, according togbeeFs.4 and

USGS river gauges. Eh is more complex as it has more variability, however, its avenage val

are around slightly oxidized (around 155 mV).

5.3.5. Arsenopyrite Kinetic Dissolution

One issue with reacting to the minerals of the tailings is that that they arelledriby
thermodynamics. In reality, change of chemistry in the water and mineral dissolution is
controlled by both thermodynamic saturation state and kinetics of mineral dissolution. In
*HRFKHPLVW Y Vkingtido Madell@d-ikcludes a temporal aspect while thermodynamics
are instantaneous. Since this project is interested in changes of As overrigtieaky
dissolving its main source, arsenopyrite, is important. This can be simulated in thatreact

interface on REACT.

The first step is to estimate the representative amount of arsenopyriteaiirnigs.
Goddard (1989) says the tailings were originally 7-8% iron sulfides, including arsenopyrite in the
ore deposit. However, this includes other iron sulfide minerals such as pyrite and pyirinotite.
other reports, Noble (1950) reported an average of 0.75% arsenopyrite while South Dakota
Department of Health, 1960 says 0.25%. Ji (2021) reported arsenopyrite ranges in the tailings

from <3-15% with an average around 5.0%. These values are from field observations, so may
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include other sulfides. The reason for the higher percentage in the tailings than in the ote deposi
is that some of these sulfides are deposited together in ~cm thick layers, possibly fromdydraul
sorting (J. Ridley, personal communication). While future research should include finding a
more accurate estimate of arsenopyrite abundance, for this project, a range from the highest to
the lowest possible percentage of arsenopyrite will be used based on other research and
*HRFKHPLVWYV :RUN EvRdWI bé K39% WhichK&iné\WomL §V  field
observations. For the lowest percentage, the value will be 0.11%. This was determined by using
*HRFKHPLVW { oy iRduthing idiffeFelt arsenopyrite concentrations to mattHj V

Aslevel LQ WKH VWUHDP 7KLV LV ZLWKLQ WKH PDJQLWXGH RI 1F
0.75% arsenopyrite in the ore deposit and South Dakota Department of Health, (1960) estimate
of 0.25%. Although for pyrite, this low value of sulfide minerals in the tailings was estimate

from XRD results of Goddard (1989) of the tailings where the mean percentage of As by weight
Is <1% and Cherry et al. (1986) where it ranges from none to 3% (only 2 counted out of 9
samples). The next step is to estimate the specific surface area of the arsemoihiterm of

cn¥/g. Assuming that the arsenopyrite grains are rounded and the average diameter is 0.3 mm
(from - LYV average of largest arsenopyrite grain observed in the field), the volume of the
DYHUDJH JUDLQV ZDV GHWHUPLQHG XVLQJ MNéxtHhewslkmtULFDO Y
is multiplied by the density of arsenopyrite (6.07 gicto get the average mass. By finding the
average surface area using the spherical surface area form@&z, dnd dividing it by the

average mass, the surface area per mass of arsenopyrite i¥@3Tdra value chosen for the
dissolution rate constant, 1.0e-14 mol#srwas from the work of Wang et al. (2018) where
arsenopyrite in a lab setting was dissolved at a pH of 8.9, Eh of 3613 mV, and dissolved

oxygen content of about 7.5 mg/l. They also found Fe oxyhydroxide formation on the surface of
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arsenopyrite strongly suppressts dissolution rate. These conditions are similar to those of
Whitewood Creek and Belle Fourche River. See Table 5.2 for list of parameters used for

modeling arsenopyrite dissolution.

The final component is determining the rate law that governs the dissolution. For this
project, the built in rate law in the program for REACT is used. From Bethke et al. (2021), the

built in rate law is the following:

Equation 5.3.

rp = Ask, l_[(aj]mf)pf (1 — TC:)
;

KHUH § LV WKH SURi&stRatke axcgis\é Ri® cofistant, igjthe
activity of promoting and inhibiting species;isithe molality of promoting and inhibiting
species, jan; signifies that either molarity or activity is carried, angsghe power of that
species. As mentioned before, Log (Q/K) is the saturation index where Q is tlty pobiduct

and K is the equilibrium constant.

5.4. Determination of Rate of As Dissolution from Tailings into Stream Water
To determine the rate of As dissolution from the contaminated mine tailings into

Whitewood Creek and Belle Fourche Riveti RFKH P L VW 1 Wafuddd foH 1@dtda
numerical model to estimate the rate through REACT. It is important to note thatdtiel is

being applied only to the Whitewood Creek Great Plains locations (same with suspended As
transportation in 5.5). Conceptually, As is entering the stream through tailings erosion where As

is dissolving from arsenopyrite, seep water outflow, and stream water covering tailings from
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high flow (see Figure 5)7It is important to note that another independent source of dissolved

As may be the hyporheic zone. The hyporheic zone is the water saturated location urden a st
where groundwater flows exchange water and chemical components with the stream (Boano et
al., 2014). In this zone, both the groundwater and stream water are contaminated since the
groundwater flowed through the tailing rich floodplains and the stream bottom sediment is

composed of tailings from bank erosion (see Figure 5.7 for visual representation).

The first step is to predict the residence time of water passing through one location. This
can be difficult with stream water due to its constant movement and relatively giokiteof a
basin in a short time span. While there are other methods of finding an estimated résigence
for stream water, in this project, 2 days was chosen arbitrarily for the estimated fienef sca
water moving throughout Whitewood Creek. From Reach 1 to 10 (39,036 m), the stream velocity
will be about 19,518 m/day or 0.2 m/s. The order of magnitude of this velocity is about the same
as for other streams within the Black Hills (Whitetail Creek, Spearfish Creek, Annie Creek, and
Squaw Creek) and higher by one or two magnitudes compared to the Great Plains streams (Bear

Butte Creek, Hay Creek, and Indian Creek) (Driscoll et al., 2002).

The next step is to determine what is the mass of water flowing through one location at
one moment in time. To find the water mass, the first step is to find the aveselgarde of
Whitewood Creek. The unit of discharge¥snis then converted to¥day and multiplied by the
density of water (997 kg/frat 25°C) and 2 days to get a stream water mass of 28GkdLtbr

Whitewood Creek.
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For Whitewood Creek:

5%: a’x <:1844@665;948/
2@ 0 xOi xOi

55;94&/)( -=Up
x O al

%t tf> R.0x1G kg

* Water density value came from https://www.usgs.gov/special-topicsfae@rce-school/science/water-density

After determining the mass of water, the next step is to input the water mass into the
arsenopyrite kinetic dissolution model in REACT. The program runs a numerical model and
produces a graph of As concentration (in the form of As¢QH) both fluids and as total As in
SURFN" FRPSRQHQWYVY WKH FRQWSifte (Db s&dtdd id/ihtaBdstediiQ W RYH U
dissolved As in the stream water, the graph of As¢gOtdncentration in the fluid is copied into
an Excel file and regressed linearly. The slope from the regressed linear equatioates dfie
soluble As transportation from tailings per day (see Figure 5.8). Throughout all locations, the
rate does not have much variation and is strongly linear (Appendix@7t&7 for each
location). The rate of As dissolving into the waters of Whitewood Creek with an arsenopyrite
content of 15% ranges 0.6132-0.6148 (mg/l)/day and 0.0046-0.0048 (mg/l)/day with a content of

0.11%.

The final step is to find the annual rate of soluble As transportation with respect to each
VWUHDPYV GLVFKDUJH 7KH VWUHDPYVY DYHUDJHRQYYIRRADHUGH Y
from m® to liter. For Whitewood Creek, the daily volume is 2.4 0" he volume is then
multiplied by the rate of As dissolution (mg/l)/day) to get the solAklenass rate (mg/day). To
FRPSDUH ZLWK -LYV YDOXHV PJ LV FRQYHUWHG WR 0J F
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results show that if the arsenopyrite percentage is 15%, it will have an annual dissoletadn ra

52 Mg/ year while 0.11% is 0.39 Mg/year.

Example calculation for soluble As transportation at Whitewood Crek:

y
t @:Ui)sWWFa\‘f—x 54448

ot =2.4x16 |

Assuming the arsenopyrite percentage is 15%, the daily soluble As concentration tage will

about 4;. ;*o
4:52°
—5 X (2 4x10 I)—15x1(?
5£U0 .
15X1@ 5a£5e£§aU i
U 7:4x01 y:
0.15 5% 1@05_52%:‘;

5.5. Determination of Suspended As and Sediment Transportation in Whitewood Creek

To find the suspended contaminated sediment and As concentration in Whitewood Creek

the first step is to find the total volume of the creek channel. This was determineddthesi

FUHHNYVY OHQJWK DYHUDJH ZLGWK DQG WXs&impNcyH Wy RI WKH

shape of the sediment will be assumed as a rectangular ribbon. The stream lengtmecsodef
be 39036 m, this is length was measured by ArcMap from Location E (2 km south of
Whitewood) to the confluence with the Belle Fourche River. The average width of théscreek

6.66 m and was determined using Google Earth (time of season when photos taken was late
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summer). The determination of the contaminated height of mobile contaminatedrdedime
UHTXLUHYVY DQ S HQGPHPEHU™ OLNH DSSURDFK 7KHVH HQGPHPE
FRQWDPLQDWHG VHGLPHQWYTV FKDUDFWHULVWeteFV LQ WKH FX
PHDVXUHG E\ -L /IRFDWLRQ *fV FXWEDQN LV P ZLWK WK
contaminated tailings, 2.4 m of pre-mining alluvium in the middle, and 1 m of shale bedrock at

the bottom. At Location H, the cutbank is 4.5 m with 3.5 m being contaminated sediment and 1

m being shale bedrock. Hence, the two end members for thickness of contaminated sediment in

the overbanks are 0.6 m and 3.5 m. Using a uniform model, the height of each endmember will

be assumed the same through Whitewood Creek although actual thickness of the contaminated
sediments varies. The total volume of contaminated sediment with a uniform heightnois0.6

about 160000 mwhile the height of 3.5 m is 91000 nAfter finding the total volume, the next

step is to find the density of the suspended contaminated sediméh8FKHPLVW IV :RUNEHC
can calculate the mineral mass in the conceptual stream before the reactutigdying the

mass of the reactants by the mass of the stream water. The results from thisaralcanabe

seen in the initial notepad result (see Figure 5.6). However, this only applies to scthethate

dissolving kinetically. In the case of this model, the only mineral that is kirlgtaiaolving is

arsenopyrite, hence the mineral mass is suspended arsenopyrite only. Since thisoceisul

only calculating suspended As from one source (arsenopyrite), this is valid. When the tailings

height is 0.6 m, arsenopyrite weight percentage is 0.11%, the mineral mass is IktOxa0

1.10x10 kg when it is 15%. For the 3.5 m height, the mineral mass will be>%&xfLFor 0.11%)

and 5x10 kg (for 15%). The differences in mineral masses for the different thicknesses of the

tailings are the results of approximating the difference in tailings amount by half an order of

magnitude rather than an exact calculation. The suspended arsenopyrite mass is #akbydivid
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the total volume to get the suspended arsenopyrite density (in the forr¥) . Kofie next steps are

to convert kg to Mg and then multiply the density by the average daily discharge of Whitewood
Creek (117504 giday) by 2 days (stream residence time). To get the suspended arsenopyrite
transportation in 30 years, the mass is divided by 30 to comparke fov  values. To get the

total suspended As, this value is multiplied by 0.46 (As makes up about 46% of the arsenopyrite
molecule weight, see http://webmineral.com/data/Arsenopyrite.9hirhe final results shows

the average transportation rate of suspended As is 254 Mg/year for 15% arsenopyrite and 2.54
Mg/year for 0.11% if the tailings thickness was 0.6 m. For 3.5 m thickness, the rate will be 59
Mg/year for 15% and 1.98 Mg/year for 0.11%. (see Table 7.7). The suspended As transportation
rate range for the 0.6 m tailings is higher than the dissolved As transportation rate range by an
order of magnitude. The 3.5 m thickness suspended As transportation rate range is within the

same order of magnitude as the dissolved As transportation rate range.
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Example calculation for suspended As transportation at Whitewoo€reek:

Height = 0.6 m
Stream length = 39036 m
Average Width = 6.66 m

55:948/
Dischargpe =————
9 x Ol

Arsenopyrite weight percentage = 15%
Suspended arsenopyrite mass = 1.10x¥kg

As Percentage in Arsenopyrite = 46%

Total Volume of Suspended Sediment = (0.6 m) x (3963n) x (6.66 m) =
155988 m3

568458pU_ pU 5&U

Suspended arsenopyrite density TIPSy 71? X

_ £ U
54400 0'071_é(

Total Suspended Arsenopyrite Transportation Rate=
. / 3 g
t @=U"F=R0.071= 16686 Mg

: _ AU
16572 Mg+ 30 years = 5561_@051

6KP=H 5Q0LAJ@A@ #NOAJE? L
£U _ £ U
SSZWAQOAG— 254# %@é
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CHAPTER 6: GIS AND FLUVIAL GEOMORPHOLGY RESULTS

This section will describe the results of the evolution of mine tailings withineWhiod Creek
and Belle Fourche River from EPA (1972) and the fluvial geomorphology of Whitewood Creek

and Belle Fourche River based on aerial photographs 1948, 1977, and 2012.

6.1. Whitewood Creek Results

6.1.1. Whitewood Creek Correlations Significance
Each fluvial and tailings parameter was linearly regressed to the other pasaimé&ied

their correlation values @R The significance of the following correlation values was checked

using the two-tail t-test which incorporate3\Rilues:

Equation 6.1.

N F t
PL/4J
s F &

Where tis the t value, n is the sample size, and r is the square réoBafsed on the data,
t=2.228 (95% confidence interval) and n=10 (number of reaches). The test shows that correlation
values with a Rless than 0.383 are not significant. Refer to Table 8.1 and 8.22araduigs for

each correlation pair.

6.1.2. Whitewood Creek Sinuosity and Longitudinal Profile

The sinuosity index of Whitewood Creek was compared in the 3 time periods (1948,
1977, 2012). There were no major changes over time with respect to the 2012 channel, so the
following description is from the 2012 channel (see Figure 6.1). The sinuosity index of
Whitewood Creek remains fairly consistent with a gradual increase from 1.17 in Reach 1 to 1.53

at Reach 9. These indexes indicate that the stream is sinuous (with minor meandsxisgnsi
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values are > 1.5). However, at Reach 10, the index increases to 2 which indicates thatithe strea

is more meandering than sinuous. The longitudinal profile shows that Whitewood Creek is

mostly smooth but there are some minor irregularities and a gradual decrease in slope (unt

around 5000 m or Reach 9, see Figure 6.2). Around 13000 m and 23000 m (Reach 7, 5, and 4)
IURP WKH %9HOOH )RXUFKH 5LYHU FRQIOXHQFH WKHUH DUH V
knickzones?). It is also possible that these mey H UURUYV )URP P WKH SURILO

increases and has a minor fluctuation pattern all the way to the confluence.

6.1.3. Whitewood Creek Contaminated Floodplain Width

The contaminated floodplain widths graph behaves in a fluctuating pattern throughout
Whitewood Creek (see Figure 6.3). The 1948 floodplain widths range from about 33 to 80 m
where they peak at Reach 2, 5, 8, and 10. The variation of floodplain widths (standard deviation
measured from ArcM3mgoes from 15 to 42 m with an average around 25 m. Similarly, the 1977
pattern fluctuates throughout the stream and has peaks at Reach 2, 5, 8, and 10 but is greater than
the 1948 pattern at Reach 2, 4, and 7 (see Figure 6.4). The 1977 contaminated floodplain widths
vary from 29 to 91 m. The average standard deviation of the 1977 floodplains is similar to the
1948 floodplain data, with an average value of 26 m (range from 14 m to 65 m). The change in
variation between the two years is moderate but Reach 4 has fairly high change of 48% decrease.
The 1948 and 1977 floodplain width and standard deviation correlation are positively moderate
(R?2=0.5261 and 0.6077 respectively). The 1977 floodplains width also has a weaker moderate
positive correlation with sinuosity R 0.4673). There are no major differences between 1948
and 1977 contaminated floodplain widths, all values are < 50% with the largest défatenc
Reach 1 with 38%. Similarly, there are no major changes for the standard deviation of the

contaminated floodplain widths although Reach 4 has the highest change at 48%.
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6.1.4. Whitewood Creek Contaminated Sediment Area

The 1948 contaminated sediment area has two major peaks near the town of Whitewood
at Reach 2 and at Reach 8 (see Figure 6.5). The area of the 1948 sediments ranges from 44000 to
260000 M. The 1977 graph follows a similar pattern to 1948 but with lower values (varies from
36000 to 201000 A The 2012 contaminated sediment area for each reach overall is in between
the 1948 and 1977 graphs (33000 to 214080axcept for Reach 3, 6, and 7 where the 2012
graph is lower than 1977. From 1948 to 2012, the contaminated sediment in these reaches
changed by roughly 45%. Other reaches that underwent major changes were Reach 2 (47%),
Reach 466%), and Reach §70%). Both the 1948 and 1977 contaminated sediment areas have a
moderate positive correlation with contaminated floodplain wid&r(B5793 and R= 0.5179,
respectively) along with contaminated floodplain width variatior’s{R.5793 and R= 0.6648,

respectively).

