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Abstract
There may be a beneficial effect to using coal combustion byproducts (CCBs) in mine environments as there is the potential to address two waste streams, CCBs and acid mine drainage (AMD). However, there are concerns about the potential for metals from the CCBs to leach into ground and surface waters. To assess the effect of using in mine environments, accessible literature on field studies of such uses was reviewed. The Mine Water Leaching Procedure was performed on specific CCB-AMD combinations. A separate experiment to determine the effect of initial iron concentrations in AMD on Cu, Ni and Zn concentrations was also performed. Elements of concern present when CCBs were in contact with distilled, deionized water included Sb, Cr, Pb, Tl, Be, Cd, B, and As, some of which exceeded drinking water standards. Elements of concern present when CCBs were in contact with AMD included Ni, Be, Cu, Mn, Cr, Pb and Cd. The source of the AMD had a significant effect on leachate metal concentrations. A particular CCB could be a sink or a source for elements of concern depending on the AMD source. Percent reductions in Cu, Ni and Zn concentrations were significantly higher acidic pH when solutions contained higher initial iron concentrations. These results suggest that CCBs should not be placed in close proximity to primary drinking water supplies, even when the CCBs are not expected to be in contact with AMD. Because metals release from CCBs depends on the specific CCB-AMD combination, CCBs should be tested for their potential to release metals in waters comparable to what is expected at the site (i.e. MWLP) rather than simple acid solutions or simulated AMD. Additional study is needed of the geochemical controls on metal release when CCBs are in contact with circumneutral waters (groundwaters) and into the specific mechanism by which metals are retained or released during the AMD leaching process.
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Executive Summary
Coal combustion byproducts (CCBs) in surface and deep coal mines have the potential to affect the environment slowly but permanently. For neutralizing acid mine drainage (AMD) CCBs have distinct advantages, including their availability, alkalinity and pozzolonic activity. As such, CCBs have been used to fill mine voids and strip pits, encapsulate acidic materials in backfills, cap reclaimed surface mines and neutralize acidic impoundments. Nearly all CCB uses at mine sites have a single purpose, to eliminate or reduce acidic drainage from the site. All CCBs contain elements, some of them of environmental significance, which may leach into groundwater. The potential for leaching depends on the chemical composition of the CCB, the chemistry of the water in contact with the CCB, and because CCBs dissolve to neutralize acidity, the amount of contact time. However, there have been few studies conducted to show the effects of CCBs on groundwater chemistry. It may take decades to exhaust the alkalinity of CCBs and therefore to observe any adverse effects of CCBs on the environment. Therefore, it is essential that we have accurate, cost-effective methods to characterize metal leaching potential of CCBs, particularly when they are to be placed in AMD.

There have been several methods proposed to determine the metal leaching potential of CCBs. These have used one or more complexing agents, and/or various concentrations of sulfuric, hydrochloric or nitric acids. While valuable, these approaches ignore any potential effects, positive or negative, of other components of AMD that may affect metals leaching from CCBs. The Mine Water Leaching Procedure (MWLP) was developed specifically to account for the effects of AMD on metal leaching. It aims to quantify the time-dependent concentrations of metals leached from a specific ash when in contact with a specific AMD. The MWLP procedure continues until all alkalinity has been exhausted from the CCB.
Our objectives were to identify cases where CCBs had been placed in mine environments and summarize their effects on subsequent water quality, and to use the MWLP to characterize metal release from specific CCB-AMD combinations.
Although most authors considered their use of CCBs in mine environments a success, only one long-term study could be found, and in no study was water quality followed to CCB alkalinity exhaustion. Also, some elements known to be of concern during the initial phases of CCB dissolution (B, Mo, Se, As) and others identified in this study (Sb, Cr, Pb, T, Be, Cd) were not measured in some studies.
In laboratory tests (MWLP procedure) CCBs in contact with distilled, deionized water (DDIW) water was alkaline, at least pH  7.1, but more typically above pH 9 and sometimes as high as pH 11.7. Elements of concern in the DI water control samples include Sb, Cr, Pb, Tl, Be and Cd, all of which exceeded drinking water standards in at least one MWLP. Other elements present in the DDIW water treatment at relatively high concentrations include As and B. The highest observed As concentration was 0.022 which exceeds the 2006 As standard of 0.010 mg L-1. The highest observed B concentration was 2.71 mg L-1. Boron is frequently observed at elevated concentrations in CCB leachates, but the metals Cd, Pb and Cr are not typically thought of as problems in high pH waters. However, in all cases, Cd, Pb and Cr concentrations were below their hydroxide solubility product minima, indicating that pH dependent precipitation as metal hydroxides was not controlling solution phase concentrations. When CCBs were in contact with AMD, at alkalinity exhaustion some elements decreased in concentration and some increased in concentration, compared to the initial AMD water quality. Trace elements that decreased in concentration but still exceeded drinking water standards included Ni, Be and Cu. Those elements of concern that increased in concentration, indicating that the ash was a net source for these elements, included Mn, Cr, Pb, Ni and Cd. Nickel concentrations in solution at alkalinity exhaustion exceeded drinking water standards in all seven MWLPs; Cr and Pb exceeded drinking water standards in 3 MWLPs. 
There were statistically significant effects from AMD source on MWLP results when the same CCBs were used, but the results were not consistent for each element. CCBs could be a source or a sink for B, Pb and Zn, depending on the specific CCB-AMD combination. During the course of the MWLP procedure, Mn, Ni, Zn, Pb, Cu, Be, Cr and Cu concentrations increased in at least one CCB-AMD combination. A separate laboratory experiment indicated that CCBs could be a source of Zn, Cu and Ni at alkalinity exhaustion in solutions with low initial iron concentrations, but could remain a sink for these elements in solutions with high initial iron concentrations. 

These results indicate that, as expected, at alkalinity exhaustion CCBs can release metals to solution. This suggests that careful planning and monitoring are necessary to prevent alkalinity exhaustion. When leachates were very alkaline (in contact with DDIW), elements such as B, Mn, Zn and Pb were present in leachates, sometimes in excess of drinking water standards. Further study of the geochemical controls on metal availability when CCBs are in contact with circumneutral water, including groundwater is needed. It is suggested that CCBs not be placed in close proximity to primary drinking water supplies, especially where CCBs are not likely to contact AMD. Because metals release depends on the specific CCB – AMD combination, this work suggests that CCBs should be tested for their potentials to release metals under the specific conditions where they are to be placed . When CCBs are to be placed in AMD, metals leaching behavior should be tested in waters comparable to what is expected at the site, rather than simple acid containing solutions. Iron concentrations in the AMD appear to play a role in metal source – sink behavior. Additional study is warranted into the specific mechanisms by which metals are retained or released during the AMD leaching process. When CCBs are not likely to come into contact with AMD, characterization of metals leaching behavior, particularly for B, Mn, Zn and Pb is still indicated. Given the relationship between CCB source and metals leaching, leaching characterization should be repeated whenever CCB source changes.
Experimental

AMD/CCB Exhaustion Study

The Mine Water Leaching Procedure (MWLP), with the modification that less CCB was added, was used (Simmons et al., 2001). Other CCB leaching characterization procedures have used 0.5M acetic acid (Flemming et al., 1996), water (Dreesen et al., 1977; Querol, et al., 2001), simulated AMD (Bhumbla et al., 1996; Morgan et al., 1997), citric acid, hydrochloric acid, ammonium hydroxide or various concentrations of nitric acid (Dreesen et al., 1977). The MWLP is the only procedure that matches CCB with the specific mine water it is expected to be in contact with in the environment.

A known amount of each CCB and 2 L of either AMD or distilled, deionized water (DDIW) was added to labeled, acid-washed containers. All CCBs were used as received. Containers were sealed and then agitated for 18 hours at 30 rpm on a rotating platform. Samples were collected after every 18 hour agitation cycle. Container contents were filtered through 0.7 μm acid rinsed TCLP filter paper using a stainless steel pressure filtration unit at or below 40 psi. Solids were rinsed back into corresponding containers with additional AMD, and the agitation cycle repeated until alkalinity was exhausted from the CCB. CCB alkalinity exhaustion was indicated when filtrate pH was equal (or nearly equal) to initial AMD pH. Two filtrate samples were collected in 250 mL bottles, one was acidified for inorganic constituents (Sb, As, B, Ba, Be, Cd, Cr, Pb, Hg, Se, Ag, Cu, Ni, Tl, V, Zn, Mo, Fe, Mn, Al, Ca, Mg, and sulfate), an unacidified sample was analyzed for pH, alkalinity and acidity. Inorganic constituents were determined in initial AMD and after selected agitation cycles using USEPA approved methods in USEPA certified commercial laboratories. AMD treatments were replicated twice; a DDIW control was included for all treatments at least once. Solid CCB samples were digested at 95o C on a block digester in concentrated HNO3 and the inorganic constituents determined as described above.
MWLPs 2 and 5 had the same AMD source and were used to test the effect of ash source on inorganic constituent concentrations by analysis of (ANOVA) using MWLP cycle and ash source as categorical variables. MWLPs 1 and 3 had the same ash source, as did MWLPs 4a and 4b and so were used to test the effect of AMD source on inorganic constituent concentrations by analysis of variance using MWLP cycle and AMD source as categorical variables. Because the number of MWLP cycles was variable, only the first and last cycles were included in this analysis. AMD source was a categorical variable and means in the two cycles were separated using Schefe’s Test.
Additional Laboratory Experiments
To test specifically for the effect of initial iron concentration in AMD, a separate experiment was conducted using 0.500 g of MEA ash and 40 mL of either a low Fe solution (8.5 mg L-1 Fe) or a high Fe solution (220 mg L-1). Both solutions also contained 1 mg L-1 Zn, Cu, and Ni (as chloride salts) and 1500 mg L-1 SO4 (as sodium salt). From zero (0) to six (6) mL of 1.0 M HCl was added to replicate tubes at predetermined rates to establish a range of from approximately pH 2 to pH 12, in five (5) intervals. Less HCl was added to the high Fe treatments to account for the initial Fe acidity. Control tubes with no ash were also prepared so that the exact initial Fe, Zn, Cu and Ni concentrations could be determined. Tubes were equilibrated overnight on a reciprocal shaker and centrifuged. Equilibrium pH was determined, and dissolved Fe, Zn, Cu and Ni determined by ICP-OES on the clear supernatants. Treatment effects were determined by ANOVA using initial Fe concentration and pH as categorical variables. Percent removal of each metal was calculated.
Case Studies/Literature Review

Available case studies on field applications of CCBs were summarized for CCB use, whether there was a CCB analysis, pre- and post-CCB use water quality, monitoring time, elements of concern not measured, and whether the application was considered a success. Reports from conference proceedings and peer-reviewed literature were included.
Results and Discussions
AMD/CCB Exhaustion Study
A list of the 22 elements tested in this study, the laboratory reported method detection limits and USEPA Primary and Secondary Drinking Water Standards are given in Table 1. The elements tested include those common to AMD (Fe, Al, Mn, SO4, Ca and Mg) and environmentally important trace metal cations (Sb, Ba, Be, Cd, Pb, Hg, Ag, Cu, Ni, Tl, Zn) and anions (As, B, Cr, Se, V).

Table 1. Elements measured in this study, method detection limits and representative water quality standards.

	Element
	Method Detection Limit
	Primary US

Drinking Water Standard
	Secondary Drinking Water Standard

	
	mg L-1
	mg L-1
	mg L-1

	Mg
	0.1
	
	

	Ca
	0.1
	
	

	Fe
	0.1
	
	0.30

	Al
	0.1
	
	0.05 – 0.20

	Mn
	0.1
	
	0.05

	SO4
	10
	
	250

	Sb
	0.001
	0.006
	

	As
	0.004
	0.05
	

	B
	0.010
	
	

	Ba
	0.001
	2
	

	Be
	0.001
	0.004
	

	Cd
	0.002
	0.005
	

	Cr
	0.001
	0.01
	

	Pb
	0.001
	0.015a
	

	Hg
	0.001
	0.002
	

	Se
	0.014
	0.05
	

	Ag
	0.001
	
	0.10

	Cu
	
	1.3a
	

	Ni
	0.002
	0.10
	

	Tl
	0.002
	0.002
	

	V
	0.001
	
	

	Zn
	0.004
	
	5


A summary of the seven (7) MWLPs performed is given in Table 2. There were three (3) sources of CCB and six (6) sources of AMD. MWLP 5 used equal amounts (by mass) of CCBs from two (2) sources. All MWLPs used 10.0 g or CCB, except MWLP 6, which used 50 g. In MWLP 1, the low AMD acidity, high ash NP combination required 17 cycles. Solution chemistry data were collected only for cycles 1, 5, 10 and 15. All other MWLPs required between 3 and 7 cycles to exhaust CCB alkalinity.

Table 2. MWLP summary table

	
	Ash
	
	AMD Initial
	
	Cycles

	MWLP
	Source
	Amount
	NP
	
	Source
	pH
	Acidity
	
	Number
	pHfinal

	1
	1
	10.0
	300
	
	1
	4.6
	258
	
	15
	6.6

	2
	2
	10.0
	32
	
	2
	3.0
	707
	
	3
	3.1

	3
	1
	10.0
	300
	
	3
	2.7
	643
	
	5
	2.9

	4a
	2
	10.0
	32
	
	4a
	3.3
	3218
	
	5
	2.9

	4b
	2
	10.0
	32
	
	4b
	3.7
	1335
	
	5
	2.9

	5
	1 + 2
	5.0 + 5.0
	166
	
	2
	2.6
	1200
	
	3
	2.6

	6
	3
	50.0
	
	
	5
	2.8
	292
	
	7
	2.9


Ash Sources: 1 = MEA; 2 = Ft. Martin; 3 = Mt. Storm

AMD Sources: 1 = Chaplin Hill; 2a,b = Omega; 3 = TnT; 4a = Amerikohl Caustic Seep; 4b = Amerikohl Tower Seep; 5 = Kempton

The initial water quality of the AMD used was highly variable with respect to the common AMD elements and many of the trace elements (Table 3). MWLPs 2 and 5 had the same nominal AMD source, but very different water chemistries. The CCB sources were also quite variable (Table 3). The CCB for MWLPs 2, 4a, 4b and 5 had higher trace element concentrations than did the CCB for MWLPs 1, 3, and 5, which in turn was higher than CCB for MWLP 6.

CCB in contact with DDIW water was alkaline, at least pH  7.1 (MWLP 2), but more typically above pH 9 and sometimes as high as pH 11.7 (Table 5). Elements of concern in the DI water control samples include Sb, Cr, Pb, Tl, Be and Cd, all of which exceeded drinking water standards in at least one MWLP (Table 5). Other elements present in the DI water treatment at relatively high concentrations include As and B. In MWLP 5, the As concentration was 0.022 which exceeds the 2006 As standard of 0.010 mg L-1. The highest observed B concentration was 2.71 mg L-1 in MWLP 4. Boron is frequently observed at elevated concentrations in CCB leachates, but the metals Cd, Pb and Cr are not typically thought of as problems in high pH waters. However, in all cases, measured Cd, Pb and Cr concentrations were below their hydroxide solubility product minima, indicating that pH dependent precipitation as metal hydroxides was not controlling solution phase concentrations. 
Table 3. Initial AMD water quality for each MWLP.
	
	
	MWLP

	Parameter
	Unit
	1
	2
	3
	4a
	4b
	5
	6

	SO4
	mg L-1
	2591
	1623
	1529
	6966
	3144
	1780
	

	Fe
	mg L-1
	5.0
	54.3
	168.6
	274.2
	341.6
	301
	7.46

	Mn
	mg L-1
	0.3
	2.68
	2.0
	340.5
	106.1
	1.8
	4.01

	Al
	mg L-1
	23.2
	93.7
	39.0
	428.3
	119.8
	82.4
	21.5

	Ca
	mg L-1
	534.5
	36.5
	48.8
	466.6
	359.3
	105.0
	58.1

	Mg
	mg L-1
	374.1
	37.1
	36.6
	836.6
	267
	47.3
	29.4

	Ni
	mg L-1
	0.880
	0.987
	0.188
	0.005
	bdl
	0.730
	0.35

	Tl
	mg L-1
	bdl
	0.026
	0.021
	bdl
	bdl
	bdl
	bdl

	Zn
	mg L-1
	1.526
	4.930
	1.240
	0.009
	bdl
	2.240
	0.906

	V
	mg L-1
	bdl
	0.006
	0.003
	bdl
	bdl
	bdl
	bdl

	Hg
	mg L-1
	bdl
	bdl
	bdl
	0.002
	0.002
	bdl
	bdl

	B
	mg L-1
	0.031
	0.286
	0.247
	bdl
	bdl
	bdl
	bdl

	Sb
	mg L-1
	bdl
	0.060
	0.048
	bdl
	bdl
	bdl
	bdl

	As
	mg L-1
	bdl
	0.004
	0.025
	0.014
	bdl
	bdl
	bdl

	Ba
	mg L-1
	bdl
	0.050
	0.010
	bdl
	bdl
	bdl
	bdl

	Be
	mg L-1
	0.011
	0036
	0.009
	0.165
	0.044
	bdl
	bdl

	Cd
	mg L-1
	bdl
	0.007
	0.004
	0.014
	bdl
	0.050
	0.007

	Cr
	mg L-1
	bdl
	0.022
	0.006
	0.022
	0.018
	0.050
	bdl

	Pb
	mg L-1
	bdl
	0.034
	0.004
	bdl
	bdl
	0.003
	0.003

	Se
	mg L-1
	bdl
	0.019
	0.016
	0.056
	bdl
	bdl
	bdl

	Ag
	mg L-1
	bdl
	0.004
	0.002
	bdl
	bdl
	bdl
	bdl

	Cu
	mg L-1
	0.021
	0.211
	0.184
	0.011
	0.011
	0.070
	bdl

	Conductivity
	
	1458
	2510
	2910
	
	
	4860
	


At alkalinity exhaustion, some elements decreased in concentration and some increased in concentration, compared to the initial AMD water quality. Trace elements that decreased in concentration but still exceeded drinking water standards included Ni, Be and Cu (Table 6). Those elements of concern that increased in concentration, indicating that the ash was a net source for these elements included Mn, Cr, Pb, Ni and Cd. Nickel concentrations in solution at alkalinity exhaustion exceeded drinking water standards in all seven MWLPs; Cr and Pb exceeded drinking water standards in 3 MWLPs. (Table 6). Note that the elements listed in Table 6 include only those with a measurable increase or decrease in concentration during the course of the MWLP. Concentrations may not have changed and may/or may not have exceeded drinking water standards. Maximum observed and average concentrations for each element, in DDIW and AMD are given in Tables 7a – 7c.
Table 4. Chemical characterization of CCBs used for each MWLP.
	