6.1.5. Whitewood Creek Contaminated Sediment Removed Area

From 1948 to 2012, the contaminated removal area peaks from Reach 2-5 and at Reach 8
(see Figure 6.6). Removed area ranges from 5700 to 460pérmeach. The 1977 to 2012
removal area period is lower by at the most a magnitude of order with values ranging from 892
to 24000 m. The largest peak occurs at Reach 2 which is followed by a fluctuating decrease to
Reach 10. The 1948-2012 period removed sediment area has a moderate correlation with area of
contaminated sediment {R0.5320) and contaminated floodplain width variatiBA= 0.5253).
The 1977-2012 removed area is weakly correlated to these parameters. Major decwases bet
the 1948-2012 and 1977-2012 occurred where all reaches underwent >50% change except for

Reach 2 (43%). The largest decrease is found at Reach 8 with a det&@4e o
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6.1.6. Whitewood Creek Channel Migration

The 1948-2012 channel migration graph has two peaks at Reach 3,4, 7, and 8 (see Figure
6.7). Channel migration ranges from 18 to 31 m with an average of 19 m. The 1977-2012 pattern
is inverse to the 1948 graph where it peaks at Reach 2 and 5. Values are also lower where it
varies from 11-23 m. There are 4 reaches that underwent major changes during 1948-2012 and
1977-2012. Reach 3 and 4 had 48% and 54% decrease, respectively and Reach 8 and 9 had a
50% decrease. Reach 2, 5, and 6 are the only reaches where the 1977 migration is greater than
the 1948 but they are not significant (5%, 13%, and 2% respectively). Both 1948 and 1977
channel migration have weak correlation with all of the parameters (except for tinadse

deposition area

6.1.7. Whitewood Creek Total Sediment Deposition Area

The overall pattern of sediment deposited from the 1948 to 2012 period is similar to the
1948 to 2012 channel migration (see Figure 6.8). This is the same for the 1977 to 2012 plot. The
reason for these similar trends is due to using the same polygons that were used to create the
migration of channels. Four reaches underwent major changes: Reach 3 and 4 had a decrease of
66% and 59% respectfully and Reach 8 and 9 decreased from 51% and 52% respectfully. Reach
5 is the only location where 1977-2012 is greater than 1948-2012 but the difference is small
(7%). Both the 1948 and 197atal sediment deposition area have a strong positive correlation
with channel migration (R= 0.8797 and 0.8283 respectively). The 1948 area also has a weakly

moderate positive correlation with the removed area parameter (5064).
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6.2. Belle Fourche River Results

6.2.1. Belle Fourche River Correlations Significance

Similarly, to Whitewood Creek, a two-tail t test was used to determineghéicance of
R2. While the 1948 data is similar to Whitewood Creek<R.383 is insignificant) due to same
sample number, 1977 is different (n=7 instead of 10), so the t value is different (t= 2.365). For
the 1977 data, Rvalues that are less than 0.528 are insignificant. Refer to Table 8.3 ard 8.4 R

values for each correlation pair.

6.2.2. Belle Fourche River Sinuosity and Longitudinal Profile

The sinuosity of the Belle Fourche River from 1948 and 1977 is mostly the same as the
2012 although the 1977 index is lower at 2.3 at Reach 7. The description here is from the 2012
sinuosity (see Figure 6.9). The sinuosity index of the Belle Fourche River is greater than 1.5 at
all the reaches. Since these indexes are greater than 1.5, this indica#®tlhe reaches in
the Belle Fourche River are meandering. The sinuosity progressively gets higher from Reach 1
(1.7) to Reach 8 (3) where it decreases to around 2. The longitudinal profile of the Belle Fourche
River is mostly rough between the confluence with Whitewood Creek and the village of
Volunteer (see Figure 6.10). However, some of this roughness (especially the area with peaks)
could be measurement error results during data extraction such as inaccurate pixels from the
DEM. One interesting area is between 30000 m (Reach 4) to about 45000 m (Reach 6) where the
profile smooths and levels out briefly (see Figure 6.10). Overall, the slope of the Belle Fourche

S5LYHU LV ORZHU WKDQ :KLWHZRRG &UHHNTV VORSH
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6.2.3. Belle Fourche River Contaminated Floodplain Width

The 1948 contaminated floodplain width pattern fluctuates where the peaks occur at
Reach 2, 6, and 8 (see Figure 6.11). Values range from 57 to 114 m. Standard deviations range
from 30 to 229 m (average of 75 m). The 1977 average contaminated floodplain width pattern
also fluctuates but has a more sinusoidal nature (especially from Reach 3-6) and haduewer va
(ranges from 50 to 83 m). Peaks occur at Reaches 2, 4, and 6. The standard deviation in 1977
also has a lower value than 1948 where it ranges from 4 to 59 m with an average of 33 m. There
are no major changes in the contaminated floodplain widths from 1948 to 1977 (see Figure 6.12).
The largest change is at Reach 6 with a 26% decrease. However, the contaminatedfloodpla
width variation underwent major decreases at all reaches except for Reaches 2, 4, and 7. Reach 1
was 59%, Reaches 3 and 5 were 74%, and Reach 7 was 90%. The correlation between
contaminated floodplain width, contaminated floodplain width variation, and sinuosityaks we
The 1977contaminated floodplain width has the highedtwh contaminated floodplain

variation (1.989), but this is insignificant according to the t-test.

6.2.4. Belle Fourche River Contaminated Sediment Area

The 1948 graph has two large peaks at Reaches 2 and 5 followed by a gradual constant
decrease below Reach 5 (see Figure 6.13). Values range from 210000 to 67p806each.
The 1977 graph follows a similar pattern but with lower values (varies from 140000 to 410000
m2). The 2012 contaminated sediment area follows the same pattern as 1948 but has slightly
lower values. There are two reaches that underwent major changes between 1948 and 1977:
Reach 5 decreased at 58% and Reach 7 at 53%. Both the 1948 and 1977 contaminated area have
low correlation with the parameters mentioned above but the 1948 area has a weakltemodera

positive correlation with contaminated floodplain widtt? €R0.4171).
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6.2.5. Belle Fourche River Contaminated Sediment Removed

The pattern of removed contaminated sediments from 1948 to 2012 is sinusoidal where
peaks occur at Reaches 2, 5, and 8 (see Figure 6.14). Removed area ranges from 10000 to 52000
m? per reach. The 1977 to 2012 period follows a similar pattern and is greater than the 1948 at
Reaches 1-4. Peaks occur at Reaches 2, 4, and 6 with a range of 2500 to 66880@ach.
Two reaches have major changes from 1948 to 1977: Reach 5 with a 73% decrease and Reach 7
with a 84% decrease. The 1948-2012 removed contaminated sediment area has a moderate
correlation with contaminated sediment$ €R0.6487) and the correlation is stronger for 1977-
2012(R? = 0.8962). The 1948-2012 removed area also has a moderate correlation with

floodplain widths (R = 0.4977).

6.2.6. Belle Fourche River Migration

The 1948 to 2012 channel migration pattern varies little with peaks at Reaches 2 and 6
and ranges in value from 10 to 34 m (see Figure 6.15). The 1977-2012 period is similar to the
1948-2012 migration pattern but has lower values at Reaches 5 and 6 (ranges from 10 to 27 m).
There are no major changes between the two periods; the largest difference is 21% &t Reac
and 6. The 1948-2012 migration has a weak moderate correlation with contaminated floodplain
widths (R = 0.4143) while the 1977-2012 has a weak moderate correlation with sinudgsity (R

0.4201) and floodplain width @ 0.4541) but these are insignificant.

6.2.7. Belle Fourche River Total Sediment Deposition Area

The 1948 to 2012 total sediment deposition area plot is similar to the 1948-2012 channel
migration plot with the exception of Reaches 7 and 8 (see Figure 6.16). Values range from 24000

to 175000 A The 1977 to 2012 pattern is also similar to the 1977 channel migration plot where
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it peaks at Reaches 2 and 6 (values range from 27000 to 13GD@bih 1948-2012 and 1977-
2012 have strong moderate correlation with channel migratids (R7729 and 0.6461
respectively). There are no large changes during the 1948-2012 to 1977-2012 periods with the

largest decrease in Reach 7 at 39%.
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CHAPTER 7. GEOCHEMISTRY RESULTS

These results are from modeling using SpecE8 and REACT bR FKHPLVW YV :RUNEHQF
(Bethke et al., 2021) as described in the Chapter 5 Geochemistry Method Section for four
locations Whitewood Creek in the mountains (Location&EA-Whitewood Creek in the Great
Plains (Location FH), Belle Fourche River after confluence (Locatiorn§ J-and Belle Fourche

River before the Whitewood Creek confluence (Location L).

7.1. Summary of Water Quality of Whitewood Creek, Belle Fourche River, and Seeps
This is a summary of the water quality from geochemical results in Whitewood Creek,

Belle Fourche River, and seeps from Ji (2021). Refer to Appendix 5-2 for analytical results of the

waters and their comparison to EPA values.

-L FRPSDUHG WKH IROORZLQJ DQDO\WHV WR WKH (3%
Regulations maximum contaminant levels (MCLs, highest level of contamination allowed i
drinking water): As, Sb, Ba, Be, Cd, Cr, Pb, and Se). Of these elements, As, Sb, Be, Cd, and Pb

exceed their respective levels in at least one sample.

Throughout Whitewood Creek and the Belle Fourche River, As is above its MCL (0.01
mg/l) at most locations (see Figure 5.2 for graph of As concentration at each location).
Generally, Whitewood Creek mountain locations are below or slightly exceeding the MCL
where Location D has the highest level (0.016 mg/l). It is important to note that Locati@eA ha
higher value at 0.025 mg/l but it may not be a representative of baseline conditions dog to bei
affected by the nearby Bald Mountain Mine (Ji, 2021). On the plains (Locations E-H), the As
levels in Whitewood Creek are higher with Location G being the highest (0.087 mg/I).

Downstream in the Belle Fourche River, the levels decrease where the maximens ailu
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IRFDWLRQ . PJ O 8SVWUHDP RI WKH :KLWHZRRG &UHHN
concentration is below the MCL (0.0040 mg/l). While the seep at Location B is similar to the

stream water, the As levels at the Location G and H seeps are higher by an order of magnitude

(0.4 mg/l). Except for Location L, all of these sites have As levels greater than theeaverky

stream As concentration (0.002 mg/l) (Faure, 1998).

Cadmium exceeding its MCL (0.005 mg/l) was measured at all locations with an average
of 0.0206 mg/l. According to USGS (2017), Cd levels in the Black Hills area are generally
elevated in the topsoil ranging from 0.3-0.6 mg/kg due to the underlying shale bedrock as well as
some influence from the tailings. Other elements exceeded their MCL (Sb, Be, and Pb) are
generally in the stream and seep water locations (Location G and H) as well as Lodatiba K

Belle Fourche River.

-L DOVR FRPSDUHG WKH DQDO\WHV WR WKH (3%$YV 1D
(nonrenforceable guidelines regarding contaminants that may cause aesthetic ticaféeoes
in the drinking water) where Al, Fe, and S exceeded their respective levels. Aluminum
exceedance of this MCL (0.2 mg/l) occurred at Locations A and H-L where Location K has the
highest value (0.51 mg/l). Iron exceeds its MCL (0.3 mg/l) at all locations (except for Location
F). The average Fe level is around 2 mg/l but can be as high at 15 mg/I (Location B seep wat
This average also exceeds the average Fe found in stream waters throughout the world (0.04
mg/l) (Faure, 1998). For S, the only locations where it exceeds its MCL (250 mg/l) are Location
B and H seeps, and Location K. While the average S concentration is 308 mg/l, Location B seep
has the highest value at 1662 mg/l. The S level in the study area is about 2-3 magmghetes hi

than the average world stream composition (3.7 mg/l) (Faure, 1998).
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In addition, Ji (2021) compared the water composition to the EPA Health Advisory (HA)
Life-time Standard (non-enforceable estimates of acceptable drinking watsrfavethemical
substances) and found Mn, Mo, Ni, and Sr exceed their respective comparison values in at least
one sample. These elements are generally found in the seep water locations (LocatiamndB, G

H).

With two exceptions, the water quality of Whitewood Creek and Belle Fourche River is
generally good relative to human health standards. The two metals of concern are As and Cd due
to their great exceedance of their National Primary Drinking Water Regulations MCLs and
widespread distribution. Iron is another interesting analyte due to exceeding its National
Secondary Drinking MCL throughout the entire study area. The presence of high Fe in these

waters could play a major role in the mobility of As.

7.2. As and Fe Redox Coupling
The geochemistry results given were calculated with the redox of As (V) ani)As (

and Fe (Il) and Fe (lll) are coupled (redox state is defined by the Eh input). If the As species
were decoupled, the results of all the minerals are the same, however, no As rictsraneeral
supersaturated. Different ratios of the As species were modeled and the resittshersame.

If the Fe species are decoupled, the results for most of the mineral indices changeWwever

the nontronite clays are the only minerals to have large saturation index change bycst the m
magnitude (i.e., from 17 to 6) depending on the measured concentration of Fe (ll). If the Fe (llI)
concentration decreases, so does the nontronite saturation index. In addition, a few more Fe rich
minerals are supersaturated (especially those that take in both Fe (Il) and Fe (lll)) likatgreenal
daphnite, and chamosite). The saturation indices of these minerals will mascst®e Fe species

ratios increase with respect to Fe (Ill).
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7.3. Minerals Saturation Results
Overall, the mineral saturation indices for stream water overlap and/or are off by 2-3

orders of magnitudes from one location to another in the mountains and Great Plains. In
comparison, the seep water has lower indices by at the most 10 orders of magnitude where Fe
based minerals see the most change (see Table 7.1 to 7.5 for saturation indices for each general
region). The minerals showing the highest indices are clay minerals, Fe (hydr)oxidebapdos

(in the form of hydroxyapatite), and some carbonates and sulfates. One As phase in the form of
Bas(AsOy):2 is supersaturated in some locations in Whitewood Creek, but as described in the

Discussion section, it is not observed in nature.

One thing to note is that some minerals, especially clays, have more than one value.
These are the same minerals but have different exchange cations (i.e., Na-nontronite, Ca
nontronite). These species and their cations can be referred to in Appendix 7-1to 7-15 for each
location. It is also important to note that the comparisons of these different regionstatighe
are difficult due to different sets of chemical analyses of the water (see Geochéfetstod

Section).

7.3.1. Whitewood Creek Mountain Locations (A-E)

In the mountain locations, the mineral with the highest saturation index is the Fe-rich
smectite, nontronite, which has a Log Q/K range from 19.3-17.3. Other smectite clays are also
supersaturated, with a saponite saturation index range from 7.83-4.38 and beidellite's mange fro
4.77-0.76. Chlorite minerals are supersaturated in these waters where the saturation index of Mg-
rich clinochlore ranges from 8.3-2.22, Fe rich ripidolite from 4.77-0.76, and daphnite at 1.35
(only at Location A). An interesting note is that after nontronite, Locations A and D have

saponite as the second highest clay saturation index, while at Locations B and Gatcldaile.
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Two other Mg-rich phyllosilicate minerals, talc and sepiolite, are supersaturitettheir

saturation index values ranging from 6.81-4.54 and 4.52-1.61 respectively. Kaolinite is also
supersaturated with a range of 4.11-2. For the (hydr)oxides, hematite has the highest saturation
index for all sites with a value range of 14.9-14.5. With a similar value, the Cu-Fe sulfide
delafossite (CuFef)has a range of 14.2-13. Other Fe and Cu rich (hydr)oxides that are
supersaturated are goethite (6.98-6.64), a mineral with the formula of R€@G$2.18)

(possibly ferrihydrite), and tenorite (0.6-0.19). The only Al hydr(oxide) that is supersaturated is
gibbsite (1.23-0.35). The only sulfate that is supersaturated is barite with a value range of 0.84-
0.72. Two silica minerals, quartz and chalcedony, also have low supersaturated values of 0.6-

0.43 and 0.32-0.15 respectively.