	
	MWLPs

	Parameter
	Units
	1, 3, 5
	2, 4a, 4b, 5
	6

	Mg
	mg kg-1
	5307
	
	2200

	Ca
	mg kg-1
	158600
	
	290000

	Fe
	mg kg-1
	27700
	
	640

	Al
	mg kg-1
	38330
	
	580

	Mg
	mg kg-1
	148
	
	10.5

	Sb
	mg kg-1
	bdl
	10.63
	0.25

	As
	mg kg-1
	13.62
	57.27
	1.20

	B
	mg kg-1
	76.21
	480.8
	34.5

	Ba
	mg kg-1
	289.72
	732.73
	5.5

	Be
	mg kg-1
	9.98
	10.78
	0.25

	Cd
	mg kg-1
	0.788
	182
	0.25

	Cr
	mg kg-1
	22.41
	172.64
	2.50

	Pb
	mg kg-1
	9.377
	66.14
	0.05

	Hg
	mg kg-1
	na
	244
	1.46

	Se
	mg kg-1
	2.98
	14.73
	1.95

	Ag
	mg kg-1
	bdl
	bdl
	0.50

	Cu
	mg kg-1
	11.97
	92.59
	1.50

	Ni
	mg kg-1
	17.02
	152.32
	2.00

	Tl
	mg kg-1
	bdl
	bdl
	0.05

	V
	mg kg-1
	46.71
	221.2
	5.00

	Zn
	mg kg-1
	16.4
	12614
	6.35


Table 5. Maximum concentration, cycle observed and pH for trace elements when CCBs were 
placed in contact with distilled, deionized water (elements >2x method detection limit).
	MWLP
	Element
	MOC
	Cycle
	pH
	
	MWLP
	Element
	MOC
	Cycle
	pH

	
	
	mg L-1
	
	
	
	
	
	mg L-1
	
	

	1
	Sb
	0.062
	1 of 15
	11.7
	
	4
	B
	2.71
	1 of 5
	8.9

	
	B
	0.428
	15
	9.2
	
	
	Ba
	0.032
	4
	9.2

	
	Ba
	0.07
	5
	10.1
	
	
	Pb
	0.011
	4
	9.2

	
	Cd
	0.003
	1
	11.7
	
	
	Ag
	0.075
	2
	9.5

	
	Cr
	0.01
	1
	11.7
	
	
	Se
	0.048
	1
	8.9

	
	Pb
	0.047
	1
	11.7
	
	
	V
	0.078
	5
	9.5

	
	Ag
	0.007
	1
	11.7
	
	
	
	
	
	

	
	Cu
	0.007
	1
	11.7
	
	5
	Sb
	0.035
	3 of 3
	9.9

	
	Ni
	0.017
	1
	11.7
	
	
	As
	0.022
	2
	10.5

	
	Tl
	0.008
	1
	11.7
	
	
	B
	0.15
	2
	10.5

	
	V
	0.010
	5
	10.1
	
	
	Ba
	0.10
	1
	11.5

	
	Zn
	0.007
	1
	11.7
	
	
	Be
	0.005
	1
	11.5

	
	
	
	
	
	
	
	Cd
	0.005
	1
	11.5

	2
	Sb
	0.032
	2 of 3
	8.8
	
	
	Cr
	0.05
	1
	11.5

	
	B
	0.537
	1
	7.1
	
	
	Pb
	0.001
	1
	11.5

	
	Be
	0.015
	1
	7.1
	
	
	Ag
	0.01
	1
	11.5

	
	Pb
	0.025
	1
	7.1
	
	
	Cu
	0.02
	1
	11.5

	
	Ag
	0.003
	1
	7.1
	
	
	Ni
	0.04
	1
	11.5

	
	Ni
	0.01
	2
	8.8
	
	
	V
	0.10
	1
	11.5

	
	V
	0.003
	2
	8.8
	
	
	Zn
	0.01
	1
	11.5

	
	Zn
	0.02
	1
	7.1
	
	
	
	
	
	

	
	
	
	
	
	
	6
	Se
	0.009
	4 of 7
	9.22

	3
	Sb
	0.062
	1 of 5
	11.7
	
	
	Zn
	0.048
	2
	9.06

	
	B
	0.349
	2
	11.1
	
	
	
	
	
	

	
	Ba
	0.070
	5
	10.0
	
	
	
	
	
	

	
	Be
	0.003
	2
	11.1
	
	
	
	
	
	

	
	Cr
	0.01
	1
	11.7
	
	
	
	
	
	

	
	Pb
	0.047
	1
	11.7
	
	
	
	
	
	

	
	Ag
	0.007
	1
	11.7
	
	
	
	
	
	

	
	Cu
	0.007
	1
	11.7
	
	
	
	
	
	

	
	Ni
	0.017
	1
	11.7
	
	
	
	
	
	

	
	Tl
	0.012
	2
	11.1
	
	
	
	
	
	

	
	V
	0.010
	5
	10.0
	
	
	
	
	
	


Table 6. Initial AMD and final MWLP concentrations at alkalinity exhaustion for elements that increased or decreased1 in concentration during course of the MWLP.
	
	Decreased
	
	Increased
	
	
	Decreased
	
	Increased

	MWLP
	Element
	AMD
	Final
	
	Element
	AMD
	Final
	
	MWLP
	Element
	AMD
	Final
	
	Element
	AMD
	Final

	1
	Mg
	374
	333
	
	Can
	534
	544
	
	4a
	Fe
	274
	59
	
	Ca
	467
	602

	
	Fe
	5.0
	0.10
	
	Mn
	0.3
	47
	
	
	Se
	0.06
	0.02
	
	Mg
	836
	881

	
	Al
	23.2
	0.10
	
	SO4
	2600
	2900
	
	
	
	
	
	
	Ni
	0.005
	5.60

	
	Cu
	0.02
	bdl
	
	B
	0.03
	0.14
	
	
	
	
	
	
	Zn
	0.009
	11.0

	
	Ni
	0.88
	0.51
	
	Ba
	0.001
	0.017
	
	
	
	
	
	
	B
	0.001
	0.51

	
	Zn
	1.53
	0.20
	
	
	
	
	
	
	
	
	
	
	Ba
	bdl
	0.059

	2
	Fe
	54.0
	2.5
	
	Mg
	39
	40
	
	
	
	
	
	
	Cr
	0.02
	0.09

	
	SO4
	1623
	1484
	
	Ca
	36
	40
	
	
	
	
	
	
	Pb
	bdl
	0.03

	
	B
	0.29
	0.07
	
	
	
	
	
	
	
	
	
	
	Cu
	0.01
	0.05

	
	Be
	0.05
	0.02
	
	
	
	
	
	4b
	Fe
	342
	31.2
	
	Al
	120
	150

	
	Se
	0.019
	0.005
	
	
	
	
	
	
	Hg
	0.002
	bdl
	
	Ca
	359
	397

	
	Cu
	0.211
	0.172
	
	
	
	
	
	
	Se
	0.012
	bdl
	
	Ni
	bdl
	1.46

	
	Ni
	0.99
	0.82
	
	
	
	
	
	
	
	
	
	
	Zn
	bdl
	3.23

	3
	Fe
	169
	59
	
	Al
	39
	58
	
	
	
	
	
	
	B
	bdl
	0.43

	
	As
	0.025
	0.002
	
	Ba
	0.01
	0.04
	
	
	
	
	
	
	As
	bdl
	0.01

	
	B
	0.247
	0.118
	
	Cr
	0.008
	0.017
	
	
	
	
	
	
	Ba
	bdl
	0.06

	
	
	
	
	
	Pb
	0.004
	0.056
	
	
	
	
	
	
	Cd
	bdl
	0.04

	
	
	
	
	
	Cu
	0.184
	0.236
	
	
	
	
	
	
	Cr
	0.018
	0.083

	
	
	
	
	
	Ni
	0.188
	0.261
	
	
	
	
	
	
	Pb
	bdl
	0.076

	
	
	
	
	
	V
	0.003
	0.011
	
	
	
	
	
	
	Cu
	0.011
	1.27

	
	
	
	
	
	
	
	
	
	5
	Fe
	301
	201
	
	Ca
	105
	139

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	Al
	82
	95

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	B
	0.10
	0.36

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	Ni
	0.73
	1.86

	
	
	
	
	
	
	
	
	
	6
	Al
	21.5
	8.01
	
	Ca
	58
	625

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	Ni
	0.35
	0.247


1 Includes only those elements with a measurable increase or decrease in concentration. 

Table 7a. Average and maximum observed concentrations during MWLP procedure for AMD and DDIW treatments.
	MWLP
	Water
	
	Sulfate
	Mn
	Al
	Fe
	Ca
	Mg
	Ni
	Tl

	
	
	
	
	
	
	
	
	
	
	

	1
	AMD
	Mean
	2750
	42.6
	0.19
	0.46
	613
	334
	0.552
	0.002

	
	AMD
	Max
	2923
	72
	0.32
	1.32
	849.2
	430
	1.34
	0.002

	
	DDIW
	Mean
	112
	0.02
	1.14
	0.25
	37.7
	0.38
	0.008
	0.004

	
	DDIW
	Max
	416
	0.04
	2.09
	0.45
	122.4
	0.48
	0.017
	0.009

	
	
	
	
	
	
	
	
	
	
	

	2
	AMD
	Mean
	1154
	1.9
	73.0
	2.34
	31.2
	29.4
	0.547
	0.018

	
	AMD
	Max
	1662
	2.9
	104.3
	4.8
	40.5
	40.4
	0.923
	0.05

	
	DDIW
	Mean
	
	
	
	
	
	
	
	

	
	DDIW
	Max
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	3
	AMD
	Mean
	1468
	1.78
	48.1
	12.4
	65.2
	34.7
	0.282
	0.026

	
	AMD
	Max
	1786
	3.45
	93.7
	63.6
	112.5
	46.6
	0.48
	0.06

	
	DDIW
	Mean
	110
	0.02
	1.5
	0.42
	43.4
	0.35
	0.012
	0.009

	
	DDIW
	Max
	416
	0.04
	2.42
	0.52
	122.4
	0.48
	0.017
	0.012

	
	
	
	
	
	
	
	
	
	
	

	4a
	AMD 1
	Mean
	6528
	361
	432
	26.5
	668
	919
	5.54
	0.003

	
	AMD 1
	Max
	7546
	413
	515
	59.9
	776
	1040
	5.83
	0.018

	4b
	AMD 2
	Mean
	2619
	107
	149
	10.8
	516
	275
	1.50
	0.006

	
	AMD 2
	Max
	3935
	120
	192
	33.0
	933
	324
	1.72
	0.019

	4a, b
	DDIW
	Mean
	23.5
	0.10
	1.4
	0.01
	31.4
	0.86
	0
	0

	
	DDIW
	Max
	125
	0.19
	1.7
	0.15
	122
	2.9
	0
	0

	
	
	
	
	
	
	
	
	
	
	

	5
	AMD
	Mean
	2137
	1.82
	106
	131
	262
	45.2
	1.10
	0.001

	
	AMD
	Max
	3330
	1.85
	168
	212
	471
	54.5
	4.12
	0.002

	
	DDIW
	Mean
	70.3
	0.01
	1.89
	0.06
	90.9
	0.35
	0.04
	0.001

	
	DDIW
	Max
	184
	0.01
	2.4
	0.07
	231
	0.8
	0.04
	0.001

	
	