7.3.2. Whitewood Creek Great Plains Location$i)F-

For the Great Plains section of Whitewood Creek, nontronite has the highest saturation
indices at all sites, ranging from 17.5-15.6. Saponite and beidellite are also supersatthated wi
values of 8.25-3.38 and 3.06-0.16, respectively. Since these locations are between the USGS
gage stations, Whitewood Creek above Whitewood and Whitewood Creek above Vale,
additional components are added such as HHCEH K*, and P@®- (see Geochemistry Methods).
By adding K, two other smectite species are supersaturated under the names of smectite low Fe-
Mg and smectite high Fe-Mg. Their indices range from 4.78-2.12 and 4.32-1.77 respectively.
lllite is also supersaturated with a value range of 3.95-2.39. For the chlorite, the Mg-oitte chl
clinochlore is supersaturated with saturation index range of 9.81-2.9, as well as ripidblae
range from 5.28-1.85 (except at Location F). Al-rich kaolinite has a saturation index range of
2.8-1.13. For other phyllosilicates, Mg-rich talc and sepiolite range from 7.04-3.88 and 4.78-

0.57, respectively. Like the mountain location water, hematite has the next highegtesa
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indices, ranging from 13.9-12.9, and Cu rich delafossite ranges from 13.9-12.9. The other Fe-
rich hydr(oxides), Goethite and Fe(QHfave values ranging from 6.48-6 and 2.11-1.53,
respectively. Other metal (hydr)oxides are Cu rich tenorite (0.76-0.09) and Al rich gibbsite
(0.81-0.31). Location F, however, is undersaturated with respect to tenorite and gibbsite. The
water of Whitewood Creek is also supersaturated with carbonate minerals sucite$lcall -

0.79) and Mg-rich carbonate minerals like dolomite (3.52-1.21), huntite (1.88-0.82, except at
Location F), and magnesite (0.98-0.13). Both Malachite and rhodochrosite are predicted to be
supersaturated at 0.009 but only at Location G (for malachite) and Location H (for rhodocrosite).
Like the mountains, the only supersaturated sulfate mineral is barite (0.76-0.4). Two phosphate
minerals are supersaturated: hydroxyapatite with a high saturation index value ranging from
12.4-9.94 and phosphate mineral with the formula of MniHB6ging from 1.83-0.26 at

Location F and H only. The silica minerals, quartz and chalcedony (not supersaturated at

Location H) have values ranging from 0.42-0.19 and 0.14-0.08, respectively.

7.3.3. Belle Fourche River LocationsK)-

In the Belle Fourche River locations, the saturation indices are similar to Vdbdew
Creek. Nontronite has the highest saturation indices ranging from 17.4-16.3, with saponite
ranging from 5.26-3.63, low Fe-Mg smectite from 3.51-3.2, high Fe-Mg smectite from 3.49-
3.13, and beidellite from 2.9-1.07. An interesting note for the Belle Fourche River locations is
that they all have clinochlore as the second highest phyllosilicate supersatuithi indices
ranging from 5.5-1.62. Other chlorite minerals include ripidolite ranging from 4.04-0.22 and
daphnite at 0.75 (for Location | only). For the other clays, illite ranges from 3.61-3.14, and
kaolinite from 2.89-2.41. The Mg rich phyllosilicates talc ranges from 4.12-3.8 and sepiolite

ranges from 0.69-0.23. For the (hydr)oxide minerals, hematite has the highest index ranging
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from 14.4-14 followed by the Cu-Fe delafossite from 13.5-13.1. While goethite and kEe(OH)
range from 6.7-6.5 and 2.34-2.13 respectively, tenorite is only supersaturated at Location | at
0.04. Gibbsite is also supersaturated with a low value range of 1-0.73. Like the other sites, the
only sulfate mineral that is supersaturated is barite ranging from 0.46-0.41. For the carbonate
dolomite has the highest indices ranging from 3.26-1.58. Other Mg rich carbonates like huntite
and magnesite have values from 0.62-0.32 and 0.35-0.27, respectively. Calcite is also
supersaturated with saturation indices ranging from 1.29-1.23. The only silica mineisl that
supersaturated is quartz with a small index of 0.27-0.18. Finally, the phosphate hydroxyapatite

has the third highest indices out of all the saturated minerals, ranging from 13.3-12.3.

7.3.4. Belle Fourche River before Whitewood Creek (L)

Upstream from the confluence of Whitewood Creek, Location L mineral indices are
similar to all of the other locations. For the smectites, nontronite has the highess naghging
from 18-17.5, saponite from 5.19-3.89, smectite at 3.97 (low Fe-Mg) and 3.88 (high Fe-Mg), and
beidellite from 3.53-2.22. Clinochlore has the highest chlorite indices ranging from 5.41-2.02
while ripidolite ranges from 4.06-0.67 and daphnite is at 1.3. For the Mg-rich phyllosilicates, talc
has an index of 4 while sepiolite is 0.68. Kaolinite has a value of 3.28. Hematite has the highest
metal hydr(oxide) index of 14.5 followed by delafossite at 13.6. Other Féhgdn)oxidesare
goethite (6.79) and Fe(OkH2.39). Al oxide in the form of gibbsite has an index of 1.04 and Cu
oxide in the form of tenorite is at 0.06. The only supersaturated sulfate is barite with a value of
0.62. Finally, two silica minerals, quartz, and chalcedony, are supersaturated withofd)L86
and 0.08, respectively. Compared to the Belle Fourche River locations downstream (Location I,

J, K), the upstream saturation indices overall have similar ranges, although some suoérals
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as nontronite, clinochlore, ripidolite, beidellite, daphnite, kaolinite, and gibbsiteasge lower

indices by around 1-2 orders of magnitude.

7.3.5. Whitewood Creek Seep Locations (B, G, H)

Compared to the stream waters, the saturation indices of the seep water are generally
lower, but some of the Al-rich mineral indices are slightly higher. For the smelejts
nontronite has a value range of 11.1-7.49. It is important to note that Location H has lower
values of 8-7.49. Beidellite has the next highest clay index ranging from 5.22-1.36 and saponite
has a low range of 0.63-0.1 (with no saponite supersaturation at Location H). Al-rich kaolinite
has a value range of 4.92-2.54. There are some chlorite minerals that are superaturated such as
daphnite (2.16-1.91, not found at Location H) and chamosite (0.91-0.09, not found at Location
H). For the Fe riclthydr)oxides hematite ranges from 6.82-6.11 and Cu-Fe rich delafossite
ranges from 13.3-11.6, and goethite is supersaturated at 2.95-2.54. Gibbsite has a saturation
index range of 1.78-0.62. Another Al hydroxide, boehmite is supersaturated at Location H with
saturation index values of 0.18. The silica minerals, quartz and chalcedony, both are

supersaturated with the water at 0.78-1.98 and 0.5-0.16 respectively.

7.4. Dissolved As Transportation Rate in Whitewood Creek Stream Water
The *HRFKHPLVW T Vmo&eUdslELkatp R ¢f dissolved As in Whitewood Creek

. , : AU
shows that the annual rate of transportation with an arsenopyrite mass of 15%0—|%Eélknle

) £ U
0
0.11% is 0'39%5

7.5. Suspended As Transportation Rate in Whitewood Creek Stream Water
Calculation for average suspended sediment As assuming contaminated sediment has

uniform thickness of 0.6 m along Whitewood Creek and 15% arsenopyrite mass shows a
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: AU : :
transportation rate would b(l-zg—ﬁéjlf the arsenopyrite mass was 0.11%, then it would be 2.54

EU, . . . .
%g the thickness was 3.5 m with 15% arsenopyrite, then the average transportation rate

AU . . U
0,
would be 59—i > O\g/hlle 0.11% arsenopyrite would be 1_%_1 54
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CHAPTER 8. GIS AND FLUVIAL GEOMORPHOLOGY DISCUSSION

This section will present the discussion of Whitewood Creek and Belle Fourche River GIS
results. Table 8.1 and 8.2 shows the correlation between each parameter and their sgynificanc

for Whitewood Creek and Table 8.3 and 8.4 for Belle Fourche River based on Equation 6.1.

8.1. Whitewood Creek Discussion

8.1.1 Whitewood Creek Parameters Correlations

The linear regression results of the different parameters of Whitewood Creek show that
there are multiple correlations that are significant over the period 1948-2012. The highest R
correlation was between channel migration and total sediment depositional area éotiasat
in the Results section, this may be inherited due to the nature of streams leaving deposil
as they migrate from their former position. Parameter comparisons with significantateode
positive correlations (R~ 0.5) for both 1948 and 1977 are contaminated sediment area,
contaminated floodplain widths, and contaminated floodplain width variations. Additional
moderate positive correlations but only for 1948-2012 are contaminated sediment removal area
contaminated sediment area, contaminated floodplain width variations, and tote rsegiined
area. For 1977, sinuosity and contaminated floodplain width has a significant positive

correlation.

8.1.2. Controls on Contaminated Sediment Area in Whitewood Creek

The areal extent of the contaminated mine tailings based on aerial photographs from EPA
(1972)in Whitewood Creek is complex and can be explained by multiple factors. The 1948
tailings has a higher area than the 1977 tailings. The decrease in reach area cangbass |

70% (see Figure 6.5). One factor that may cause this is a change in sediment load. Ftem the la
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1800s to the mid-1950s, it was acceptable to dispose of all mill tailings intowgbideCreek.

By 1955, 50% of the mine tailings were used as backfill in underground tunnels (Waterland,
1973) and by 1977, all tailing transportation ended. This decrease in sediment load could have
affected the fluvial geomorphology of Whitewood Creek. Details of this effect will be explained
further below. Another factor that can affect the size of the 1977 tailings is flooding. According

to the streamflow graph from the USGS gaging station, Belle Fourche River Sturgis, from 1946
to 2022 (Figure 3.2), there has been an increase in peak flow after 1960 and the magnitude and
duration of peak flow have also increased since 1980. Norton et al. (2014), Kibria et al. (2016),
and Shockley (2021) also observed upward trends in observed streamflow within the study area
from USGS gaging stations. These flooding events can cause major morphologic changes in the

stream.

The highest area of tailings occurs mainly around Reach 2 and 8 (see Figure 6.5 and 8.1).
Tailings were observed from around Reach 2 to 5 by Marron (1992) who noted that Whitewood
Creek in the first 13 km downstream from the town of Whitewood has an anomalously wide
channel, channel and meander abandonment, and channel incision. Using aerial photos and
channel position of a surveyed map from Darton (1919), Marron (1992) indicated that extensive
meander abandonment occurred between 1910 and 1939. However, Cherry et al. (1986) says that
the abandoned meanders may have filled with tailings before 1900 as seeby&ar-old
trees growing in the tailings (seen in Location G and one site in Reach 8). These meander
abandonments, along with channel incisions, strongly influence the deposition of the mine
tailings. Figure 8.1 shows that these reaches have high channel migration, sedimentxepositi
and tailings removal. The tailings also occur as overbank deposits, and some locatioses of the

deposits can extend 100 m from the channel (see Figure 3.5 for aerial photograph). While the
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aerial maps from EPA (1972) do not display these abandoned meanders filled with tailings

clearly, the overbank deposits are observable.

There are multiple possibilities why Reach 2 (as well as Reaches 3-5) might hgkie a hi
storage area compare with the tailings. One control could be lithological. Above Reaati2, R
1 begins near the contact of the Permian Minnekahta Limestone and the TriasdisiSpea
Formation, which is composed of red mudstone, siltstone, fine-grained sandstone and gypsum
beds (Fagan and Lisenbee, 2017). Below the town of Whitewood and beginning of Reach 2, the
lithology changes to the Jurassic Gypsum Springs Formation (gypsum beds), Sundance
Formation (sandstone, siltstone, shale), and Morrison Formation (bentonitic claystone, siltstone,
sandstone with minor limestone). Towards the downstream end of Reach 2, the Csetaceou
Lakota Formation and Fall River Formation (fine grained quartz arenite and mudstone) form low
hills. This is followed by the beginning of the Great Plains shale units with the Skull Gieek a
Mowry Shales at Reach 3 (Fagan and Lisenbee, 2017). Areas with mudstones, shale, gypsum,
and siltstone, are more vulnerable to fluvial erosion and expansion of floodplains. This can be
seen in the maps of Lisenbee et al. (2015) and Fagan and Lisenbee (2017), where the alluvium
and terrace complex of Whitewood Creek is wide (can be around 2500 feet (~762 m)). Even the
floodplain where the creek cutgarthe hills composed of the sandstone Lakota Formation and
Fall River Formation can be up to 2000 feet wide (~610 m) (see Figure 3.5 for aerial photograph
of this area). However, despite Reach 1 flowing over the mudstone/siltstone Spearfish
Formation, its contaminated sediment area is not as wide as Reach 2. Reachsd imayea
high storage area compare with tailings because it is roughly at the transitidronoresteep
narrow mountain channel to the flat, meandering Great Plains channel. Following the ontinui

formula:
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Equation 8.1.

where Q is discharge, v is velocity, A is cross sectional area, as the velocity elecdieaso the
flatter topography, this will increase the cross-sectional area, hence imgretzannel and
floodplain area. This could also explain why the floodplain size is wide within the nss&n

sandstone Lakota Formation and Fall River Formation.

Another area with a high area of tailings is at Reach 8, which is about 6 km above the
Belle Fourche River confluence (see Figure 6.5 for aerial photograph). Part of this reach was also
studied by Marron (1992) who says that the 6 km stretch to the confluence stores more than half
of the 14.5x10Mg tailings found through Whitewood Creek. According to Cherry et al. (1986),
the tailings around this reach are greatly augmented by an atrtificial tailing stthetiweas built
in the early 1900s around Location H. At the beginning of the reach is a wide stretch of
floodplain about 1.5 km long, with tailings areas of 238,066an1948 201,000 rAfor 1977,
and around 100-200 m wide. The high storage in this reach could possibly be controlled
geomorphologically. Reach 8 may be on top of a knickzone as described by Zaprowski et al.
(2001). They mapped two erosion fronts (knickzomeshe eastern Black Hills (see Figure)3.1
The lower front (labeled Farmington front) is found near the confluence with the Belle Fourche
River. As seen in the longitudinal profile overlayed with the tailings area adewod Creek
(Figure 8.2), there is a minor increase in gradient just below Reach 8 is located. Topodyaphical
above these knickzones are broad valley bottoms; at and below them are channel intasions
bedrock, floodplain abandonment, and terrace development (Zaprowski et al., 2001). The broad
valley bottoms could explain why sediment storage as well as channel migratigh & Reach

8 followed by a decrease due to channel incision in Reach 9 (see Figure 8.1). Belmont (2011)
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found in a study in southern Minnesota that above knickzones, floodplains are relatively wide
and unconfined compared to within the knickzone, where floodplains progressively narrow and
lose 25-60% of their width. While this can be seen in the tailings area graph, it is not loleserva
on the contaminated floodplain width graph (see Figure 8.1). In thedid&kp channel incision
into bedrock as high as 15 feet (~4.6 m, by eye) was observed in the field at the Vale Cut Off

Road (Reach 9), which may be below the Farmington front (see Figure 3.7 and 8.2

The other erosional front (the Sturgis front) appears to be around the town of Whitewood
QHDU 5HDFK KLOH LW VHHPV WKDW WKLYV NQLFN]JRQH PD\ F
ORQJLWXGLQDO SURILOH GRHVQYW VKRZ DQ\ VKDUS FKDQJHYV
Figure 3.1). Zaprowski et al. (2001) has the front southwest of Whitewood in Paleozoic units
whereas Reaches 2-3 are located northeast of Whitewood in Mesozoic units. Ther®turgis
crosses Whitewood Creek within the Black Hills roughly between the Homestake Mineand th
town of Whitewood. Hazelwood and Stetler (2019) mapped knickzones found in the transitional
landscape between the crystalline Black Hills and the shaley Great Plaine aiftRiapid City
(about 64 km southwest of Whitewood). While the town of Whitewood appears to be on the
margins of the Black Hills, Hazelwood and Stetler (2019) put the upper limit of the knickzones
in Precambrian metamorphic rocks and the lower limit in both Precambrian metamorghic roc

and Paleozoic sedimentary rocks.

8.1.3. Controls on Contaminated Sediment Removed Area in Whitewood Creek

Except for Reach 2, all the reaches underwent major esdsibanges by at the most
around 70-80%. The highest area of erosion occurs at Reaches 2-3 for both 1948-2012 and 1977-
2012, 3-5 and 8 for 1948-2012 (see Figure 6.6). A decrease in erosion over time is a pattern that

has been observed in mining affected streams, especially streams near the gold mines of
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California. The general pattern is high aggradation from high input of mining sediment followed
by high incision once mining has ceased. This pattern may be explained by Gilbert (1917), who
said that streams with high loads of sediment during times of mining adjust their morphology to
maximize sediment transport. One of the responses from this adjust is aggradatiorawhich c
make the stream more braided. The braided nature of Whitewood Creek can be seen in the 1948
aerial photographs (see Figures 3.5, 3.6, and 3.9). Once mining ceases and sediment supply
declines, energy employed in carrying the sediment responds by downward incision through
mining/natural alluvium and into the bedrock. In contrast, however, Cherry et al. (1986) suggests
that downcutting began during the filling of abandoned meanders in Whitewood Creek which
would have been before 1900 (about 50 years before mine sediment input was reduced). An
increase in incision at Whitewood Creek can be seen from the decrease of tailings erasion are
over time as well as channel migration (Figure 8.1). The correlation tables shovetRat th

values decreased in the 1977-2012 period when the tailings erosion area was compated to tota
sediment gained area, contaminated floodplain width, and contaminated sedime8trasm

incision was observed in the field at the Vale Cutoff Road (Reach 9) aiidsireé4t (Reach 7)

(see Figure 3.4, 3.7, and 3.11). Ji (2021) also observed incisions at Location G (Reach 5) and

Location H (Reach 10) which have cutbank heights of 4 m and 4.5 m, respectively.

Based on the correlations from Table 8.1 and 8.2, high tailings erosion from 1948-2012
occurs in areas with high contaminated sediment area, contaminated floodplain widiths, a
width variations. Areas with high floodplain storage such as Reaches 2 and 8 will have a higher
likelihood of eroding tailings into Whitewood Creek. They may serve as important sources of
tailings transportation. While channel migration is high in Whitewood Creek, it haaka we

correlation with removal of contaminated sediment~R.3) and may not be a major control in

84



tailings transportation. Generally, bank erosion processes play a major role and ameadflue
heavily by multiple processes that are dependent on local geomorphology (Miller and Miller,
2007). For example, as mentioned before, local USGS geologist John Stamm suggested that
large ice blocks during the spring can grate against the bank and cause large blocks of bank
sediments to erode into the stream (Ji, 2021). Zabilansky et al. (2002) indicated thet rhae
affect prevailing stream conditions and can have an influence on alluvial channel morphology
and vertical and lateral distribution of stream flow. In addition, Cherry et al. (1986) say that
periods of ice jamming can lead to deposition in overbank areas. The change in contaminated
floodplain width variation is interesting as it shows how the floodplains are being reworked over
time. Compared to the Belle Fourche River floodplain variations (Figure 6.12), Whitewood
Creek has small changes. Despite the large blocks of banks eroding into the stremnthiseei
lower change could be significant because it shows that tailings in the floodplains is being

reworked is slow and will have a longer residency in Whitewood Creek.

8.2. Belle Fourche River Discussion

8.2.1. Belle Fourche River Parameters Correlations

The parameters with significant moderate positivedues when compared to each
other are contaminated sediment area, contaminated sediment removed areajaieatam
floodplain, and channel migration. However, by 1977-2012, contaminated sediment area,
contaminated sediment removed area, and channel migration are significant. Likedtdite
Creek, channel migration and total sediment deposition area also have & hajbeRout as

mentioned before, it may be inherently correlated.

One interesting difference is how the contaminated sediment area and removed

contaminated sediment area has a higher correlation that increases over time (0.6487 for 1948-
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2012 and 0.8962 for 1977-2012). The highvRlues for these correlations may support the idea
discussed regarding Whitewood Creek that areas of high removal of contaminated material are
controlled by the location of areas with high contaminated sediment area. The highmealthe a

extent of mine tailings, the higher the chance of removal. Since the Belle FourcheaRiger h

larger area and extent of contaminated sediments than Whitewood Creek, this coutdvexplai

the correlation of these two parameters is stronger than for Whitewood Creek (see Figure 6.5 and

6.13).

8.2.2. Controls on Contaminated Sediment Area and Removal in Belle Fourche River

The temporal patterns of the 1948 and 1977 contaminated sediment areas are similar to
each other (see Figure 6.13). Reach 2 has the largest area with a value of 676000@43
and 412,000 rfor 1977 (see aerial photos of this Reach from Figut¢. The cause for this
maximum may be its proximity to the confluence of Whitewood Creek (about 7 km downstream)
as well as local high floodplain storage for the tailings to deposit on. During times of |aege mi
tailings influx, the sediments could have accumulated a short distance downstream from the

confluence in the location of Reach 2.

At Reach 4 and downstream, the area of the 1977 tailings begins to decrease. Reaches
4-8 are within the channel discontinuities described by Gomez and Marron (1991) due to
neotectonics (see Figure 6.13). Reaches upstream from Reach 4, are interpreted by Gomez and
Marron (1991) to have stable floodplains with a constant slope, as seen by an inverse relationship
of channel slope and sinuosity due to meander cutoffs. Within the discontinuities, however, th
reaches show a positive relationship between sinuosity and floodplain slope, which sbggests t
channel adjustment and floodplain instability are occurring. According to Gomez and Marron

(1991), from 1939 to 1981 about twards of floodplain reworking in Reaches 5, 6, and 7 is
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caused by eastward channel migration. Above Reach 5, all the reaches have minor to moderate
changes in tailings area from 1948 to 2012. Reaches 5 and 7, however, have major changes:
Reach 5 decreased by 58% and Reach 7 by 53% (see Figure 6.13) (Note that for 1977isReach 7
shorter than the other reaches than the other reaches). Seeing major changegsiareaiin

these reaches is most likely controlled by neotectonic effects on the fluvial $ystem

Precambrian lineaments caused by reactivation of Precambrian faults (Figure 3.3 and Figur
8.4). The result of this effect is a relative elevation increase to the west aeadsdeto the east
(Gomez and Marron, 1991). High channel migration at Reaches 4-8 and high erosion in Reach 5
and 8 (see Figure 8.3) suggest that unstable and adjusting floodplains may explainke relati
decrease in the area of contaminated sediments over time from 1948 to 2012. However, there
may be other complex factors such as flooding events that have influenced storagaland are

distribution of mine tailings.

One interesting pattern to see is how the 1977 period contaminated sediment removed
area is greater than the 1948 period from Reach 2-4 (see Figure 6.14). One reason for this is the
difference is the large size of the floodplains relative to Whitewood Creek. As in the Belle
Fourche River contaminated sediment area graph, the 1948 floodplains are wider than the 1977
floodplains (see Figure 8.3). It is possible that due to the larger size, the 1948 floodplains extend
sufficiently far and are more elevated. This requires a large magnitude flood to rewark them
unlike the 1977 floodplains, which are lower and closer to the modern channel (Marron, 1987).
While the 1948 floodplains obviously saw more flooding events than 1977, the 1977 floodplains

are situated where more frequent and smaller magnitude floods can reach and rework them.

As in all streams, flooding events are a major influence on the fluvial geomorphology

of the Belle Fourche River. However, the contaminated floodplain variation in the Belle Fourche
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River is different from Whitewood Creek floodplain variation. The Belle Fourche River

underwent major changes in variation from 1948 to 2012 while the Whitewood Creek changes

are minor in comparison. As seen in Figure 6.12, the Belle Fourche River underwent changes in
Reaches 1, 3, and 5 where differences between the 1948 and 1977 periods range from 59 to 74%.
Reach 2 and 6 are around 40% while Reach 4 is 8%. Reach 7 is shown to have a change of 98%,
EXW DV PHQWLRQHG DERYH 5 HAigEr 6.12). IOde@panésh oV VKR UWH U
Whitewood Creek, Figure 6.4 shows that the largest change occurs at Reach 4 with a change of
48%. Other reaches have lower percentages with a range of 3 to 35%. Seeing these differences
show how vulnerable the floodplains of the Belle Fourche River are to reworking, which is most
likely due to an increase in high discharge flow in the region since the end ofttcerQry

(see Figure 3.2), larger stream discharge,adondger course where other streams merge with it

upriver. Whitewood Creek, on the other hand, has slower floodplain reworking due to deep

stream incision (floodplains elevated above the active channel), having a lowergsisébaver
confluences with other streams, ashorter course. This is important because the contaminated
sediments in the Belle Fourche River are being reworked more than Whitewood Creek but, at the
same time, are getting diluted by uncontaminated sediments from other streams anarbeohg c

out of the study area sooner. While WhitewoRdJ HHNTV FRQWDPLQDWHG VHGLPHC
reworked more slowly, it will likely remain on the floodplains longer and slowly continue to

contaminate the stream over time.

88



CHAPTER 9. GEOCHEMISTRY DISCUSSION

This section will present the discussion of geochemical modeling of mineral isatumathe
waters of Whitewood Creek and Belle Fourche, and calculation of annual dissolved and

suspended As transportation in Whitewood Creek.

9.1. Comments About Mineral Saturation Indices:
Before discussing the mineral saturation indices of Whitewood Creek and the Belle

Fourche River waters, it is important to mention the meaning and significance of mineral
saturation indices. As Bethke (1996) stated, interpreting saturation indices for natural waters ca
be tricky due to data errors that can strongly affect calculated values. One problenmnerdi m
saturation indices is that they are dependent on the mineral fodd@a W )YRU H[DPSOH LI T
unit was in the forn®i-0O4, then its indices will double. This is why large formula units such as
clays appear frequently at the top of a list of most highly supersaturated minerals (Bethke, 1996).
A second problem is some minerals that are supersaturated thermodynamically do imot exist
surface conditions (i.e. andradite is shown to be supersaturated in these waters). A tleind probl

Is that the calculations are only based on equilibrium thermodynamics. In realityaiminer
precipitation/dissolution in surface conditions are not in equilibrium and are based onxomple
combination of thermodynamic and kinetic processes. Overall, it is important to rentbatbe

high saturation index values do not necessarily mean there will be more of that minayabor a

that mineral at all; the saturation index values only indicate whether a m@esuglersaturated,
saturated, or undersaturated with respect to a particular water composition. Téigosandices
indicate that there is a sufficient abundance of constituents of a mineral totatbdarm,

however it does not mean that it will form.
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9.2. Mineral Saturations in Stream Water:

9.2.1 Clay and Phyllosilicate Minerals

Overall, the stream waters have similar saturation indices of clay and plodisil
species in Whitewood Creek and the Belle Fourche River and have saturation indices that vary
by around 2-3 (see Table 7.1 to 7.3). The presence of clay rich colloids in the stream water ma
explain why the clay and phyllosilicates saturation indices are high. Rees and Ranville (1988)
used a SEM on the colloids from the stream water of Whitewood Creek and found that the
colloids are composed of mostly clay minerals with little Fe. AccordingtdtHdRFKHP LV W [V
Workbench model, the majority of phyllosilicate species that are supersaturdtedamtaters
are smectite in the form of saponite (Mg rich) and nontronite (Fe rich), and Mg rich chlorite
(clinochlore). In addition, other Mg-rich phyllosilicates such as talc and se@itditalso
supersaturateaswell as Mg- and Fe-rich chlorites like ripidolite and daphnite (chamosite as
well if the Fe species are not coupled). This is reasonable due to the high Mg, Ca, afn Fe of t
different materials that the stream water interacts with. The Homestakafon is dominantly
Mg and Fe rich due to minerals such as sideroplesite (Mg rich siderite), cummingtooitiég,chl
biotite, and Fe sulfides. In the mine tailings downstream, about 30% of the mineralogy is clays
(includes kaolinite, smectite, chlorite, illite, mixed-layer clay mingi@®sddard, 1989). The
Pierre Shale forms most of the bedrock and has an average composition of 53% clay content
(70% illite-smectite mixed layer (specifically beidellite for the smectite) 1k&4 3% chlorite,
and 9% kaolinite) (Schultz et al., 1980). Additional silicates like biotite, abuighiboles, and
pyroxene in the tailings can create more clay minerals by breakdown during chemicakwgath
and transportation. Because of their high specific surface area, clay minerals may be important

for adsorbing As, although there has been limited research on it. Ji (2021) found that 40% of As
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in the tailings is labile and that 24% of the labile As has moderate bonding in weakly soluble
secondary minerals such as adsorbed onto clays or fine grained crystallinéhgaraixides

Since these minerals have moderate bond strength with As, As will have a slowel@®sorpt

time (Wang and Mulligan, 2006). The adsorption of As(V) in clay minerals (specifically

kaolinite, montmorillonite, illite, halloysite, and chlorite) can occur around slighitiato

neutral pH and begins to decrease as conditions become more basic (Lin and Puls, 2000). Clays
with impure Fe species may also be essential for As adsorption by forming Fe (hydr)oxides
minerals in their structures which can increase sorption capacity. The chlowehgroup is

an important group for sorption due to Fe in the structure (i.e., clinochlore, ripidolite and
chamosite) (Lin and Puls, 2000). However, the clays with the highest saturation indices are
nontronites (Fe rich smectite) along with smectite with high Fe-Mg. DeVore et al. (2019) found
Fe in clay minerals and silicates through the use Mossbauer spectroscopy (Fespeaimti
mostly Fe () DQG :5' LQ WKH PLQH WDLOLQJV RI :KLWHZRRG &UHH
Violante and Pigna (2002), phyllosilicates that are enriched in Fe such as nontronite can be
effective in adsorption of As(V), even in the presence of R@&enic is more likely to be

adsorbed in these types of minerals when the environment is neutral-acidic. Howeean PO

inhibit As(V) adsorption if the environment is neutral-alkaline. While DeVore. ¢2al9)

worked on the contaminated floodplain sediment, the stream water colloidal work from Rees and
Ranville (1988) shows that most of the clay minerals in the stream water have littedy,

the Pierre Shale bedrock underlying the stream could also be an important natural site of
adsorbing As due to its clay rich nature. In the Zinmayalley mining district in Mexico, the

Soyatal Formation (calcareous shale with abundant kaolinite and illite) was known to be an

effective As adsorbent in the groundwater (Ongley et al., 2001). It would be interesting to see in
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future research how As concentration behaves in shale bedrock streambeds of Whitewood Creek
and the Belle Fourche River. However, due to the different degrees of charge imbalance and
surface charge distributions in clay mineralogy, As adsorption in a clay rich environment is most

likely very complex.

9.2.2. Oxides/Hydroxides

The (hydr)oxide minerals are similar through Whitewood Creek and Belle Fourche River
where the variation of saturation index is at the most around 2. The (hydr)oxide mindrals wit
the highest saturation indices are Fe based with hematite having the highest rRleksat
mentioned in the beginning, total Fe average in these waters is about 2 mg/l. TheurcEos
Fe in these waters comes from the mine tailings which are composed of Fe-rich oxides,
(hydr)oxides carbonates, and sulfides. Although it is not clearly shown in these results, the
dissolved Fe content is higher in Whitewood Creek than the Belle Fourche due to seep water
delivering dissolved loads into Whitewood Creek (Ji, 2021). The highest Fe (hydr)oxide
saturation index is hematite and goethite as the third highest. While goethiteteasurface
area than hematite, it is less stable. Goethite can transform to the moreestadtieeh During
this transformation, it can desorb some As, but can also create a more stable solid veh@re As
be retained (Appelo et al., 2002; Fendorf et al., 2010). Although this is in the mine tailings,
DeVore et al.'s (2019)lossbauer analyses show that goethite is present in the tailings and may
play an important role as an As binder. Pfeifle et al. (2018) found through sequential extractions,
that most of the As in the sediments banks of the Belle Fourche and Cheyenne Rivers is
primarily associated with amorphous and poorly crystalline Fe oxyhydroxides. In contrast, Ji
(2021) found through sequential extraction of the mine tailings that As does not have a strong

correlation to Fe bearing oxyhydroxides, amorphous and fine grained secondary minerals. A
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possible explanation of this is that there is low concentration of amorphous to poorly crystalline
Fe oxyhydroxide or As is bound in non Fe bearing secondary minerals. In the stream water,
analysis of colloids by Rees and Ranville (1988) found amorphous Fe oxides that are <100 nm

and little Fe in larger particles.

Two other metal oxides, those of Cu and Al, are predicted to be supersaturated. The Cu-
Fe oxide in the form of CuFes supersaturated and has the second highest (hydr)oxide Sl after
hematite, except it is slightly higher than hematite at the Whitewood Creelsies
(specifically Location G). At the same location, another the Cu hydroxide-carbonate species
malachite is calculated to be oversaturated. The average Cu concentration weatkes€0.005
mg/l) is the same magnitude as the world average in stream water (0.007 mg/l) (Faure, 1998).
While Cu and other base metals are rare and minor in orogenic gold deposits (Ridley, 2013),
seeing this saturation index could indicate that other metals from the mine taitnigsely
binding with (hydr)oxide minerals. In addition, tenorite (CuO) is predicted to be supersaturated
throughout Whitewood Creek and parts of the Belle Fourche River. The Al (hydr)oxide species
that is predicted to form is gibbsite. While gibbsite can be an important adsorbent fdr As, A
(hydr)oxidesare commonly found in more acidic environments rather than basic (Wang and
Mulligan, 2006). According to sequential extraction from Ji (2021), mobile Al was found to be

predominantly associated with fine grained clay minerals.