	
	
	
	
	
	
	
	
	

	6
	AMD
	Mean
	
	3.5
	17.3
	2.4
	569
	35.6
	0.24
	0.001

	
	AMD
	Max
	
	4.3
	42.9
	8.2
	781
	57
	0.33
	0.001

	
	DDIW
	Mean
	
	0.03
	0.11
	0.04
	626
	4.03
	0.04
	0.01

	
	DDIW
	Max
	
	0.17
	0.31
	0.05
	670
	26.9
	0.04
	0.01


Table 7b. Average and maximum observed concentrations during MWLP procedure for AMD and DDIW treatments.
	MWLP
	Water
	
	Pb
	Zn
	V
	Hg
	B
	Sb
	As

	
	
	
	
	
	
	
	
	
	

	1
	AMD
	Mean
	0.001
	0.198
	0.0001
	0.0005
	0.104
	0.001
	0.004

	
	AMD
	Max
	0.001
	0.398
	0.0001
	0.0005
	0.187
	0.001
	0.004

	
	DI Water
	Mean
	0.018
	0.005
	0.004
	0
	0.297
	0.024
	0.001

	
	DI Water
	Max
	0.047
	0.007
	0.01
	0
	0.428
	0.062
	0.001

	
	
	
	
	
	
	
	
	
	

	2
	AMD
	Mean
	0.028
	3.78
	0.007
	0
	0.238
	0.046
	0.001

	
	AMD
	Max
	0.040
	5.1
	0.01
	0
	0.61
	0.073
	0.003

	
	DI Water
	Mean
	
	
	
	
	
	
	

	
	DI Water
	Max
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	3
	AMD
	Mean
	0.042
	1.366
	0.009
	0
	0.273
	0.053
	0.003

	
	AMD
	Max
	0.059
	2.39
	0.012
	0
	0.479
	0.074
	0.01

	
	DI Water
	Mean
	0.031
	0.009
	0.004
	0
	0.218
	0.034
	0.016

	
	DI Water
	Max
	0.047
	0.024
	0.01
	0
	0.349
	0.062
	0.003

	
	
	
	
	
	
	
	
	
	

	4a
	AMD 1
	Mean
	0.020
	10.91
	0
	0
	1.45
	0
	0.028

	
	AMD 1
	Max
	0.052
	11.47
	0
	0
	4.80
	0
	0.017

	4b
	AMD 2
	Mean
	0.044
	2.92
	0
	0
	1.42
	0
	0.017

	
	AMD 2
	Max
	0.083
	3.47
	0
	0
	4.91
	0
	0.008

	4a, b
	DI Water
	Mean
	0.002
	0
	0.042
	0
	0.756
	0
	0.076

	
	DI Water
	Max
	0.011
	0
	0.081
	0
	2.75
	0
	0.061

	
	
	
	
	
	
	
	
	
	

	5
	AMD
	Mean
	0.003
	2.28
	0.1
	0
	0.34
	0.005
	0.005

	
	AMD
	Max
	0.006
	2.93
	0.1
	0
	0.62
	0.005
	0.009

	
	DI Water
	Mean
	0.001
	0.008
	0.1
	0.002
	0.12
	0.015
	0.042

	
	DI Water
	Max
	0.001
	0.013
	0.1
	0.002
	0.15
	0.035
	0.1

	
	
	
	
	
	
	
	
	
	

	6
	AMD
	Mean
	0.002
	0.84
	0.1
	0.002
	0.327
	0.005
	0.001

	
	AMD
	Max
	0.006
	0.945
	0.1
	0.005
	1.69
	0.005
	0.001

	
	DI Water
	Mean
	0.001
	0.03
	0.10
	0.0004
	0.29
	0.005
	0.001

	
	DI Water
	Max
	0.001
	0.048
	0.1
	0.003
	1.44
	0.005
	0.001


Table 7c. Average and maximum observed concentrations during MWLP procedure for AMD and DDIW treatments.
	MWLP
	Water
	
	Ba
	Be
	Cd
	Cu
	Cr
	Se
	Ag

	
	
	
	
	
	
	
	
	
	

	1
	AMD
	Mean
	0.040
	0.007
	0.002
	0.0004
	0.0001
	0.01
	0.001

	
	AMD
	Max
	0.11
	0.007
	0.002
	0.004
	0.0001
	0.001
	0.001

	
	DI Water
	Mean
	0.01
	0.02
	0.001
	0.003
	0.01
	0.004
	0.004

	
	DI Water
	Max
	0.01
	0.02
	0.001
	0.007
	0.01
	0.006
	0.007

	
	
	
	
	
	
	
	
	
	

	2
	AMD
	Mean
	0.019
	0.024
	0.006
	0.154
	0.018
	0.010
	0.001

	
	AMD
	Max
	0.05
	0.043
	0.011
	0.346
	0.047
	0.03
	0.005

	
	DI Water
	Mean
	
	
	
	
	
	
	

	
	DI Water
	Max
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	3
	AMD
	Mean
	0.019
	0.007
	0.003
	0.223
	0.009
	0.014
	0.009

	
	AMD
	Max
	0.06
	0.011
	0.01
	0.43
	0.024
	0.043
	0.027

	
	DI Water
	Mean
	0.022
	0.002
	0.001
	0.005
	0.004
	0.006
	0.004

	
	DI Water
	Max
	0.07
	0.003
	0.003
	0.007
	0.01
	0.006
	0.007

	
	
	
	
	
	
	
	
	
	

	4a
	AMD 1
	Mean
	0.09
	0.184
	0.024
	0.794
	0.146
	0.111
	0

	
	AMD 1
	Max
	0.067
	0.170
	0.017
	0.132
	0.073
	0.046
	0

	4b
	AMD 2
	Mean
	0.076
	0.058
	0.050
	1.30
	0.095
	0.078
	0

	
	AMD 2
	Max
	0.066
	0.051
	0.040
	1.060
	0.046
	0.017
	0

	4a, b
	DI Water
	Mean
	0.071
	0
	0
	0
	0.047
	0.054
	0

	
	DI Water
	Max
	0.032
	0
	0
	0
	0.009
	0.016
	0

	
	
	
	
	
	
	
	
	
	

	5
	AMD
	Mean
	0.111
	0.013
	0.021
	0.102
	0.059
	0.004
	0.01

	
	AMD
	Max
	0.14
	0.031
	0.033
	0.16
	0.07
	0.014
	0.01

	
	DI Water
	Mean
	0.10
	0.005
	0.005
	0.02
	0.05
	0.002
	0.01

	
	DI Water
	Max
	0.1
	0.005
	0.005
	0.02
	0.05
	0.002
	0.01

	
	
	
	
	
	
	
	
	
	

	6
	AMD
	Mean
	0.1
	0.007
	0.005
	0.035
	0.05
	0.003
	0.01

	
	AMD
	Max
	0.1
	0.016
	0.005
	0.05
	0.05
	0.01
	0.01

	
	DI Water
	Mean
	0.1
	0.005
	0.005
	0.02
	0.05
	0.007
	0.01

	
	DI Water
	Max
	0.1
	0.005
	0.005
	0.02
	0.05
	0.009
	0.01


When testing the effects of CCB source (same AMD source) on MWLP results, there were statistically significant ANOVA models for all elements except Zn, with model R2s greater than 0.71 (Table 8). Of these, CCB source was a significant effect for all elements except B. There was a significant effect of MWLP cycle for Mn, B, Ba and Cd such that the highest concentrations were observed in Cycle 1 for Mn and B, and in Cycle 2 for Ba and Be. There was a significant interaction between CCB and Cycle for Mn, Cr, and Cd, which was meaningful only for Cd in MWLP 2, the lowest Cd concentration was found in Cycle 2 whereas in MWLP 5, the highest Cd concentrations were found in Cycle 2. In MWLP 2, average concentrations of Mn, Pb, Cu, Tl, Sb and Be were higher than, and concentrations of Ba, Cr and Cd were lower than in MWLP 5 (Table 9). There were no differences in B, Ni and Zn concentrations. When comparing the results in Table 9 to differences in CCB source (Table 4), it might have been expected that MWLP 2 would have had larger concentrations of B, Pb and Ni than MWLP 5, and that the concentrations of Tl and Be would have been similar. That there were no differences in B, and Ni concentrations, and that Pb, Tl and Be concentrations were higher in MWLP 2 suggests that CCB source is not controlling the concentrations of these elements. However, although MWLPs 2 and 5 had the same AMD source (collected from the same locations) the water chemistries were very different (Table 3). Note that the significant differences in Table 9 correspond to the differences in water chemistry for the two MWLPs (Table 3) for all elements except Ba. Therefore, any observed effect of CCB source, even where statistically significant must be considered speculation.
When testing the effects of AMD source (same CCB source), there were significant ANOVA models for all elements, in both sets of comparisons (MWLPs 1&3 and MWLPs 2 & 4) (Table 10). Model R2s were all good, with most above 0.900. AMD source was a significant effect for all elements except Cr in MWLPs 2 & 4, and Cd in MWLPs 1 & 3. MWLP cycle (first or last) was a significant effect for all elements except Sb, Be, Mn, Ni, and Zn in MWLPs 2 & 4 and for Sb, Cr and Tl in MWLPs 1 & 3. The AMD source by MWLP cycle interaction was significant for all elements except Sb, Be, Cd, Mn, and Ni in MWLPs 2 & 4 and for elements Sb, Cr and Tl in MWLPs 1 & 3. In MWLPs 2 & 4, Sb. Be and Mn concentrations were unaffected by MWLP cycle and the relative solution concentrations corresponded to what was in the initial AMD (Table 11a). For all other elements, this was not the case, with the highest concentrations found in MWLP 4b. Comparing the initial AMD to the first MWLP cycle, the CCB was a source for B in MWLP 2, a sink for B, Ba, Cu, Ni, Zn, Tl and Cd in MWLP 4a and 4b. The CCB was a sink for Ba in MWLP 2, and a sink for Cr in MWLP 4b. Comparing the initial AMD to the final MWLP cycle, the CCB was a source for B, Ba, Pb, Cu, Ni and Zn in MWLP 4a, and a source for all elements except Sb and Tl in MWLP 4b. The CCB was not a sink for any element. Comparing the first MWLP cycle to the last, Pb concentrations increased in MWLP 4a and Cr, Cu and Pb concentrations increased in MWLP 4b. In MWLP 2, B and Mn concentrations decreased, B, Cu, Tl and Cd concentrations decreased in MWLP 4a and B and Tl concentrations decreased in MWLP 4b. Comparing the initial AMD to the first MWLP cycle for MWLPs 1 & 3, the CCB was a sink for Cu, Ni, Zn, and Be in both MWLPs and a sink for Mn in MWLP 3 (Table 11b). The CCB was a source of B and Pb in MWLP 3. Comparing the initial AMD to the last MWLP cycle, the CCB was a sink for Cu, Ni and Zn in MWLP 1 and a source for Mn (MWLP 1), Pb and Zn (MWLP 3). Comparing the first MWLP cycle to the last, only Ba concentrations decreased (MWLP 1) whereas Mn, Ni, Zn (MWLPs 1 & 3), Pb, Cu and Be (MWLP 3) concentrations increased.
Table 8. ANOVA results for MWLPs 2 & 5, where the same AMD but different 
CCBs were used.
	