9.2.3. Sulfates

The only sulfate mineral that is supersaturated is barite. While the saturationsindex i
lower than other minerals (around 0.6), if barite is present, it could potentially immadks(izée
by incorporating it into the barite structure (Ma et al., 2017). Although gypsum is shown not to
be supersaturated in the stream water, it may play a major role in the floodplains of the
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Whitewood Creek and Belle Fourche River valleys. These stream valleys are naturallydenriche

in gypsum and other soluble sulfate minerals within the bedrock and alluvium (Cherry et al.,
1986; Fagan and Lisenbee, 2017; Ji, 2021). In addition to natural gypsum, this mineral could also
form in the tailings as a result of sulfide oxidation with calcite crystals and sutfhte/ater

from probable shale origin flowing through into the tailings from the alluvium (Cherry et al.,

1986:

FeS(s) + 15/4 O + 2 CaCOs(s) + 11/2 Hz0
. — Fe(OH)s(s) + 2 CaSOs * 2H20(s) + 2 CO;

Equation 9.1.

Gypsum was identified by Pfeifle et al. (2018) through SEM and XRD in the mine
tailings along the Belle Fourche River at Volunteer (Location K) and by Rees and Ranvilles
using SEM (1988). Arsenic (V) has been seen to be incorporated into the structure of gypsum by
isomorphic substitution of S® (Ferndndez-Martinez et al., 2006; Fernandez-Martinez et al.,
2008; Lin et al., 2013). If gypsum from the contaminated bank is eroded into the water of
Whitewood Creek and Belle Fourche River, it could be dissolved and release As. Sulfate could
be a competitor for adsorption sites, however, according to Jain and Loeppart (200)eSO

not have any effect on As(V) mobilization.

9.2.4. Carbonates

Carbonate minerals throughout Whitewood Creek and Belle Fourche River have similar
saturation indices and little variation (except for huntite which at the most tiesrabst a
change of one). Calcium and magnesium carbonate minerals such as calcite and daomite

calculated to be oversaturated in the stream water of Whitewood Creek and Belle Fourche Ri

94



This is to be expected since the mine tailings are composed of carbonate minerads such a
sideroplesite (Mg rich siderite), ankerite, calcite, and dolomite (Noble, 1950; Slaughter, 1968).
Other carbonate minerals that are predicted to be supersaturated in the streame water a
malachite and rhodochrosite. Both are supersaturated at locations with seeps (Location G for
malachite and Location H for rhodochrosite). The possible occurrence of these minerals could
reflect the metal and carbonate rich seep water mixing with the stream watexdaveFe-

rich carbonates are supersaturated in the stream water. Other sources of carbonates include
bedrock units such as the Pahaspa Limestone, Englewood Limestone, Whitewood Dolomite,
Winnipeg Formation (massive dolomite), and calcareous shales such as Belle Fourche Shale,
Greenhorn Formation, Carlile Shale, Niobrara Formation and Pierre Shale (JiG202ard,

1989). The dissolution of carbonate minerats the stream water can be explain from the pH
through the study area (see Figure 5.4) where the pH remains constant above 8. This is most
likely due to carbonate buffering of the water. Carbonates were also confirmed by Rees and
Ranville (1988) where calcite crystals were found to be < 100 nm in the seep water.rm@ajcite
be an important mineral to immobilize As since it can buffer high pH and reduce desorption
(Wang and Mulligan, 2006). It can also immobilize As (V) through adsorption and

coprecipitation at basic conditions such as pH of 8.3 (Alexandratos et al., 2007).

9.2.5. Phosphates

Phosphate is a chemical constituent of interest due to the similarity of its p®pertie
those of As (V) and resulting competition in occupying adsorption sites. Due to extensive
farming activities around Whitewood Creek and Belle Fourche River, runoff enriched in P from
fertilizer could have an impact on As mobilization. DeVore et al. (2019) conducted a batch

experiment where they mixed mine tailing sediments from Whitewood Creek (0.49 km
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downstream from Homestake Mine) and Deal Ranch (on the Cheyenne River) wighath@O

PQ3-. They found that the As release from mixing with,Qs at least 10 times greater than

from mixing with HCQ $FFRUGLQJ WR *HRFKHPLVWY{V :RUNEHQFK WK
(Cas(P(Oy)30H) is supersaturated in these waters with a high saturation index around 12.

Compared to Whitewood Creek, the Belle Fourche has a higher apatite saturation index by one.

This mineral could be important for As control since it can incorporate As (V) into itsusgruct

by replacing the P in alkaline conditions, as seen in As-rich waste where lime was

introduced (Bothe and Brown, 1999). In addition, otherAS@s minerals such as pharmacolite
(Ca(HAsQ)-2H.0), Weilite (CaHAsQ), andpicropharmacolite (CGMg(AsQOa)

(HAsO30H)2-11H0) could be present since they can be stable in alkaline conditions

(Chukhlantsev, 1956). Due to the basic pH and Ca-rich nature of sediments around Whitewood
Creek and Belle Fourche River, it is possible that As is incorporated into apatite or &#othe

ULFK VHFRQGDU\ PLQHUDO LQ WKH PLQH WDLOLQX® DWIBGZDW
supersaturation for another phosphate mineral, MnHPO4. This mineral has been reported in
fertilized, neutral to alkaline soil of Northwestern India where the soil is neutrddeinel and is

enriched in P from fertilized soil although the climate is subtropical (the southovast ¢s

semi-arid however) (Hundal et al., 2019). However, comparing northwest India to western South

Dakota is speculative.

9.3. Mineral Saturation States in Seep Water
The mineral saturation indices from the seep water show similar species to be

supersaturated as the stream water. However, some of the Fe rich minerals such asnontronit
saponite, hematite, goethite, and Fe(&fve lower indices by around 4 to 10 log units.
Ferrihydrite, Fe(OH) is calculated to be undersaturatethese waters. In addition, the chlorite
mineral, clinochlore, is undersaturated, while chamosite and daphnite have highes ihaic
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the stream water by an order of magnitude. Some of the Al-rich minerals such as bamnikgllite
kaolinite have higher indices by 2. Another type of Al-oxide in the form of boehmite (AIO(OH))

is supersaturated (Location H only). The large decrease (biyEle)oxidessaturation in the seep

water is interpreted to be related to its acidic-neautral and reducing condition dssr¢ypes

of minerals are unstable relativethe weakly oxidizing alkaline stream water. This may be an

issue for retaining As since Fe (hydr)oxides are one of the principle sorbents. In these conditions,
WKH $V VSHFLDWLRQ ZLOO PRUH OLNH@NBS$I(MPthamRthetAs* HYHQ ™~ P
(V) dominated stream water as seen in Figure 5.5. Arsenic (I1l) in this condition is in #ermet
charge form, AsSOH)FRPSDUHG WR W KHyhavidghawnetittal/charge, As(QH)

does not have the potential to adsorb or adsorbs weakly to any surfaces and will be mobile. This
results in the seep water of Whitewood Creek being a major source releasing As and other
dissolved metals into the creek since it comes from groundwater flowing through contaminated
sediments. Ji (2021) found that in general, dissolved As concentrations in seep water are about 1
order of magnitude greater than stream water. However, Fuller and Davies (2003) described
rapid precipitation/coprecipitation of As& IHUULK\GULWH LQ :KLWHZRRG &UHH
where As rich groundwater seeped into the oxidizing creek water. Pfeifle et al. (2018) found that
the pore water redox gradient in the tailings appears to be the dominant mechanism of As
mobility. Areas of alluvium with low permeability (such layers with high silt and clay) have

limited recharge from seasonal flushing (high discharge during spring runoffs) and are more
reduced, which can dissolve (hydr)oxide minerals and release As. Biological factors are also
important in the release of As where the presence of microbes can change the redox
environment. Downstream the Cheyenne River, DeVore et al. (2022) found that As was

released from the mine tailings due to changing the redox conditions from aerobic to anaerobic.
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According to Cherry et al. (1986), the chemical conditions of the seep water, along with the
stream water, will remain about the same due to minimal acid production from carbamexig mi
buffering around neutral pH and slow oxidation of sulfide minerals. This could change however
from physical changes such as reworking action from floods, climatic changes, and/or

anthropogenic processes such as removing the tailings.

9.4. Belle Fourche River Before Whitewood Creek Mineral Saturation Indices (L)
The saturation indices at the control site (Location L) have similar supersatyratezss

to the Whitewood Creek and Belle Fourche River streams. The saturation indices afg/genera

around 1-3 orders of magnitude lower at Location L, especially for the clay and other
SK\OORVLOLFDWH VSHFLHV :KHQ FRP SDdpgdties SWdR asK LWHZRRG &
clinochlore, saponite, talc, and sepiolite have higher indices by at the most around 3. Thia

indicates that there are higher concentrations of elements such as Mg, Al, anc&ke. Wh

compared to the downstream Belle Fourche River locations, the indices are simildr dtheac

and have differences around one. The supersaturated minerals are generally clays such as
nontronite, daphnite, and clinochlore. The similarities of the Belle Fourche River loqatgns

be due to the river flowing over shale bedrocks at all locations. In contrast, Whitewood Creek

flows over a range of rock types such as igneous, metamorphic, sandstones, shales, carbonates,

and gypsum. The similarities also may indicate that the tailings do not have a sfiwegce on

WKH VWUHDP FKHPLVWU\ XQOLNH LQ :KLWHZRRG &UHHNKEN VW
seep water. The supersaturation o§(BaOs) in the Whitewood Creek locations and

undersaturation in Location L reflects this. One possible reason why the tailings influence

decreases at the downstream Belle Fourche River might be dilution by sediment aricomater

other streams.
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9.5. Similarity of Saturated Species Throughout Study Area
While there are some significant differences in saturation indices, neatg &dications

have similar supersaturated species. There are multiple reasons why therspgdessimilar
WKURXJKRXW WKH VWXG\ DUHD 2QH L WeMiddinswnicHRFKHPLVW TV
equilibrium calculations for calculations of saturation indices which depend on teunpefidte

water temperature range varies little and stays within the range of 17.9-28 C° throughout the
study area (see Appendix 5-5) at the time of sampling. Other factors that can infateragos

indices calculation is pH and redox. As seen in Figure 5.4 there is little variation in pH

throughout the stream water of Whitewood Creek and Belle Fourche River (8.1-8.7). For the
redox, Figure 5.3 shows the dissolved oxygen concentration in the stream water has minor
variation ranging from 4.56 to 6.1 mg/l. The relative consistency of these parameters and fixing
WKHLU LQSXW LQ *HR F K HeRdchewifthy MEthbhSE ) Edktribvte té similar
species for each general stream location. Although this is only for Whitewood Creek. another
example of saturation index dependency on pH and redox can been seen when the stream water
iIs compared to the seep water. In the seeps, the pH is more acidic and the redox is more

reducing, which can lead to differences of indices as large as 10 orders of magnitude.

Despite having similar mineral saturation indices, there are some elemeat®that
significantly different between Whitewood Creek, and the Belle Fourche River. When cdmpare
to uncontaminated Location L, Whitewood Creek has high levels of As and S. This is due to the
presence and dissolution of arsenopyrite (as well as pyrite and pyrrhotite) in the tailings along
Whitewood Creek. Compared to the Belle Fourche River locations downstream from the
confluence, Whitewood Creek has lower Ca and S levels around the mountain locations and

steadily increases downstream. The increasing levels of both Ca and S are likelyhdue to t
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dissolution of gypsum and other soluble sulfate minerals found in the bedrock and alluvial

sediments (Ji, 2021; Cherry et al., 1986).

9.6. Arsenic Adsorption Capacity in Stream Water through Eh and pH
A concern about introducing As rich sediment into the waters of Whitewood Creek and

Belle Fourche is how stream water pH and Eh conditions are different compared to the
RYHUEDQNYV SRUH ZDWHU FRQ énd8/%, RaQke (2817) shidwshat Q )LIXUH
maximum As adsorption occurs at a pH range from about 3-8 and Eh range from about 0 to 1.1
volts in the presence of Fe. While the overall Eh is within the range of efficient adsamti

Whitewood Creek and Belle Fourche River, the pH may be a concern since it is around the pH of

8. Fuller et al. (1993) found that significaAs (V) adsorption begins to decrease from Fe

hydroxides around pH approximately 8 and greater due to repulsion as the sorbent surface
becomes more negative. However, since the stream water is enriched in cationCaiahds

Mg, As adsorption may increase since these elements can form positive surfaces on oxide solids.
For exampleAs (V) adsorption on Al oxides can be enhanced by the presence of Ca at a pH

level above 8 (Ghosh and Teoh, 1985) as well as ferrihydrite at pH 9 (Wilkie and Hering, 1996).

9.7. Arsenic Phases in Stream and Seeps Waters
At most locations, the only As solid phase that is supersaturated(AsBa).. However,

this phase may not be found in nature and is an unlikely source for As control. According to Zhu
et al. (2005), this mineral is unstable under natural conditions in drinking water sources and i
only stable at pH > 10.3. Lu and Zhu (2011) showed thaB#hsOs)- stability field

disappears at a Ba molarity less thart (@ approximately 13 ppm). This is higher than the
average Ba concentration throughout the study area (0.056 ppm) and average worldwide stream

water concentration (0.02 ppm) (Faure, 1998).
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One of the most common weathering products of arsenopyrite is scorodite
(FeAsQ-2H.0). However, this mineral does not appear to be saturated according to SpecES8. A
reason scorodite may not form in the stream water is the pH. Scorodite is known to persistin
acidic environments (Moldovan and Hendry, 20B&u and Ardau, 2004). However, the waters
of Whitewood Creek and the Belle Fourche River are basic, so they may make precipitation
unlikely. While scorodite may not form in the water, it may form in the tailings and be
incorporated into the water from erosion. According to Bluteau and Demopoulos (2007) from a
laboratory investigation, scorodite dissolves incongruently at a decreasing exponentibbrat
wide pH range (5-9). However, Demopoulos (2005) found that scorodite can be stable at higher
pH (>6.75) in lower temperatures and gypsum saturated solutions. Similar consideration applied
to another common secondary As mineral and weathering product of arsenopyrite, jarosite
(KFes(SQy)3(OH)4 -6 #H20), where As@can substitute for SOThis mineral is especially
interesting since the Whitewood Creek and Belle Fourche valleys are enriched lnk8O
scorodite, jarosite is thermodynamically unstable at circumneutral pH and caser@if it is
eroded into the stream water (Rodriguez-Freire et al., 2016; Saup et al., 2017). While the SEM
work from Pfeifle et al. (2018) did not detect any secondary As minerals or crystalline forms of
As along with Fe, further research must be done on the details of the mine tailings mineralogy

and particulates in the stream.

According to Ji (2021), 60% of As in the tailings are interpreted to be immobile in
arsenopyrite due to slow kinetic dissolution which is controlled by oxyhydroxide coating. The
other 24% is bonded moderately in weakly soluble secondary minerals (clay, crystalline metal
(hydr)oxides), 4.8 % weakly bonded on amorphous and poorly crystalline metal hydr(oxides),

11% on organics and exchange sites, and 0.37% on readily exchangeable sites and water-soluble
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secondary minerals. This conclusion was also made by Horowitz and Kent (1990) who observed
through SEM work that most of the As was stored in arsenopyrite. However, previous work on
the tailings concluded that Fe (hydr)oxide minerals and solids play a larger role. Recent work by
DeVore et al. (2019) shows that Mossbauer analysis of the tailings indicates a poésence
goethite (higher proportion of Fe (lll) than Fe (l1)). This may play an important role in bonding

As in the tailings. Pfeifle et al. (2018) also performed sequential extraction on ithgstail

sediment along the Belle Fourche and Cheyenne Rivers. They found 40 to 60% of total As was
strongly adsorbed or associated with amorphous/poorly crystalline Fe solids. They also found As
in Fe bearing phases of the tailings at the Volunteer location of the Belle Fourche River
(Location K) through SEM. Using energy dispersN&8s HFWURVFRS\ ('6 RI D P
sediment, they found that 1.12% of As in elemental form or 1.72% in the form of arsenic
pentoxide (AsOs). Arsenic and Fe were undetectable in crystalline form, which lead to the
assumption they were finely disseminated and within amorphous and nanocrystalline phases
While the contaminated sediment at the Volunteer site had the highest catioemf As, there

was little detection of it being soluble. This was due to a combination of oxidized pore wate
microbial inhibition and being incorporated in arsenopyrite and/or Fe hydr(oxide) phases.
However, in other locations where the pore water is more reduced, there is a higher

concentration of mobile As (Pfeifle et al., 2018).

According to Ji (2021), there are multiple interpretations of why her sequential extraction
did not show a strong correlation between Fe-bearing minerals and As: 1) The As relased m
be bound to other noRe-bearing secondary minerals and is not affected by the dissolution of Fe
bearing minerals through reduction; 2) There may be more crystalli(ieyéigoxidesthan

amorphous/poorly crystalline or the amorphous/poorly crystallipdr)oxidesare low and the
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concentration of hydroxylamine HCI was not strong enough to remove As (amorphous to poorly

crystalline(hydr)oxides see Figure 2.5).