	
	
	
	
	
	Model Parameters

	MWLPs
	Element
	
	Model
	
	CCB
	Cycle
	CCB*Cycle

	
	
	
	R2
	Pr > F
	
	Pr > F

	2 & 5
	Mn
	
	0.990
	<0.0001
	
	<0.0001
	<0.0001
	0.0002

	
	B
	
	0.969
	0.0105
	
	0.1419
	0.0054
	0.0907

	
	Ba
	
	0.985
	<0.0001
	
	<0.0001
	<0.0001
	0.0816

	
	Pb
	
	0.931
	<0.0001
	
	<0.0001
	0.4274
	0.3640

	
	Cu
	
	0.788
	0.0001
	
	0.0001
	0.0998
	0.0668

	
	Zn
	
	0.292
	0.461
	
	0.3524
	0.3246
	0.4809

	
	Tl
	
	0.991
	<0.0001
	
	<0.0001
	0.1082
	0.3048

	
	Ni
	
	0.821
	0.0004
	
	<0.0001
	0.0724
	0.0880

	
	Sb
	
	0.866
	<0.0001
	
	<0.0001
	0.5442
	0.5442

	
	Cr
	
	0.949
	<0.0001
	
	<0.0001
	0.0589
	0.0001

	
	Be
	
	0.711
	0.0055
	
	0.0027
	0.0201
	0.1513

	
	Cd
	
	0.951
	<0.0001
	
	<0.0001
	<0.0001
	0.0001


Table 9. Average trace element concentrations for MWLPs 2 & 5, where the same AMD but different CCBs were used.
	MWLP
	Mn
	B
	Ba
	Pb
	Cu
	Ni
	Zn
	Tl
	Sb
	Cr
	Be
	Cd

	
	--------------------------------------------------------- mg L-1 --------------------------------------------------------

	2
	2.57a
	0.244a
	0.022a
	0.032a
	0.20a
	1.1a
	5.0a
	0.024a
	0.06a
	0.024a
	0.030a
	0.008a

	5
	1.82b
	0.340a
	0.111b
	0.003b
	0.10b
	0.7a
	2.3a
	0.001b
	0.01b
	0.059b
	0.013b
	0.021b


Table 10. ANOVA results for MWLPs 2 & 4 and MWLPs 1 & 3, where the same ash 
but different AMD sources were used. Cycle indicates first or last MWLP cycle.
	
	
	Overall Model
	
	Model Parameters

	MWLP
	Element
	R2
	Model
	
	AMD
	Cycle
	AMD x Cycle

	2 & 4
	Sb
	0.901
	<0.0001
	
	<0.0001
	0.3084
	0.3547

	
	Ba
	0.986
	<0.0001
	
	<0.0001
	0.0036
	0.0005

	
	Be
	0.985
	<0.0001
	
	<0.0001
	0.1717
	0.5506

	
	B
	0.998
	<0.0001
	
	<0.0001
	<0.0001
	<0.0001

	
	Cd
	0.970
	<0.0001
	
	<0.0001
	0.0014
	0.0523

	
	Cr
	0.818
	<0.0001
	
	0.1040
	0.0006
	0.0008

	
	Cu
	0.994
	0.0004
	
	<0.0001
	<0.0001
	<0.0001

	
	Pb
	0.944
	<0.0001
	
	<0.0001
	<0.0001
	<0.0001

	
	Mn
	0.998
	<0.0001
	
	<0.0001
	0.5229
	0.6869

	
	Ni
	0.998
	<0.0001
	
	<0.0001
	0.8025
	0.1872

	
	Tl
	0.860
	<0.0001
	
	0.0026
	0.0002
	0.0011

	
	Zn
	0.998
	<0.0001
	
	<0.0001
	0.0988
	0.0415

	
	
	
	
	
	
	
	

	1 & 3
	Sb
	0.973
	<0.0001
	
	<0.0001
	0.4604
	0.4604

	
	Ba
	0.940
	<0.0001
	
	0.0007
	0.0026
	<0.0001

	
	Be
	0.959
	<0.0001
	
	0.0002
	<0.0001
	<0.0001

	
	B
	0.850
	0.0012
	
	0.0043
	0.0045
	0.0051

	
	Cd
	0.687
	0.0204
	
	0.0955
	0.0294
	0.0294

	
	Cr
	0.810
	0.0030
	
	0.0009
	0.0816
	0.0816

	
	Cu
	0.978
	<0.0001
	
	<0.0001
	<0.0001
	<0.0001

	
	Pb
	0.989
	<0.0001
	
	<0.0001
	<0.0001
	<0.0001

	
	Mn
	0.996
	<0.0001
	
	<0.0001
	<0.0001
	<0.0001

	
	Ni
	0.976
	<0.0001
	
	0.0005
	<0.0001
	0.0006

	
	Tl
	0.761
	0.0072
	
	0.0010
	0.6613
	0.6613

	
	Zn
	0.999
	<0.0001
	
	<0.0001
	<0.0001
	<0.0001


Table 11a. Initial AMD and mean MWLP concentration (and 95% confidence intervals) for each AMD source 
and MWLP cycle for MWLPs 1 & 3.
	
	1
	
	3

	Element
	AMD
	First Cycle
	Last Cycle
	
	AMD
	First Cycle
	Last Cycle

	Mn
	0.3
	0.2

(-4.3, 4.8)
	47.0

(42.4, 51.5)
	
	2.0
	0.020

(0.002,0.04)
	1.74

(1.72,1.76)

	B
	0.03
	0.117

(-0.016,0.251)
	0.114

(-0.020,0.247)
	
	0.247
	0.413

(0.262,0.564)
	0.118

(-0.032,0.269)

	Ba
	bdl
	0.103

(0.087,0.119)
	0.017

(0.001,0.033)
	
	0.01
	0.01

(-0.02,0.04)
	0.04

(0.01, 0.07)

	Pb
	bdl
	0
	0
	
	0.004
	0.026

(0.016,0.034)
	0.056

(0.046,0.064)

	Cu
	0.021
	0
	0
	
	0.184
	0.007

(-0.050,0.064)
	0.236

(0.179,0.292)

	Ni
	0.880
	0.030

(0.017,0.043)
	0.506

(0.493,0.519)
	
	0.188
	0.027

(-0.088,0.142)
	0.261

(0.146,0.376)

	Zn
	1.526
	0.009

(-0.010,0.028)
	0.20

(0.18,0.22)
	
	1.240
	0.008

(-0.030,0.047)
	1.373

(1.335,1.411)

	Tl
	bdl
	0
	0
	
	0.021
	0.014

(0.002,0.026)
	0.012

(0.0044,0.024)

	Sb
	bdl
	0
	0
	
	0.048
	0.053

(0.037,0.069)
	0.049

(0.033,0.064)

	Cr
	bdl
	0
	0
	
	0.006
	0.008

(-0.005,0.020)
	0.017

(0.004,0.030)

	Be
	0.011
	0
	0
	
	0.009
	0.001

(-0.0006,0.003)
	0.0077

(0.0057,0.0096)

	Cd
	bdl
	0
	0
	
	0.004
	0.004

(0.002,0.006)
	0.002

(-0.0006,0.004)


Table 11b. Initial AMD and mean MWLP concentration (and 95% confidence intervals) for each AMD source and MWLP cycle for MWLPs 2 & 4.
	
	2
	
	4a
	
	4b

	Element
	AMD
	First Cycle
	Last Cycle
	
	AMD
	First Cycle
	Last Cycle
	
	AMD
	First Cycle
	Last Cycle

	Mn
	2.68
	2.78

(2.62,2.94)
	2.45

(2.29,2.61)
	
	340
	342

(311,372)
	349

(319,380)
	
	106
	107

(99,115)
	108

(100,115)

	B
	0.29
	0.50

(0.31,0.69)
	0.07

(-0.12,0.26)
	
	bdl
	4.71

(4.52,4.91)
	0.51

(0.31,0.70)
	
	bdl
	4.72

(4.34,5.10)
	0.43

(0.05,0.81)

	Ba
	0.05
	0.013

(0.004,0.022)
	0.020

(0.011,0.029)
	
	bdl
	0.076

(0.066,0.085)
	0.059

(0.050,0.068)
	
	bdl
	0.073

(0.068,0.078)
	0.064

(0.059,0.068)

	Pb
	0.034
	0.033

(0.016,0.049)
	0.034

(0.018,0.050)
	
	bdl
	bdl
	0.031

(0.0159,0.0470)
	
	bdl
	0.009

(-0.005,0.023)
	0.076

(0.062,0.090)

	Cu
	0.21
	0.26

(0.14,0.39)
	0.17

(0.05,0.30)
	
	0.011
	0.119

(0.090,0.149)
	0.047

(0.019,0.077)
	
	0.011
	0.48

(0.42,0.55)
	1.27

(1.20,1.33)

	Ni
	0.987
	0.73

(0.48,0.99)
	0.82

(0.57,1.07)
	
	0.005
	5.6

(5.3,5.9)
	5.6

(5.3,5.9)
	
	0.002
	1.62

(1.46,1.79)
	1.46

(1.30,1.63)

	Zn
	4.93
	5.0

(4.9,5.1)
	5.0

(4.9,5.2)
	
	0.009
	10.6

(10.0,11.1)
	11.0

(10.5,11.5)
	
	bdl
	3.31

(3.06,3.56)
	3.23

(2.98,3.48)

	Tl
	0.026
	0.02

(0.001,0.03)
	0.02

(0.004,0.035)
	
	bdl
	0.017

(0.016,0.018)
	bdl
	
	bdl
	0.018

(0.015,0.020)
	bdl

	Sb
	0.060
	0.064

(0.024,0.104)
	0.047

(0.007,0.088)
	
	bdl
	bdl
	bdl
	
	bdl
	bdl
	bdl

	Cr
	0.022
	0.040

(0.021,0.058)
	0.013

(-0.006,0.032)
	
	0.022
	0.016

(-0.056,0.087)
	0.092

(0.021,0.164)
	
	0.018
	bdl
	0.083

(0.066,0.099)

	Be
	0.036
	0.025

(-0.008,0.058)
	0.030

(-0.003,0.063)
	
	0.165
	0.161

(0.150,0.171)
	0.174

(0.163,0.184)
	
	0.044
	0.046

(0.044,0.048)
	0.047

(0.045,0.050)

	Cd
	0.007
	0.009

(0.004,0.014)
	0.009

(0.003,0.014)
	
	0.014
	0.022

(0.020,0.025)
	0.014

(0.012,0.017)
	
	bdl
	0.046

(0.037,0.056)
	0.037

(0.027,0.047)


Additional Laboratory Experiments
In the test for initial Fe concentration effects on Cu, Ni and Zn concentrations, overall models, and all model parameters were significant, with R2s greater than 0.823 (Table 12). Data are plotted as percent metal removal as a function of equilibrium pH (Figure 1). At high solution pH, there was no difference in Cu, Ni or Zn concentrations due to initial iron concentration. At low pH (pH < 6) significantly more metal was removed from solution in the high Fe treatment than in the low Fe treatment. At the lowest pHs, the CCB was a source of Zn, Ni and Cu in the low Fe treatment, whereas in the high Fe treatment, these metals were effectively removed from solution. Iron was solubilized at the lowest pHs in the low Fe treatment (~ 50 mg L-1), but precipitated in the high iron treatment (~ 1 mg L-1) at all pH. This may indicate that Cu, Ni and Zn have been coprecipitated in a secondary iron-containing mineral.
Table 12. ANOVA results for the effect of equilibrium pH and initial iron concentration on equilibrium concentrations of Cu, Ni and Zn.
	
	Model
	
	Model Parameters

	Element
	R2
	Pr > F
	
	Initial Fe
	pH
	Initial Fe x pH

	Cu
	0.845
	<0.0001
	
	<0.0001
	<0.0001
	0.0003

	Ni
	0.908
	<0.0001
	
	<0.0001
	<0.0001
	<0.0001

	Zn
	0.823
	<0.0001
	
	<0.0001
	<0.0001
	0.0008


Case Studies/Literature Review
A summary of the results form various uses of CCBs are given in Table 13. Some elements of concern were not measured in some of the studies. Boron determinations for example were missing from many of the capping uses. For most CCB uses, when measured, B and Se concentrations increased. There was only one (1) long-term study (14 yrs), most were less than three (3) years in duration. Most authors considered the use of CCBs in their applications successful. However, in no case was water quality followed through alkalinity exhaustion. Several authors used the observation of alkaline pH and made reference to CCB cementation to suggest that metal leaching would not be a concern. However, there is evidence from laboratory (Laperche and Traina, 1999) and field (Fruchter et al., 1990; McCarthy et al., 1997) studies that CCB monofills weather and significantly degrade, sometimes in as little as two (2) years.

[image: image1]
Figure 1. Percent Zn, Cu and Ni removed from solution as a function of equilibrium
pH at high (220mg L-1) and low (8.5 mg L-1) initial iron (Fe3+) concentration.
Table 13. Summary table for field studies on CCB applications.
	Ash Type
	Use
	Ash Analysis
	Pre-Use WQ?
	Post-Ash WQ?
	Monitoring Time
	Elements not Determined
	Success?
	Report Type
	Comments
	Reference

	FGD
	Capping,
	No
	No
	No
	1 yr
	All exc. B
	Yes
	P
	B only element discussed; 6 – 17 mg L-1 in leachate
	1

	FGD
	Capping
	Yes
	No
	Yes
	5 yr
	Be, B, Sb, Tl, V
	Yes
	P
	Focus on AMD abatement
	2

	FBC
	Capping
	Yesa
	Yes
	Yes
	3 yr
	Be, B, Tl
	Yes
	P
	TCLP on ash – all elements w/in guidelines. 
	3

	Various
	Grouting
	No
	Yes
	Yesb
	5 yr
	mostc
	Yes
	P
	a measured AMD metals + K, Mo, B

b measured, not reported
	4

	FGD
	Grouting
	Yesa
	Yesb
	Yes
	3 yr
	see comments
	Yes
	P
	aTCLP, missing B, Sb, Tl, Cu, Be, Ni

b all water exits through tmt facility
	5

	FBC
	Incorporation
	Yes
	No
	Yes
	1 yr
	none
	Yes
	Unk
	increased B, Mo, decreased Zn, Mn compared to topsoiling
	6

	Fly
	Incorporation
	No
	No
	Yes
	14 yr
	all trace
	Yes
	J
	focus on acid neutralization, no trace elements

pH > 8.0 after 14 yrs
	7

	FBC
	Incorporation
	Yesa
	No
	No
	1 yr
	see comments
	Yes
	P/J
	a TCLP for As, Ba, Cd, Cr, Pb, Hg, Se, Ag only
	8

	FGD
	Grouting
	Yes
	Yesa
	Yesa
	2.5 yr
	none
	Yes
	P/J
	a measured, not reported
	9

	FGD
	Grouting
	Yes
	Yes
	Yes
	2 yr
	Tl, Sb
	Yes?
	J
	no neutralization (pH<3.5); trace element conc. decreasing w/time
	10


References 1-Mafi, 1996; 2-Hellier, 1998; 3-Schueck et al., 1996; 4-Branam et al., 2001; 5-Ashby, 2000; 6-Stehouwer and Dick; 7-Twardowska, 1990; 8-Brown et al., 1998; 9-Rudesell, 2001; 10-Lamminen et al., 2001
Conclusion
Although most authors considered their use of CCBs in mine environments a success, only one long-term study could be found, and in no study was water quality followed to CCB alkalinity exhaustion. Also, some elements known to be of concern during the initial phases of CCB dissolution (B, Mo, Se, As), and other identified in this study (Sb, Cr, Pb, Tl, Be, Cd) were not measured in some studies.

In laboratory tests (MWLP procedure) CCBs in contact with distilled, deionized water (DDIW) water was alkaline, at least pH  7.1, but more typically above pH 9 and sometimes as high as pH 11.7. Elements of concern in the DI water control samples include Sb, Cr, Pb, Tl, Be and Cd, all of which exceeded drinking water standards in at least one MWLP. Other elements present in the DDIW water treatment at relatively high concentrations include As and B. The highest observed As concentration was 0.022 which exceeds the 2006 As standard of 0.010 mg L-1. The highest observed B concentration was 2.71 mg L-1. Boron is frequently observed at elevated concentrations in CCB leachates, but the metals Cd, Pb and Cr are not typically thought of as problems in high pH waters. However, in all cases, Cd, Pb and Cr concentrations were below their hydroxide solubility product minima, indicating that pH dependent precipitation as metal hydroxides was not controlling solution phase concentrations. When CCBs were in contact with AMD, at alkalinity exhaustion some elements decreased in concentration and some increased in concentration, compared to the initial AMD water quality. Trace elements that decreased in concentration but still exceeded drinking water standards included Ni, Be and Cu. Those elements of concern that increased in concentration, indicating that the ash was a net source for these elements, included Mn, Cr, Pb, Ni and Cd. Nickel concentrations in solution at alkalinity exhaustion exceeded drinking water standards in all seven MWLPs; Cr and Pb exceeded drinking water standards in 3 MWLPs. 

There were statistically significant effects from AMD source on MWLP results when the same CCBs were used, but the results were not consistent for each element. CCBs could be a source or a sink for B, Pb and Zn, depending on the specific CCB-AMD combination. During the course of the MWLP procedure, Mn, Ni, Zn, Pb, Cu, Be, Cr and Cu concentrations increased in at least one CCB-AMD combination. A separate laboratory experiment indicated that CCBs could be a source of Zn, Cu and Ni at alkalinity exhaustion in solutions with low initial iron concentrations, but could remain a sink for these elements in solutions with high initial iron concentrations. 