9.8. Transportation Rate of Dissolved As in Whitewood Creek
Two days were assumed as the residence time of water in Whitewood Creek. While this

Is arbitrary, the numerical model shows that there is little difference in theesdisibfansport

UDWH LI WKH UHVLGHQFH WLPH ZDV GD\V ulaad shehlRFKHPLV W ¢
that the rate of As dissolving into the waters of Whitewood Creek with an arsenopyrite

concentration of 15% ranges from 0.6132-0.6148 (mg/l)/day while 0.11% ranges from 0.0046-

0.0048 (mg/l)/day. The minor fluctuation is caused by the different As concentration for each
ORFDWLRQYYV LQLWLDO LQSXW ZDWHU FKHPLO WMLV FIRP F§RODIFW
of 15% arsenopyrite in the stream water, 52 Mg per year will be the annual transportation rate of

dissolved As while the rate for 0.11% arsenopyrite is 0.39 Mg per year (see Table 7.6).

Ji's (2021) average 30 year dissolved As transportatioffroate/Vhitewood Creek
ranges from 3.89-0.33 Mg per year. Her range fits between the two arsenopyrite endmembers of
this project with a bias towards the lower end. Usiig{V  transportation rate, the average
rate of dissolved As will be about 0.014 (mg/l)/day and average arsenopyrite peroéntage
0.34% in the tailings (which is about 0.16% As). While the 15% endmember is most likely an
RYHUHVWLPDWH WKH ORZHU PDWFKHVY FORVHO\ WR -LTV
PDWFKHVY FORVHO\ WR 6RXWK 'DNRWD '"HSDUWPHQW RI +HDOW
0.35% As concentration in the tailings. Since the only source of As was from arsenopyrite in this
model, seeing the similar values from a statistical approach (Ji, 2021) and geochemicahapproa
(this investigation) may indicate that arsenopyrite dissolution into the stratanis a

significant source of dissolved As despite having low breakdown rates. However, it is mhporta
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to note that most of the arsenopyrite grains in the tailings to some degree have Fe (hydr)oxide

coatings where As can be also be stored (Horowitz and Kent, 1990).

It is important to layout other potential sources of dissolved As. If Rees and Ranville
(1988) are correct about the stream water colloids being mostly clays, these could bd potentia
sites to host As. Another possible source of As may be secondary As bearing phases occurring in
the tailings. Due to the alkaline and Ca rich nature of the soils of the Great Plamsgilie
possibly be secondary minerals composed oA€@: such as pharmacolite (Ca(HA§2H0),
weilite (CaHAsQ), andpicropharmacolite GauMg(AsOs) (HASO:0OH)2-11H0). In addition,

As(V) can substitute into common minerals such as calcite and gypsum, which are ubiquitous
the Whitewood Creek and Belle Fourche valleys and in the tailings. In addition to chemical
factors, biological factors such as microbes and organics have been observed in the stream
waters and tailings of the Cheyenne River Basin and can play an important role in controlling As

(Goddard, 1989; Fuller and Davis, 2003; Pfeifle et al., 2018; DeVore et al., 2019).

9.9. Transportation Rate of Suspended As in Whitewood Creek
The calculation of As in the suspended sediment shows that with an arsenopyrite

composition of 15% and a tailings thickness of 0.6 m, the As suspended sediment transportation

rate in Whitewood Creek would be 254 Mg per year and 2.54 Mg per year if the composition is
0.11%. If the tailings thickness was 3.5 m, then 15% arsenopyrite will have a rate of 59 Mg per

year while 0.11% will have a rate of 1.98 Mg per year. Arsenic value range from a tailing

thickness of 0.6 m is within the range Ji (2021) estimated for the 30 year annual total suspended

As range (33 to 70 Mg/yr) (see Table 7.8). Forthe S WK LFNQHVYV WKH XSSHU UDQJ
(2021) range but the lower eddfers by a couple of orders of magnitude. Using Ji's (2021)

estimated 30 year annual total suspended As range, if the thickness of the tailings wased.6 m, th
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arsenopyrite composition in the tailings will have a range between 3-1.9%. For a thickness of 3.5

m, the range will be between 3.9-2.5% (see Table 9.1). Overall, the range of values for

suspended As transportation based on different tailing thicknesses and arsenopyrite pgrcentage
ranges from 254t01.98J \HDU :KLOH -LYTV YDOXHVY DUH ZLWKLQ W
Mg/year) the range found in this investigation varies greatly. Using the same calculdtion wit

-LYV UDQJH DQG W Kitkn¥sbd3,Hha/azehopyid getc€nhtagéd/wdll range

from 3.9-1.%%6. These percentages are within the range used in this research (15-0.11%). The

values of South Dakota Department of Health (1960) and Noble (1950) who calculated As
concentration in the tailings (0.12% and 0.35% respectively) are within the As concentration

range in this research, 6.9-0.05% (multiplying the arsenopyrite concentration by 46%, which is

the As proportion in arsenopyrite). Since the values calculated in this investigaticmatosely

WR -LYV 6RXWK 'DNRWD "HSDUWPHQWTV, thissuggessG 1REO!
that there may be some appreciable suspended sediment As transportation in the form of

arsenopyrite.

9.10. Difference Between Dissolved and Suspended As Transportation
The difference between the calculated dissolved and suspended As transportation is to be

expected. There are two ways As can move out of Whitewood Creek and Belle Fourche River: 1.
In a dissolved phase where it can come from seep discharge into the stream from shallaw alluvi
aquifers where it is released from sediments. In addition, some of the dissolved As can come
from tailings in the creek bed. 2. In a suspended phase from sediment input due to bank erosion.
Ji (2021) observed that during times of high discharge or flooding, total and suspended As
concentration increases while dissolved values decrease. The reason for thisspdiieto i

high water levels reworking the alluvial sediments on the banks and floodplains and introducing
As enriched solids into the water. The increased load of particulates and solids ieaime str
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water dilutes the soluble As. In addition, the increase in flow velocity decreasssetéim water
residential time which lowers the dissolution rate of arsenopyrite. However, this tamd oc

during rapid precipitation/runoff events such as floods. Although somewhat contradictory, on the
Belle Fourche River, Marron (1987) observed that As concentration was greater in vertically
accreted overbank deposits adjacent to the river than the more distant and higher topographic
overbank deposits. The cause of this spatial difference is dilution of As-rich suspended load from
erosion and incorporation of clean alluvium during major flooding events where high flood water
and sediment can reach the higher topographic deposits. Seeing these trends thadicates
physical movements through fluvial actions like flooding and dilution of sediments are
significant controls on adding and reducing suspended As into the stream water. While physical
factors such as clean sediment dilution can control dissolved As concentrati@hsat is

controlled chemically. Low dissolved As concentration in the environment shows arsenapyrite i
in a relatively stable state and its breakdown products are low. However, Whitewood Creek wil
still slowly continue to transport dissolved and suspended As from the contaminatechsedime
due to breakdown of arsenopyrite, seasonal flushing of the tailings, and fluvial flooding and
erosion (Pfeifle et al., 2018, Fuller and Davis, 2003; and Goddard, 1989). It will remain within
Whitewood Creek for a long time and continue to gradually pollute As rich sediments

downstream for future generations.
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CHAPTER 10. CONCLUSION AND RECOMMENDATION

The following is the summarization of the main conclusions of the investigation gaalgite
listed in Chapter 1.

1. Identify and monitor floodplains with contaminated sediment and their erosion on
Whitewood Creek and the Belle Fourche River to identify future movement of

contaminated sediments and where bank stability can be developed.

The location and evolution of contaminated floodplains in Whitewood Creek and the Belle
Fourche River is very complex. In Whitewood Creek, areas with thick tailings are located above
the confluence of the Belle Fourche River (Reach 8) and below the town of Whitewood (Reach
2). One possible control on the thick tailings at Reach 8 is knickzone geomorphology where
there is a broad valley and storage for floodplain sediments. At Reach 2, multiple processes
could have resulted in the thick tailings storage such as transition from hard residtarentary
rocks to softer erosional shale and changes in stream energy from a steep narrow mountain
channel to a broad low gradient channel. Based on the GIS from this study, erosion of
contaminated sediments has been decreasing over time in Whitewood Creek with pegressi
removal of mining sediments, allowing the fluvial system to incise through the afiunto

shale bedrock. While erosion of contaminated sediments has been lower, they are stél in pla

and will slowly contaminate Whitewood Creek and downstream for multiple generations.

On the Belle Fourche River, areas with high tailings are about 7 km below the confluence with
Whitewood Creek (Reach 2) due to its close proximity and influx of tailings from Whitewood

Creek and high floodplain storage area. Reach 4-9 is in an area affected by rapid floodplain
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reworking from neotectonism from lineaments caused by weak zones in the underlying
Precambrian basement. As seen by changes in variation of contaminated floodplain widths, Belle
Fourche River undergoes more floodplain reworking than Whitewood Creek due to higher
frequency of floods, sediments from other streams, and local neotectonism. While contaminated
sediments from Whitewood Creek will continue to pollute the Belle Fourche River, fluvial
reworking will prevent the contaminated sediments from being static and will detheas

concentration of As due to mixing with uncontaminated sediments from upstream sources.

2. Model mineral saturation imcks in the waters of Whitewood Creek and Belle Fourche
River to see what minerals and As bearing minerals are thermodynamically prealicted t

precipitate.

The calculated mineral saturation indices of Whitewood Creek and Belle Fourche Rivesr wa
show that the only As mineral that is supersaturated 46AB&).. However, this mineral has

not been detected in nature before. Despite inconsistency of the water chemistrg,ahalyte
mineral saturation indices of Whitewood Creek and Belle Fourche River stream water have
similar saturation indices to each other (including the uncontaminated Location L) and differ by
only around 2-3 orders of magnitude. Minerals that are supersaturated are phyllosilioatgs (m
clays), Fe, Cu, and Al (hydr)oxides, and carbonates with minor sulfates and phosphates.
Compared to the seep water, the mineral saturation indices are lower by at theomodt10

orders of magnitude with the Fe based minerals showing the most change. This is reflective of
the different chemical conditions where the stream water is oxidizing and has pHbdsB)

and the seep water is reducing and has a neutral to slight acidic pH (~7).
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3. Model the daily release of dissolved and suspended As as a result of contaminated

sediment being added to the waters of Whitewood Creek.

The calculation for daily release of dissolved As from contaminated sediment added to the

waters of Whitewood Creek ranges from 52 to 0.39 Mg per year based on the range of possible
arsenopyrite concentrations in the contaminated sediment (15 to 0.110%). Ji HVWLPDWHG
daily release of dissolved As ranges from 3.89-0.33 Mg/year (based on statisticasaricdQs

\HDUV RI 86*6 GDWDVHWYVY LV ZLWKLQ WKH ORZHU HQG RI WKIL
average dissolving arsenopyrite concentration will be about 0.34%. For the daily release of
suspended As in the form of arsenopyrite based on tailings thickness in the range of 0.6-3.5 m

and arsenopyrite concentration (15 to 0.11%), the range is from 1.98 to 254 Mg per year. Despite
KDYLQJ D ODUJH UDQJH -LYV VXVSHQGH GitspmthiD O XH U D Q
WKLV UHVHDUFKTV FDOFXODWLRQV O6HHLQJ W&HRQLYWO WJIMW
analysis) and this investigation (based on the arsenopyrite geochemistry modelinggsritiaiat

arsenopyrite is to some degree significant in controlling As transportation in Whitewodd Cree

Recommendation for additional research

X Investigating As phases as well as chemistry and mineralogy within the suspended

sediments and colloids in the stream water.
x Detailed analysis of the tailings mineralogy, especially for the different types of sulfide

X The potential effect of river management on reaches where there are large areas of

tailings such as structures to stabilize the banks.
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X Set up surface water and groundwater quality stations or assessments to monitor the
transportation of As, especially after anthropogenic impacts and shifts (such as reworking

contaminated floodplains) in the region.
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Chapter 5. £Tables

TABLES

Table 5.1.Redox potential and average additional species concentration add¢€20@1)iwater

chemistry.
Locations Redox USGS HCOs | HPO#? ClI-(mg/l) | K*
Potential | Gaging (mg/l) | (mg/l) (magll))
(Eh, mV) | Station
Locations E, F, G| 155 Whitewood | 154 0.4337 27 10
(Stream) Creek Above
Whitewood
Locations H 161 Whitewood | 218 0.0418 28 10 (no
(Stream), 1, J Creek Above values in
Vale Vale)
Location K 161 (none| Belle 197 0.061 24.15 9.1
in Fourche
Sturgis) | River near
Sturgis
Location L 161 - - - - -
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Table 5.2.Parameters for modeling the kinetic dissolution of arsenopyrite ACRE

Parameters Value

Surface Area (cAfg) 33

Dissolution Rate Constant (mol/éfs) 1.0e-14

Amount of Arsenopyrite 0.11% and 15%

Rate Law Equation Built in (see Equation 5.3)

a. From Ji (2021)
b. From Wang et al. (2018)
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Chapter 7.- Tables

Table 7.1.Mineral Saturation Indices for Whitewood Creek Mountain Locatiédn®j.

Category Mineral Formula Log Q/K
(Supersaturated
Only)
Nontronite | (CaQy.s,Na).sFe**2(Si,Al)4010(OH)2-nH20 | 19.3-17.3
Clinochlore | MgsAl(AISi 3010)(OH)s 8.3-2.22
Saponite Ca.29dMg,Fe)((Si,Al)4010)(OH»-n(H0) | 7.83-4.38
Clays Talc Mg3SisO10(OH)2 6.81-4.54
Beidellite (CaQy.5,Nay.3Al2(Si,Al)4010(OH)2-nHO | 4.77-0.76
Ripidolite (Mg, Fe,Al)s(Si,Al)4010(OH)s 4.63-0.02
Sepiolite Mg4SisO15(OH)2- 6 H.0 4.52-1.61
Kaolinite Al 2(Si205)(OH)4 4.11-2
Daphnité (Mg, Fe)k, (Fe,Alx(Si,Al)4010(OH)s 1.35
Hematite FexOs 14.9-14.2
Delafossite | CuFeQ 14.2-13
Oxides and | Goethite -Fe*O(OH) 6.98-6.64
Hydroxides Fe(OH) 2.52-2.18
Gibbsite Al(OH)3 1.23-0.35
Tenorite CuO 0.6-0.19
Sulfates Barite BaSQ 0.84-0.72
Quarz SiO, 0.6-0.43
Silica
Chalcedony| SiO, 0.32-0.15
Arsenate Bag(AsOs)2 10.9-9.56

a: found only at Location A
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Table 7.2.Mineral Saturation Indices for Whitewood Creek Great Plaotsations (EH).

Category Mineral Formula Log Q/K
(Supersaturated
Only)
Nontronite | (CaQy.s,Na).sFe3*>(Si,Al)4010(OH)2: nHO 17.5-15.6
Saponite Ca.25Mg,Fe)((Si,Al)4010)(OHY-n(H20) 7.06-3.38
Clinochlore | MgsAI(AlSi 3010)(OH)s 7-2.59
Clays Talc Mg3SisO10(OH). 6.09-3.88
[llite Ko.65Al 2.0(Al 0.65513.35010) (OH)2 3.9-1.72
Smectite- | Nao.15Ca.0K0.2Mgo.9Fen.45Al 1.25513.75010(OH), | 3.75-2.12
low-Fe- Mg
Smectite- | Nap.1Ca.02K0.2Mg1.157€.7Al 1.25513.5010(OH)2 | 3.58-1.77
high-Fe-Mg
Sepiolite Mg4SigO15(OH)2: 6 H.0 3.57-0.57
Ripidolitet | (Mg,Fe,Als(Si,Al)4010(OH)s 3.32-2.89
Beidellite (CaQy.5,Na).3Al 2(Si,Al)4010(OH)2- nH20 3.03-0.16
Kaolinite Al 2(Si20s5)(OH)4 2.89-1.13
Oxides and | Delafossite | CuFeQ 14.1-12.9
Hydroxides | Hematite FeOs 13.9-12.9
Goethite .-Fe3*O(OH) 6.48-6
Fe(OH} 2.11-1.53
Gibbsitet Al(OH)3 0.85-0.31
Tenorite CuO 0.76-0.09
Dolomite CaMg(CQ)2 3.52-1.21
Carbonates | Huntite CaM@(COs)4 1.35-0.82
Calcite Ca(CQ) 1.31-1.01
Magnesité | Mg(CQs) 0.58-0.13
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Table 7.2.Mineral Saturation Indices for Whitewood Creek Great Plaowations (EH).

Category Mineral Formula Log Q/K
(Supersaturated
Only)
Carbonates Malachite Cw(CO3)(OH), | 0.009
Rhodocrosite Mn(CQg) 0.009
Sulfates Barite BaSQ 0.76-0.4
Phosphates Hydroxyapatite | Cas(PQy)30OH 12.6-12.1
MnHPQy9 0.53-0.26
Quartz SIO 0.42-0.19
Silica
Chalcedony SiCz 0.14-0.08
Arsenate Bag(AsOy)2° 10.5-9.1

a: not found at Location F

b: not found at Location E

c: not found at Location H

d: Location G only
e: Location H only
f: Location E and H only

g: Location F and H only
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Table 7.3.Mineral Saturation Indices for Belle Fourche River Locations (tiond-K).