There have been several methods proposed to determine the metal leaching potential of CCBs. These have used one or more complexing agents, and/or various concentrations of sulfuric, hydrochloric or nitric acids. While valuable, these approaches ignore any potential effects, positive or negative, of other components of AMD that may affect metals leaching from CCBs. The Mine Water Leaching Procedure (MWLP) was developed specifically to account for the effects of AMD on metal leaching. The MWLP results indicate that, as expected, at alkalinity exhaustion CCBs can release metals to solution. This suggests that careful planning and monitoring are necessary to prevent alkalinity exhaustion. When leachates were very alkaline (in contact with DDIW), elements such as Sb, Cr, B, Be, Mn, Zn and Pb were present in leachates, sometimes in excess of drinking water standards. Further study of the geochemical controls on metal availability when CCBs are in contact with circumneutral water, including groundwater is needed. It is suggested that CCBs not be placed in close proximity to primary drinking water supplies, especially where CCBs are not likely to contact AMD. Because metals release depends on the specific CCB – AMD combination, this work suggests that CCBs should be tested for their potentials to release metals under the specific conditions where they are to be placed, as in the MWLP. When CCBs are to be placed in AMD, metals leaching behavior should be tested in waters comparable to what is expected at the site, rather than simple acid containing solutions or simulated acid mine drainage. Iron concentrations in the AMD appear to play a role in metal source – sink behavior. Additional study is warranted into the specific mechanisms by which metals are retained or released during the AMD leaching process. When CCBs are not likely to come into contact with AMD, characterization of metals leaching behavior, particularly for B, Mn, Zn and Pb is still indicated. Given the relationship between CCB source and metals leaching, leaching characterization should be repeated whenever CCB source changes.
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		11.945		11.885		0

		9.8		9.335		14

		4.83		5.01

		2.195		2.715

		1.7		1.94



Low Fe

High Fe

Equilibrium pH

Percent Ni Removed

98.8012947114

98.5102390471

0

91.1700385928

94.2365424431

0

2.7214859447

79.4248439157

-20.7906977451

85.6918179045

0.8000068981

98.3864411225



Raw Data

		Solution		Tube		Rep		pH		Weight		Added Acid		Tmt		Ash		Zn		Cu		Ni		Fe				Solution		Tube		Rep		pH		Weight		Added Acid		Tmt		Ash		Zn		Cu		Ni		Fe				Solution		Tube		Rep		pH		Weight		Added Acid		Tmt		Ash		Zn		Cu		Ni		Fe

		A		1		1		2.22				0.600		DI		No		0.054		0.074		0.108		0.002				C		1		1		2.40				0.590		Low Fe		No		1.406		0.672		0.882		9.879				E		1		1		2.85				0.000		High Fe		No		1.016		1.484		0.765		197.716

		A		2		1		1.90				1.520		DI		No		0		0		0		0				C		2		1		1.99				1.510		Low Fe		No		1.373		0.669		0.821		10.223				E		2		1		2.10				0.980		High Fe		No		0.921		1.466		0.672		240.618

		A		3		1		1.76				2.160		DI		No		0		0		0.016		0				C		3		1		1.84				2.150		Low Fe		No		1.302		0.596		0.743		8.59				E		3		1		1.91				1.620		High Fe		No		0.931		1.481		0.676		245.143

		A		4		1		1.61				3.600		DI		No		0		0.003		0.007		0				C		4		1		1.68				3.590		Low Fe		No		1.216		0.608		0.827		8.64				E		4		1		1.69				3.060		High Fe		No		0.883		1.417		0.632		222.049

		A		5		1		1.45				6.000		DI		No		0		0		0.004		0.015				C		5		1		1.46				5.990		Low Fe		No		1.169		0.581		0.758		7.623				E		5		1		1.56				5.460		High Fe		No		0.818		1.256		0.615		215.972

		A		1		2		2.30				0.600		DI		No		0		0		0.007		0				C		1		2		2.37				0.590		Low Fe		No		1.446		0.686		0.868		8.592				E		1		2		2.85				0.000		High Fe		No		0.988		1.495		0.721		194.951

		A		2		2		1.87				1.520		DI		No		0		0		0.007		0				C		2		2		2.02				1.510		Low Fe		No		1.281		0.676		0.831		8.664				E		2		2		2.12				0.980		High Fe		No		0.952		1.483		0.69		247.728

		A		3		2		1.78				2.160		DI		No		0		0.006		0.012		0				C		3		2		1.84				2.150		Low Fe		No		1.645		0.652		0.843		8.619				E		3		2		1.95				1.620		High Fe		No		0.934		1.451		0.653		223.514

		A		4		2		1.62				3.600		DI		No		0		0		0.019		0				C		4		2		1.68				3.590		Low Fe		No		1.26		0.636		0.796		7.374				E		4		2		1.73				3.060		High Fe		No		0.882		1.063		0.664		230.104

		A		5		2		1.46				6.000		DI		No		0		0		0.024		0				C		5		2		1.44				5.990		Low Fe		No		1.206		0.585		0.765		7.691				E		5		2		1.53				5.460		High Fe		No		0.866		1.337		0.62		222.128

		B		1		1		11.85		0.502		0.600		DI		Yes		0		0.005		0.008		0				D		1		1		11.95		0.504		0.590		Low Fe		Yes		0		0.007		0.012		0				F		1		1		11.90		0.503		0.000		High Fe		Yes		0		0.005		0.009		0.148

		B		2		1		10.39		0.503		1.520		DI		Yes		0		0		0.01		0.006				D		2		1		9.21		0.504		1.510		Low Fe		Yes		0		0.004		0.144		0.071				F		2		1		9.49		0.504		0.980		High Fe		Yes		0		0.017		0.02		1.63

		B		3		1		4.69		0.498		2.160		DI		Yes		0.076		0.023		0.032		1.322				D		3		1		4.71		0.501		2.150		Low Fe		Yes		1.244		0.445		0.729		1.753				F		3		1		5.22		0.504		1.620		High Fe		Yes		0.63		0.197		0.273		0.253

		B		4		1		2.26		0.500		3.600		DI		Yes		0.16		0.12		0.043		30.837				D		4		1		2.13		0.496		3.590		Low Fe		Yes		1.619		0.721		0.854		40.026				F		4		1		2.70		0.497		3.060		High Fe		Yes		0.662		0.42		0.178		11.482

		B		5		1		1.63		0.500		6.000		DI		Yes		0.17		0.145		0.052		38.31				D		5		1		1.75		0.500		5.990		Low Fe		Yes		1.331		0.616		0.732		46.691				F		5		1		1.94		0.498		5.460		High Fe		Yes		0		0.021		0.001		0.073

		B		1		2		11.91		0.502		0.600		DI		Yes		0		0		0.012		0.039				D		1		2		11.94		0.496		0.590		Low Fe		Yes		0		0		0.009		0.044				F		1		2		11.87		0.502		0.000		High Fe		Yes		0		0.021		0.013		0

		B		2		2		10.61		0.498		1.520		DI		Yes		0		0.004		0.011		0.002				D		2		2		10.39		0.501		1.510		Low Fe		Yes		0		0		0.001		0				F		2		2		9.18		0.497		0.980		High Fe		Yes		0		0.033		0.059		0

		B		3		2		4.81		0.504		2.160		DI		Yes		0.096		0.039		0.037		1.866				D		3		2		4.95		0.503		2.150		Low Fe		Yes		1.746		0.415		0.813		1.692				F		3		2		4.80		0.503		1.620		High Fe		Yes		0		0.005		0.005		0

		B		4		2		2.26		0.503		3.600		DI		Yes		0.156		0.113		0.04		32.498				D		4		2		2.26		0.501		3.590		Low Fe		Yes		2.437		0.83		1.101		64.377				F		4		2		2.73		0.502		3.060		High Fe		Yes		0		0.025		0.003		0

		B		5		2		1.64		0.502		6.000		DI		Yes		0.169		0.134		0.064		38.543				D		5		2		1.65		0.501		5.990		Low Fe		Yes		1.412		0.59		0.779		43.785				F		5		2		1.94		0.500		5.460		High Fe		Yes		0		0.013		0.019		0

																																												1.3304		0.6361		0.8134		8.5895																				0.9191		1.3933		0.6708		223.9923

																																										pH		% Zn Rem		% Cu Rem		% Ni Rem																				pH		% Zn Rem		% Cu Rem		% Ni Rem

																																										11.95		100		98.9583333333		98.6394557823																				11.90		100		99.6630727763		98.8235294118

																																										9.21		100		99.4020926756		82.4604141291																				9.49		100		98.8403819918		97.0238095238

																																										4.71		4.4546850998		25.3355704698		1.8842530283																				5.22		32.3308270677		86.6981769075		59.6153846154

																																										2.13		-33.1414473684		-18.5855263158		-3.2648125756																				2.70		25.0283125708		70.359915314		71.835443038

																																										1.75		-13.8579982891		-6.0240963855		3.4300791557																				1.94		100		98.3280254777		99.837398374

																																										11.94		100		100		98.9631336406																				11.87		100		98.5953177258		98.1969486824

																																										10.39		100		100		99.8796630566																				9.18		100		97.7747808496		91.4492753623

																																										4.95		-6.1398176292		36.3496932515		3.5587188612																				4.80		100		99.655410062		99.2343032159

																																										2.26		-93.4126984127		-30.5031446541		-38.3165829146																				2.73		100		97.6481655691		99.5481927711

																																										1.65		-17.0812603648		-0.8547008547		-1.8300653595																				1.94		100		99.0276738968		96.935483871

																																								Tmt		pH		% Zn Rem		% Cu Rem		% Ni Rem																		Tmt		pH		% Zn Rem		% Cu Rem		% Ni Rem

																																								Low Fe		11.95		100.00		99.48		98.80																		High Fe		11.89		100.00		99.13		98.51

																																								Low Fe		9.80		100.00		99.70		91.17																		High Fe		9.34		100.00		98.31		94.24

																																								Low Fe		4.83		-0.84		30.84		2.72																		High Fe		5.01		66.17		93.18		79.42

																																								Low Fe		2.20		-63.28		-24.54		-20.79																		High Fe		2.72		62.51		84.00		85.69

																																								Low Fe		1.70		-15.47		-3.44		0.80																		High Fe		1.94		100.00		98.68		98.39