Category Mineral Formula Log Q/K
(Supersaturated
Only)
Nontronite (CaQys,Na).sFe3*(Si,Al)4010(OH)2: nH,O 17.4-16.3
Clinochlore | MgsAI(AlSi 3010)(OH)s 6.19-1.62
Saponite Ca.25dMg,Fe)((Si,Al)4010)(OH}»-n(H20) 5.34-3.63
Clays Talc Mg3SisO10(OH), 4.11-3.8
Ripidolite (Mg,Fe,Al)s(Si,Al)4010(OH)s 4.04-0.22
lllite Ko.65Al 2.o[Al 0.65513.35010](OH)2 3.61-3.11
Smectite-low-| Nao.15Ca.0Ko0.2Mgo.oFep.45Al 1.25513.75010(OH). | 3.51-3.2
Fe- Mg
Smectite- Nao.15C&0.040.2Mgo.oF&0.45Al 1.255i3.75010(0H)2 | 3.49-3.11
high-Fe- Mg
Beidellite (CaQy.5,Na).3Al 2(Si,Al)4010(OH)2- nH20 2.9-1.07
Kaolinite Al 2(Si205)(OH)4 2.89-2.41
Sepiolite Mg4SieO15(OH)2- 6 H.0 0.68-0.29
Daphnité (Mg,Fe),(Fe,Al)x(Si,Al)4010(OH)s 0.29-0.09
Hematite FexOs 14.4-14
Delafossite | CuFeQ 13.5-13.1
Oxides and | Goethite .-Fe$*O(0OH) 6.7-6.5
Hydroxides
Fe(OH) 2.34-2.13
Gibbsite Al(OH)3 1-0.73
Tenoritet CuO 0.04
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Table 7.3. Mineral Saturation Indices for Belle Fourche River Locations gtioa 1K).

Category Mineral Formula Log Q/K
(Supersaturated
Only)
Carbonates Dolomite CaMg(CQ)2 3.17-1.58
Calcite Ca(CQ) 1.24-1.23
Huntite CaM@(COs)4 0.51-0.32
Magnesite Mg(CQs) 0.33-0.27
Sulfates Barite BaSQ 0.47-0.27
Phosphates Hydroxyapatite Cas(PQy)30OH 13.3-10.9
Quarz Sio. 0.27-0.18
Silica

a: Location | only

b: not found at Location J
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Table 7.4.Mineral Saturation for Location L (Belle Fourche River above WhieiCreek confluence).

Category Mineral Formula Log Q/K
(Supersaturated
Only)
Nontronite (CaQy.s,Na).sFe**(Si,Al)4010(OH)2:nHO | 18-17.5
Clinochlore MgsAI(AISi 3010)(OH)s 5.41-2.02
Saponite Ca.2dMg,FeX((Si,Al)2010)(OHy-n(H.0) | 5.19-3.89
Clays
Ripidolite (Mg, Fe,Al)(Si,Al)4010(OH)s 4.06-0.67
Talc Mg3SisO10(OH)2 4
Beidellite (Cay.5,Na).sAl2(Si,Al)4010(OH)2:-nH2O | 3.53-2.22
Kaolinite Al 2(Si205)(OH)4 3.28
Daphnite (Mg,Fe),(Fe,Al)x(Si,Al)4010(OH)s 1.3
Sepiolite Mg4SisO15(0OH)2- 6 H.O 0.68
Hematite FeOs 14.5
Delafossite CuFeQ 13.6
Oxides and | Goethite .-Fe3*O(0OH) 6.79
Hydroxides Fe(OH} 2.39
Gibbsite Al(OH)3 1.04
Tenorite CuO 0.06
Sulfates Barite BaSQ 0.62
Quarz SiO, 0.36
Silica
Chalcedony SiO; 0.08
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Table 7.5.Mineral Saturation Indices for Seep Locations (Locations B,)G, H

Category Mineral Formula Log Q/K
(Supersaturated
Only)
Nontronite (CaQy.s,Na).sFe3*(Si,Al)4010(OH)2: nHO | 11.1-7.49
Beidellite (CaGy.s,Na).3Al2(Si,Al)4010(OH)2:nHO | 5.22-1.36
Kaolinite Al 2(Si20s)(OH)4 4.92-2.54
Clays
Daphniteé (Mg,Fe),(Fe,Al)x(Si,Al)4010(OH)s 2.16-1.91
Chamosite (Fe?*,Mg,Al,Fe3*)e(Si,Al)4010(OH, Ok 0.91-0.09
Sepiolite Mg4SisO15(OH)2- 6 H0 0.68
Saponite Ca.2dMg,FeX((Si,Al)24010)(OH)-n(H.0) | 0.63-0.1
Oxides and Delafossite CuFeQ 13.3-11.6
Hydroxides Hematite FeOs 6.82-6.11
Goethite .-Fe3*O(OH) 2.95-2.69
Gibbsite Al(OH)s 1.78-0.62
Boehmité AIO(OH) 0.18
Sulfates Barite BaSQ 0.69-0.25
Quarz SIO, 0.78-0.42
Silica
Chalcedony SIO 0.5-0.16
Arsenates Baz(AsQy)2° 5.01

a: Location H only

b: Location G only

c: not at Location G
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Table 7.6.Results from average transportation rate of dissolved As catiulatMWhitewood Creek.

Weight Percentage of 15% 0.11%
arsenopyrite

Annual dissolved As AU AU
transportation rate 52 igOa 0.39 igOa
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Table 7.7.Results from average transportation rate of As in suspended sediriénitewood Creek.

Weight Percentage of 15% 0.11%

arsenopyrite

Tailing thickess = 0.6 m AU /£ U
254i®©é 2541@0&

Tailing thickness= 3.5 m AU /£ U
1981@@5 1'981®C)é
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Chapter 8. - Tables

Table 8.1.Whitewood Creek Rcorrelation of changes in fluvial parameters in the period 1948-2012.

Yellow highlights are significant based on Equation 6.1.

Sinuosity
Contaminated
Floodplain
Widths

Sinuosity | Contaminated

0.2013

Floodplain
Widths

Contaminated
Floodplain
Widths
Variation

Contaminated
Sediment
Area

Contaminated
Removed
Area

Channel
Migration

Total
Sediment
Depositional
Area

Contaminated
Floodplain
Widths
Variation

0.027

Contaminated
Sediment
Area

0.0084

Contaminated
Removed
Area

0.086%

Channel
Migration

0.1954

Total
Sediment
Depositional

Area

0.2522*

* Pairs are negatively correlated
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Table 8.2.Whitewood Creek Rcorrelation of changes in fluvial parameters in the period 1977-2012.
Yellow highlights are significant based on Equation 6.1.

Sinuosity| Contaminateqd Contaminated Contaminated Contaminated Channel | Total

Floodplain Floodplain Sediment Removed Migration | Sediment
Widths Widths Area Area Depositional
Variation Area

Sinuosity
Contaminated 0.4673
Floodplain
Widths

Contaminated 0.0992
Floodplain
Widths

Variation
Contaminated 0.0025
Sediment
Area

Contaminated 0.1533*
Removed
Area

Channel 0.092* 0.0093* 0.0053*
Migration

0.0107 0.0091*

Total 0.1973* | 0.0216* 8E-05*
Sediment
Depositional
Area

* Pairs are negatively correlated
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Table 8.3.Belle Fourche River Rcorrelation of changes in fluvial parameters in the period 1948-2012.
Yellow highlights are significant based on Equation 6.1.

Sinuosity| Contaminated Contaminated Contaminated Contaminated Channel | Total
Floodplain Floodplain Sediment Removed Migration | Sediment
Widths Widths Area Area Depositional
Variation Area
Sinuosit
Contaminated
Floodplain
Widths
Contaminated | 0.2187
Floodplain
Widths
Variation

Contaminated | 0.0537
Sediment Area|
Contaminated | 0.0049
Removed Areq
Channel 0.1139
Migration
Total 0.0296
Sediment
Depositional
Area

* Pairs are negatively correlated
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Table 8.4.Belle Fourche River Rcorrelation of changes in fluvial parameters in the period 1977-2012.
Yellow highlightsare significant based on Equation 6.1.

Contaminated
Floodplain
Widths

Sinuosity | Contaminated

Floodplain
Widths

Contaminated
Floodplain
Widths
Variation

Contaminated
Sediment Areq

Contaminated
Removed
Area

Channel
Migration

Total
Sediment
Depositional
Area

Contaminated
Floodplain
Widths
Variation

0.0227

Contaminated
Sediment
Area

0.0326

Contaminated
Removed
Area

0.0379

Channel
Migration

0.4201

Total
Sediment
Depositional

Area

0.0116

* Pairs are negatively correlated

125




Chapter 9. - Tables

Table 9.1.Arsenopyrite weight percentage usingt TV 30 year As suspended sediment
transportation rate based on calculations from Chapter 5.5 in GesttyeMethods.

Suspended As Transportatiq 3 /U 7 /AU
rate ig04& ig0a
Tailing height = 0.6 m 1.9% 3%,
Tailing height = 3.5 m 2.5% 3.9%
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Figure 1.1.As Eh-pH diagramRed square represents zone of effective As removal with éserpre of
Fe from Jacks (2017). Around the right edge of the square is theopairo charge for Fe (hydr)oxides
where adsorbing decreases. Most Fe oxyhydroxides have a point of zge ichizne pH range from 7.5
to 8.5 (Stumm, 1992).
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Chapter 2. - Figures

REGIONAL LOCATION MAP

L
BELLE FOURCHE

SOUTH DAKOTA

| BLACK HILLS

mreneTaTe
. RAPID CITY

Figure 2.1.Regional location of the study aré®ed Star is the location of the Homestake Gold Mine,
yellow lines are reaches that are described in this projextifidd from Cherry et al. (1986).

128



r

_ BEILLE FOVACHE RIVER
LLE FOURCHL OREFERENCE

SHEELER A\ HARR
—— g,f\a
2z

REOWATER RIVER

5
A
N
LCOw onee
= =
sruunsn fl
\___INTERSTATE 90 __ \ CERCLA
——— — 18 MILE STUDY AREA
writEwoop |
SPEARF ISH CREEX p)

e~
B

d iat

- =
SR / DEADWOOD N

ocmw,oco cr /
& AD
S/’o&o . MOMESTAKE MINE & MILL d
TERAY PEAK / \
7084 \\ ../emuu GULCH
" WHITEWOOD CR RETAILED
wnnna_u).ea ? O STUDY SITE
LW, (v X °
\ 2 / [3 10 miles
. \/

Figure 2.2.Detailed view of the Whitewood Creek valley and the WhitewoodlC&perfund site
Yellow highlight is the superfund site area, green highlight is Wioitel\Creek, dashed lines around
Whitewood Creek is its delineated drainage basin. Modified froer et al. (1986) and Ji (2021).
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Figure 2.3.Aerial photo of the Homestake Gold Miérca 2020. From
https://www.lonelyplanet.com/news/smithsonian-channel-aerial-amteeese pisodes-online
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Figure 2.4.Aerial photograph of the town of Lead, Homestake Gold Mine, yriznich tailings
impoundment, and Whitewood Cre#kwing to the northeast (from Google Earth).
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Figure 2.5.Sequential extraction system performed by Ji (2021) with extraétaméesidency, bond
strength, and rate of As mobility. Percentages are resotistfre extraction. Modified from Ji and Ridley
(2013).
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Chapter 3. - Figures
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Figure 3.1.0Overview of the erosional/knickzone fronts in the Black Hills Redfiat were described by
Zaprowski et al. (2001). The red dashed line represents the uppgis ont and the green represents
the lower Farmingdale front. Yellow highlight is Whitewood Creek grashdighlight is Belle Fourche
River approximately within the project area. Modified from Zaproveskil. (2001).
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Peak Discharge from 1946-2022 on the Belle Fourche River nea
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Figure 3.2.Hydrograph showing peak discharge from 1946 to 2022 on the Belle Fourchen&avehe
village of Volunteer. Data came from USGS gaging station, B@lleche River near Sturgis, SD
(https://waterdata.usgs.gov/nwis/uv/?site_no=0643).000
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https://waterdata.usgs.gov/nwis/uv/?site_no=06437000
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. Lineament, Shurr, 1979 \ Lineament, Peter et al, 1988

Figure 3.3.Map of the Belle Fourche and Cheyenne River basins east ofabk Bills showing where
basement rock lineaments occur from Shurr (1979) and Peter¥1&8) {vith respect to bedrock
geology (Darton, 1951). Notice how the study area portion of the Bellel&o(red circle) goes through
one of Peter et al. (1988) lineaments. Shaded area withinr¢he isithe discontinuity described by
Gomez and Marron (1991). Modified from Gomez and Marron (1991).
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Figure 3.4.View of Whitewood Creek at 194th Street bridge (on Reach Tigeee 4.2)
looking to the north (Photograph by Charles Mairr)
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1 Miles

Figure 3.5.View of Whitewood Creek 3 km north of Whitewood at Reach 2 (sgparé-4.2). Left photo
is the creek from 1952 and the right is from 2012. Magenta line E62 main channel from the top
photo and blue line is the 2012 channel. Notice the high sediment acdomataund Whitewood Creek
during 1952. Most of the sediment is covered by vegetation by 2012.
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Figure 3.6.View of Whitewood Creek about 5 km upstream from the Belle auRiver confluence at
Reach 8 (see map from Figure 4.2). Left photo is the creek1f@#® and the right is from 2012.
Magenta line is the 1948 main channel from the top photo and blus line 2012 channel.
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Figure 3.7.View of Whitewood Creek from the Vale Cutoff Road (Reacte®,Bigure 4.2) looking to
the northeast. Note the high incision into the shale bedrock (grayesgtditithe bottom of the cutbank).
Height is approximately 15 feet (~4 m) (by eye) (Photograph by Charlg$. Ma
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Figure 3.8.Whitewood Creek at around the Location G (see Figure 5.1) wiggr
lateral erosion occurs in the cutbanks. From Ji (2021).
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1 Miles|

Figure 3.9.Aerial photographs of Whitewood Creek showing the abandonment of a méatadeen

1948 to 2012The road that crosses the creek isS#eet (Reach 7, see Figure 4.2). A is from 1948, B
is from 1977, and C is from 2012. Magenta line is the 1948 channelwlike is 1977 channel, and blue
line is 2012 channel.
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Figure 3.10.View of the Belle Fourche River near Highway 34 and the villagéotinteer looking to
the northwest (Reach 10, see Figure 4.3) (Photograph by Charlgs Mar
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Figure 3.11.View of the possible uncontaminated (lower buff colored sedimentlageel by possible
contaminated sediment (darker red colored sediment) looking north frofSt@et bridge (Reach 7, see
Figure 4.2). (Photograph by Charles Marr).
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Figure 3.12.Auriferous sulfidic chlorite schist from the Homestake Formatigerk green material is
composed of chamosite chlorite. Metallic lustered areasoanpased of pyrrhotite and arsenopyrite.
JURP -DPHV 6W -RKQTV )OLFNU DFFRXQW
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Chapter 4. - Figures

Figure 4.1.Workflow process of digitizing contaminated floodplains and their reingsiag a section of
the Belle Fourche River (Reach 2, see Figure 4.3) for examethe 2012 NAIP aerial photo (blue line
is 2012 channel). B is from the 1948 aerial photograph (magenta line isli®&48el). C is the 1948
aerial photograph overlayed by EMAL1972) tailings (black polygon). D is the digitized tailings (red
polygons). E is the digitized tailings overlaying the 2012 aerial phototeétR012 channel (blue line). F
shows the portions of the tailings that have been eroded away (yellpgops) from the 2012 channel
migration.
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Figure 4.2.The location of Whitewood Creek reaches that were creatediscstudy.
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Figure 4.3.The location of Belle Fourche River reaches that wereexnidat this study.
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Chapter 5. tFigures
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Figure 5.1.Regional map of Whitewood Creek and Belle Fourche River with thédaoaf Ji (2021)

sample sites.
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As concentration for each location
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Log (As concentration (mg/l))

0.001 *
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Location

—=@-—Stream @ Seep =—=@=EPA MCL for As
Figure 5.2.Arsenic concentration for stream (orange line) and seep visdtier goints) for each location

from Ji (2021) fieldwork Green line is the EPA maximum contaminated level (MCLA®IN drinking
water (0.01 ppm).
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Dissolved Oxygen Concentration for Stream and Seep Water
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Figure 5.3.Dissolved oxygen concentration levels of stream and seep watacfofaeation from Ji

(2021).
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pH level for Stream and Seep Water
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Figure 5.4. pH levels of stream and seep water for each location fr¢@02a1).
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Figure 5.5.Arsenic Eh-pH diagram. Red square represents zone of eff@stingamoval (i.e. adsorption)
with the presence of Fe from Jacks (2017). Green square isrtheafjarea where Whitewood Creek
(Location F-H) and Belle Fourche River (Location I-K) streantengare. Blue square is the general area
where the waters from the seeps of Whitewood Creek valuéisoation B, G, H). The pH values of the
ER[HV FDPH IURP -LfV valuell @ e e watet HoX s from USGS gage
stations (see Table 5.1) and the seep water box is from Goddard (@88W¥ualo (1986). As mentioned

in Figure 1.1, around the right edge of the red square is the point ateege for Fe (hydr)oxides where
adsorbing decreases (Stumm, 1992)
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Figure 5.6.Parameters calculated from initial condition from REACT wlaltton at Location F. The
mineral mass (red underline) is used to calculate the densityspénded arsenopyrite in the stream
bottom assuming that there is 0.11% arsenopyrite in the tailings.
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Figure 5.7.Conceptual illustration of the mine tailings interacting withhjidrology and geology of
Whitewood Creek. Arrows are pathways of water circulatioacBdots in the stream represent
suspended sediments. Parabolic flow underneath the stream bottesergpthyporheic flow (Boana et
al., 2014). Modified from Cherry et al. (1986).
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Figure 5.8.Example ofAs concentration dissolving into the stream water from arsenopyrgeldi®n

in two days from REACT calculation at Location F. The initi@hcentrations are the measured levels
from Ji (2021) The slope of the best fit line is the concentration of solublégl) per day. Top graph
is assuming an arsenopyrite concentration of 15% and the bottom grapteass11% (see Appendix 7-
16 and 7-17 for plots for Location G andl. H
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Chapter 6. - Figures

2012 Sinuosity index of Whitewood
Creek
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Figure 6.1 Sinuosity index for each reach at Whitewood Creek using the 2012ethann
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Figure 6.2. / RQJLWXGLQDO SURILOH R :#dm/WhikeRd&GtosBElld Honrghe RiveD F K HV
confluence. Moving average was used to smooth grapbut 6926 points were averaged in the moving
average. Black circle portion is approximately location of Zapkoefsal. (2001) Farmington Front

knickzone (see Figure 3.1).

157



Contaminated Floodplain Widths
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Figure 6.3.Contaminated floodplain widths at WhitewoGdeek reaches. Blue line represents the 1948
contaminated sediment and orange line is for 1977. Percentages difeetkace between the larger
value and smaller value divided by the larger value for eackatigp reach.
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1948 Contaminated Floodplain Width
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Figure 6.4.Contaminated floodplain widths and their variation (standard deviatdWhitewood Creek
reachesPercentages are the difference between the larger valsenatidr value of the standard
deviation divided by the larger value for each respective reaghd&t deviation was calculated through
ArcMap.
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Contaminated Sediment Area
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Figure 6.5.Distribution of contaminated sediment area and Whitewood CreekagaBlue line
represents the 1948 contaminated sediment and orange line is for 1@éntdgs are the difference
between the larger value and smaller value divided by the laryer fea each respective reach.
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Contaminated Sediment Removed
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Figure 6.6.Contaminated sediment removed area at Whitewood Creek reBtiedine represents the
1948 to 2012 contaminated sediment removal period and orange line is for 2822 toontaminated
sediment removal period. Percentages are the difference betveckarger value and smaller value
divided by the larger value for each respective reach.
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Figure 6.7.Result plot from GIS method of the channel migration at WhitewoedlOreachesBlue line
represents the 1948 to 2012 channel migration and orange line is for 1977 tB@@&htages are the
difference between the larger value and smaller value divid&aelgrger value for each respective

reach.
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Total Sediment Depositition Area
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Figure 6.8.Result plot from GIS method of total sediment deposition arééh#ewood Creek reaches
Blue line represents the 1948 to 2012 total sediment gained areeaage line is for 1977 to 2012.
Percentages are the difference between the larger value alfet sadae divided by the larger value for
each respective reach.
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Figure 6.9.Sinuosity index for each reach at Belle Fourche River using theck@tiel.
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Figure 6.10.Longitudinal Profile of Belle Fourche River from the Whitewood Creahkfluence to the
village of Volunteer. Moving average was used to smooth graph. About 1122 weire averaged in
the moving average. Between the two black circles is the apprexlowation of the discontinuity from

neotectonics discussed by Gomez and Marron (1991).
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Belle Fourche River Contaminated
Floodplain Width
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Figure 6.11.Contaminated floodplain widths at Belle Fourche River readiag line represents the
1948 contaminated sediment and orange line is for 1977. Percentatiesdifierence between the
larger value and smaller value divided by the larger value &@r espective reach.
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1948 Contaminated Floodplain Width Variation
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Figure 6.12.Contaminated floodplain widths and their variation (standard deviaid®glle Fourche
River reachesPercentages are the difference between the larger value altersralue of the standard
deviation divided by the larger value for each respective reach.
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Contaminated Sediment Area
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Figure 6.13.Result plot from GIS method of the distribution of contaminated sadtiarea and Belle
Fourche reache8lue line represents the 1948 contaminated sediment and orange ¢in&93'7.
Percentages are the difference between the larger value alief sadae divided by the larger value for
each respective reach.
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Contaminated Sediment Removed Area
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Figure 6.14.Result plot from GIS method of the contaminated sediment remogadtBelle Fourche
River reaches. Blue line represents the 1948 to 2012 contaminate@sednd orange line is for 1977 to
2012. Percentages are the difference between the larger valsmaltet value divided by the larger
value for each respective reach.
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Figure 6.15.Result plot from GIS method of channel migration at Belle Fouraher Reaches. Blue line
represents the 1948 to 2012 contaminated sediment and orange line is far 20¥Z. tPercentages are

the difference between the larger value and smaller value dibidduk larger value for each respective
reach.
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Figure 6.16.Total sediment deposition area at Belle Fourche River reaBhesline represents the 1948
to 2012 contaminated sediment and orange line is for 1977 to 2012. Persemtate difference
between the larger value and smaller value divided by ther teadige between the two years for each
respective reach.

171



Chapter 8. tFigures
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Figure 8.1.Comparison of different parameters plots in Whitewood Creele,Natthe contaminated
floodplain width plots, the error bars with overlaying numbers are std@aiations (variation) of the
floodplain widths. See Figure 4.2 for location of each reach inaWbibd Creek.
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Figure 8.2. & RPSDULVRQ RI :KLWHZRRG &UHHNTV FRQWD R D@DIUHIG L\OHHG L
The blue line is the 1948 contaminated sediment area, orange line isat@&@minated sediment area,

green line is 2012 contaminated ardkhkHG OLQH LV :KLWHZRRG &UHHNIYVRZWUHDP S
is pointing towards a potential knickzone (Farmington front) describecjpsodski et al. (2001).
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Figure 8.3.Comparison of different parameters plots in Belle Fourche RiNete, on the contaminated
floodplain width plots, the error bars with overlaying numbers are sthéaiations (variation) of the
floodplain widths. See Figure 4.3 for location of each reach ile Belurche River.
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Figure 8.4. & RPSDULVRQ RI % HOOH )RXUFKH 5LYHU®OR G RQVKIGALQIODON 8GRV
Blue line is 1948 contaminated sediment area, orange line is 19Aamioated sediment area, green line

is 2012 contaminated sedimenta®@ G UHG OLQH LV % HOOH )RXUM¢tedL YHUTV OR
the two black circles is the approximate location of the chansebuiinuity caused by neotectonics

discussed by Gomez and Marron (1991).
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APPENDICES

Appendix 5-1. Field parameters collected of in-stream and seep watgisa in Whitewood Creek and
Belle Fourche River from Ji (2021).

oH Dissolved Oxygen Coizﬁgi[gf]ce Water
Location (mg/L) (uS/cm) Temperature (°C)
Stream Seep Stream Seep Stream Seep Stream Seep
A 8.5 6.3 568 17.9
B 8.7 7 5.5 0.2 514 8,010 18.4 13.8
C 8.7 6.1 1,145 18.4
D 8.5 5.7 1,288 17.2
g E 8.6 5.14 1,171 17.5
= F 8.3 5.33 1,276 17.5
G 8.4 7.6 5.96 1.84 1,270 1,373 18.6 14.5
H 8.3 6.9 5.33 3.38 1,459 3,580 26.8 27.6
| 8.1 4.56 1,472 27.7
. J 8.2 4.83 1,535 27
% K 8.2 5.73 1,574 28
L 8.2 5.34 1,465 24.1
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Appendix 5-3. Mineralogy of mine tailing and their respective mineral masgeight percentage.
Formulas are from the database*dfi RFKHPLVWV :RUNEHQFK

Mineral Formula W1t % (100 times
kilogram kilogram
solution)

Kaolinite AlSi,O5(OH)4 3

Quartz SIO 83

Hematite FexOs 2.F

Dolomite CaMg(CQ)2 10

Siderite FeCQ 1

Calcite CaCQ 10

Smectite-high-e-Mg Nao.1Cap.25K 2Mg1.1596n.7Al 1.25Si3.5010(OH)2 | 120

Clinochlore (Clinochl- MgsAl 2Siz010(OH)s 5b%

14A)

llite Ko.6Mgo.25Al 2 3Siz s010(OH)2 5b

Albite NaAISizOg gbs

Anthophyllite Mg7SigO22(OH)2 8h$

Diopside CaMgSpOe 10

Gypsum CaSQ:2H,0 5.2

a. Average % from mineralogy observation by Ji (2021)
b. Mean wt% from Goddard (1989)
x *: Actual value is < 1%, may be overestimate
x $: Albite represents all feldspars and anthophyllite represérisphiboles.
X % clinochlore represents all chlorite minerals
c. Approximate wt % from Cherry et al. (1984)
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Appendix 5-4. Mean mineral composition for the Pierre Shale. From Schauliz (1980) found through
X-ray methodsThe top table is the general composition of the shale and the bokilenstéhe
composition of the clay mineral fraction.

Mineral Composition (%)
Clay minerals 53

Quartz 24

Cristobalite 1

Potassium feldspar 1

Plagioclase 6

Calcite 5

Dolomite 4

Organic matter 1

Gypsum, jarosite, pyrite, zeolites, augite, sideri| Trace

Fe-Mn oxides

Clay mineral fraction Composition (%)
Mixed layered illite-smectite 70

lllite 16

Chlorite 3

Kaolinite 1
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Appendix 5-5. Temperature of stream and seep water for each location reddsudi (2021).

Temperature for Stream and Seep Water
30

N
ol

N
o

Temperature (Celsius)
= =
o ol
e

A B C D E F G H | J K
Locations
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Appendix 6-1.1948 Whitewood Creek statistics of fluvial parameters for Réabh based on statistical
analysis from ArcMap. Statistical parameters include numbpolgbons (count), sum, mean, and
standard deviation.

Parameter Count Sum Mean Standard
Deviation

Contaminated | 155 1132024 7303 11361

Area (n?)

Contaminated | 141 277740 1970 2484

Area Removed

(m?)

Channel 351 1078093 28 6.75

Migration (m)

Floodplain 154 8555 56 32

Width (m)

Total Sediment{ 393 844643 2149 3131

Deposition

Area(m?)
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Appendix 6-2.1977 Whitewood Creek statistics of fluvial parameters for Réath based on statistical
analysis from ArcMap. Statistical parameters include nhumbpolgfons (count), sum, mean, and
standard deviation.

Parameter Count Sum Mean Standard
Deviation

Contaminated | 100 801157 8012 11077

Area (n?)

Contaminated | 67 85744 1280 1747

Area Removed

(m?)

Channel 288 571312 15 4.28

Migration (m)

Floodplain 96 5478 57 35

Width (m)

Total Sedimen{ 318 542202 1705 3094

Deposition

Area(m?)
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Appendix 6-3. (3$ TV KLWHZRRG &UHHN VWédihert avea Fov RRAcCHFIRIQ WD PL QL
based on statistical analysis from ArcMap. Statisticapaters include number of polygons (count),
sum, mean, and standard deviation.

Parameter Count Sum Mean Standard
Deviation

Contaminated | 43 8810496 204895 179585

Area (fB)

(m?) 43 818522 19035 16684
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Appendix 6-4.1948 Belle Fourche River statistics of fluvial parameters facRd.-10 based on
statistical analysis from ArcMap. Statistical parangeteclude number of polygons (count), sum, mean,
and standard deviation.

Parameter Count Sum Mean Standard
Deviation

Contaminated | 141 3368349 23889 29374

Area (n¥)

Contaminated | 115 237556 2066 3340

Area Removed

(m?)

Channel 212 1471623 20 7.75

Migration (m)

Floodplain 136 11345 83 110

Width (m)

Total Sediment 224 2576607 11503 12615

Deposition

Area(m?)
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Appendix 6-5.1977 Belle Fourche River statistics of fluvial parameters facRéd.-7 based on statistical
analysis from ArcMap. Statistical parameters include numbpolgbons (count), sum, mean, and
standard deviation.

Parameter Count Sum Mean Standard
Deviation

Contaminated | 69 1637194 23727 18041

Area (n?¥)

Contaminated | 84 136692 1627 2785

Area Removed

(m?)

Channel 141 917590 12 6.50

Migration (m)

Floodplain 68 4625 68 44

Width (m)

Total Sedimenl 224 2576607 11503 12615

Deposition

Area(m?)
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Appendix 6-6. (3 $ T ¥972) Belle Fourche River statistics of contaminated sedimenfar&sach 1-7
based on statistical analysis from ArcMap. Statisticapaters include number of polygons (count),
sum, mean, and standard deviation.

Parameter Count Sum Mean Standard
Deviation

Contaminated | 81 20626370 254647 269997

Area (f©)

(m?) - 1916300 23657 25084
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Appendix 6-7. (3$ TV %HOOH )RXUFKH 5LYHU V WDQWW \DW HREV-I R U FRHDOW B
10 based on statistical analysis from ArcMap. Statisticamaters include number of polygons (count),
sum, mean, and standard deviation.

Parameter Count Sum Mean Standard
Deviation

Contaminated | 116 29966970 258336 264745

Area (fB)

(m?) - 2784000 24000 24596
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Appendix 7-1. Mineral saturation indices of stream water calculated ByRFKHPLVW Vat: RUNEHQFK
Location A (Whitetail Creek).
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Appendix 7-2. Mineral saturation indices of stream water calculated ByRFKHPLVW Vat: RUNEHQFK
Location B.
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Appendix 7-3.Mineral saturation indices of seep water calculated ByRFKHPLVW {Vat: RUNEHQFK
Location B.
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Appendix 7-4. Mineral saturation indices of stream water calculated ByRFKHPLVW Vat: RUNEHQFK
Location C.
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Appendix 7-5. Mineral saturation indices of stream water calculated ByRFKHPLVW Vat: RUNEHQFK
Location D.
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Appendix 7-6. Mineral saturation indices of stream water calculated ByRFKHPLVW Vat: RUNEHQFK
Location E.
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Appendix 7-7. Mineral saturation indices of stream water calculated ByRFKHPLVW Vat: RUNEHQFK
Location F.
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Appendix 7-8. Mineral saturation indices of stream water calculated ByRFKHPLVW Vat: RUNEHQFK
Location G.
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Appendix 7-9. Mineral saturation indices of seep water calculatedBbyRFKHPLVW Vat: RUNEHQFK
Location G.
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Appendix 7-10.Mineral saturation indices of stream water calculated BYRFKHPLVW {Vat: RUNEHQFK
Location H.
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Appendix 7-11.Mineral saturation indices of seep water calculated BWyRFKHPLVW Vat: RUNEHQFK
Location H.
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Appendix 7-12.Mineral saturation indices of stream water calculated BWRFKHPLV W {Vat: RUNEHQFK
Location I.
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Appendix 7-13.Mineral saturation indices of stream water calculated BWRFKHPLV W {Vat: RUNEHQFK
Location J.
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Appendix 7-14.Mineral saturation indices of stream water calculated BYRFKHPLV W {Vat: RUNEHQFK
Location K.
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Appendix 7-15.Mineral saturation indices of stream water calculated BWRFKHPLVW {Vat: RUNEHQFK
Location L.
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Appendix 7-16.Plots of soluble As being released from into stream water &ditfo arsenopyrite
dissolution calculated by HR F KH P LV W { Vat:\Rhitéwkdd Qredk (Locations F, G, and H). The
initial concentrations are the measured levels from Ji (2021).
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Appendix 7-17. Plots of soluble As being released from into stream water $%f¥h arsenopyrite
dissolution calculated by HR F KH P LV W { Vat:\Rhitéwbdd Qredk (Locations F, G, and H). The
initial concentrations are the measured levels from Ji (2021).
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