SAS

		Solution		Tube		Rep		pH		Weight		Added Acid		Tmt		Ash		Zn		Cu		Ni		Fe

		A		1		1		2.22				0.600		DI		No		0.054		0.074		0.108		0.002

		A		2		1		1.90				1.520		DI		No		0		0		0		0

		A		3		1		1.76				2.160		DI		No		0		0		0.016		0

		A		4		1		1.61				3.600		DI		No		0		0.003		0.007		0

		A		5		1		1.45				6.000		DI		No		0		0		0.004		0.015

		A		1		2		2.30				0.600		DI		No		0		0		0.007		0

		A		2		2		1.87				1.520		DI		No		0		0		0.007		0

		A		3		2		1.78				2.160		DI		No		0		0.006		0.012		0

		A		4		2		1.62				3.600		DI		No		0		0		0.019		0

		A		5		2		1.46				6.000		DI		No		0		0		0.024		0

		B		1		1		11.85		0.502		0.600		DI		Yes		0		0.005		0.008		0

		B		2		1		10.39		0.503		1.520		DI		Yes		0		0		0.01		0.006

		B		3		1		4.69		0.498		2.160		DI		Yes		0.076		0.023		0.032		1.322

		B		4		1		2.26		0.500		3.600		DI		Yes		0.16		0.12		0.043		30.837

		B		5		1		1.63		0.500		6.000		DI		Yes		0.17		0.145		0.052		38.31

		B		1		2		11.91		0.502		0.600		DI		Yes		0		0		0.012		0.039

		B		2		2		10.61		0.498		1.520		DI		Yes		0		0.004		0.011		0.002

		B		3		2		4.81		0.504		2.160		DI		Yes		0.096		0.039		0.037		1.866

		B		4		2		2.26		0.503		3.600		DI		Yes		0.156		0.113		0.04		32.498

		B		5		2		1.64		0.502		6.000		DI		Yes		0.169		0.134		0.064		38.543

		C		1		1		2.40				0.590		Low Fe		No		1.406		0.672		0.882		9.879

		C		2		1		1.99				1.510		Low Fe		No		1.373		0.669		0.821		10.223

		C		3		1		1.84				2.150		Low Fe		No		1.302		0.596		0.743		8.59

		C		4		1		1.68				3.590		Low Fe		No		1.216		0.608		0.827		8.64

		C		5		1		1.46				5.990		Low Fe		No		1.169		0.581		0.758		7.623

		C		1		2		2.37				0.590		Low Fe		No		1.446		0.686		0.868		8.592

		C		2		2		2.02				1.510		Low Fe		No		1.281		0.676		0.831		8.664

		C		3		2		1.84				2.150		Low Fe		No		1.645		0.652		0.843		8.619

		C		4		2		1.68				3.590		Low Fe		No		1.26		0.636		0.796		7.374

		C		5		2		1.44				5.990		Low Fe		No		1.206		0.585		0.765		7.691

		D		1		1		11.95		0.504		0.590		Low Fe		Yes		0		0.007		0.012		0

		D		2		1		9.21		0.504		1.510		Low Fe		Yes		0		0.004		0.144		0.071

		D		3		1		4.71		0.501		2.150		Low Fe		Yes		1.244		0.445		0.729		1.753

		D		4		1		2.13		0.496		3.590		Low Fe		Yes		1.619		0.721		0.854		40.026

		D		5		1		1.75		0.500		5.990		Low Fe		Yes		1.331		0.616		0.732		46.691

		D		1		2		11.94		0.496		0.590		Low Fe		Yes		0		0		0.009		0.044

		D		2		2		10.39		0.501		1.510		Low Fe		Yes		0		0		0.001		0

		D		3		2		4.95		0.503		2.150		Low Fe		Yes		1.746		0.415		0.813		1.692

		D		4		2		2.26		0.501		3.590		Low Fe		Yes		2.437		0.83		1.101		64.377

		D		5		2		1.65		0.501		5.990		Low Fe		Yes		1.412		0.59		0.779		43.785

		E		1		1		2.85				0.000		High Fe		No		1.016		1.484		0.765		197.716

		E		2		1		2.10				0.980		High Fe		No		0.921		1.466		0.672		240.618

		E		3		1		1.91				1.620		High Fe		No		0.931		1.481		0.676		245.143

		E		4		1		1.69				3.060		High Fe		No		0.883		1.417		0.632		222.049

		E		5		1		1.56				5.460		High Fe		No		0.818		1.256		0.615		215.972

		E		1		2		2.85				0.000		High Fe		No		0.988		1.495		0.721		194.951

		E		2		2		2.12				0.980		High Fe		No		0.952		1.483		0.69		247.728

		E		3		2		1.95				1.620		High Fe		No		0.934		1.451		0.653		223.514

		E		4		2		1.73				3.060		High Fe		No		0.882		1.063		0.664		230.104

		E		5		2		1.53				5.460		High Fe		No		0.866		1.337		0.62		222.128

		F		1		1		11.90		0.503		0.000		High Fe		Yes		0		0.005		0.009		0.148

		F		2		1		9.49		0.504		0.980		High Fe		Yes		0		0.017		0.02		1.63

		F		3		1		5.22		0.504		1.620		High Fe		Yes		0.63		0.197		0.273		0.253

		F		4		1		2.70		0.497		3.060		High Fe		Yes		0.662		0.42		0.178		11.482

		F		5		1		1.94		0.498		5.460		High Fe		Yes		0		0.021		0.001		0.073

		F		1		2		11.87		0.502		0.000		High Fe		Yes		0		0.021		0.013		0

		F		2		2		9.18		0.497		0.980		High Fe		Yes		0		0.033		0.059		0

		F		3		2		4.80		0.503		1.620		High Fe		Yes		0		0.005		0.005		0

		F		4		2		2.73		0.502		3.060		High Fe		Yes		0		0.025		0.003		0

		F		5		2		1.94		0.500		5.460		High Fe		Yes		0		0.013		0.019		0





% Rem

		Tmt		pH		% Zn Rem		% Cu Rem		% Ni Rem

		Low Fe		11.945		100		99.4791666667		98.8012947114

		Low Fe		9.8		100		99.7010463378		91.1700385928

		Low Fe		4.83		-0.8425662647		30.8426318607		2.7214859447

		Low Fe		2.195		-63.2770728906		-24.5443354849		-20.7906977451

		Low Fe		1.7		-15.469629327		-3.4393986201		0.8000068981

		High Fe		11.885		100		99.129195251		98.5102390471

		High Fe		9.335		100		98.3075814207		94.2365424431

		High Fe		5.01		66.1654135338		93.1767934848		79.4248439157

		High Fe		2.715		62.5141562854		84.0040404416		85.6918179045

		High Fe		1.94		100		98.6778496872		98.3864411225
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		Tmt		Tube		pH		Cu		Zn		Ni		Fe

		High Fe		1		11.9		0.013		0		0.011		0.074

		High Fe		2		9.49		0.025		0		0.0395		0.815

		High Fe		3		5.22		0.101		0.315		0.139		0.1265

		High Fe		4		2.73		0.2225		0.331		0.0905		5.741

		High Fe		5		1.94		0.017		0		0.01		0.0365

		Low Fe		1		11.95		0.0035		0		0.0105		0.022

		Low Fe		2		10.39		0.002		0		0.0725		0.0355

		Low Fe		3		4.95		0.43		1.495		0.771		1.7225

		Low Fe		4		2.26		0.7755		2.028		0.9775		52.2015

		Low Fe		5		1.75		0.603		1.3715		0.7555		45.238
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Raw Data

		Solution		Tube		Rep		pH		Weight		Added Acid		Tmt		Ash		Zn		Cu		Ni		Fe				Solution		Tube		Rep		pH		Weight		Added Acid		Tmt		Ash		Zn		Cu		Ni		Fe				Solution		Tube		Rep		pH		Weight		Added Acid		Tmt		Ash		Zn		Cu		Ni		Fe

		A		1		1		2.22				0.600		DI		No		0.054		0.074		0.108		0.002				C		1		1		2.40				0.590		Low Fe		No		1.406		0.672		0.882		9.879				E		1		1		2.85				0.000		High Fe		No		1.016		1.484		0.765		197.716

		A		2		1		1.90				1.520		DI		No		0		0		0		0				C		2		1		1.99				1.510		Low Fe		No		1.373		0.669		0.821		10.223				E		2		1		2.10				0.980		High Fe		No		0.921		1.466		0.672		240.618

		A		3		1		1.76				2.160		DI		No		0		0		0.016		0				C		3		1		1.84				2.150		Low Fe		No		1.302		0.596		0.743		8.59				E		3		1		1.91				1.620		High Fe		No		0.931		1.481		0.676		245.143

		A		4		1		1.61				3.600		DI		No		0		0.003		0.007		0				C		4		1		1.68				3.590		Low Fe		No		1.216		0.608		0.827		8.64				E		4		1		1.69				3.060		High Fe		No		0.883		1.417		0.632		222.049

		A		5		1		1.45				6.000		DI		No		0		0		0.004		0.015				C		5		1		1.46				5.990		Low Fe		No		1.169		0.581		0.758		7.623				E		5		1		1.56				5.460		High Fe		No		0.818		1.256		0.615		215.972

		A		1		2		2.30				0.600		DI		No		0		0		0.007		0				C		1		2		2.37				0.590		Low Fe		No		1.446		0.686		0.868		8.592				E		1		2		2.85				0.000		High Fe		No		0.988		1.495		0.721		194.951

		A		2		2		1.87				1.520		DI		No		0		0		0.007		0				C		2		2		2.02				1.510		Low Fe		No		1.281		0.676		0.831		8.664				E		2		2		2.12				0.980		High Fe		No		0.952		1.483		0.69		247.728

		A		3		2		1.78				2.160		DI		No		0		0.006		0.012		0				C		3		2		1.84				2.150		Low Fe		No		1.645		0.652		0.843		8.619				E		3		2		1.95				1.620		High Fe		No		0.934		1.451		0.653		223.514

		A		4		2		1.62				3.600		DI		No		0		0		0.019		0				C		4		2		1.68				3.590		Low Fe		No		1.26		0.636		0.796		7.374				E		4		2		1.73				3.060		High Fe		No		0.882		1.063		0.664		230.104

		A		5		2		1.46				6.000		DI		No		0		0		0.024		0				C		5		2		1.44				5.990		Low Fe		No		1.206		0.585		0.765		7.691				E		5		2		1.53				5.460		High Fe		No		0.866		1.337		0.62		222.128

		B		1		1		11.85		0.502		0.600		DI		Yes		0		0.005		0.008		0				D		1		1		11.95		0.504		0.590		Low Fe		Yes		0		0.007		0.012		0				F		1		1		11.90		0.503		0.000		High Fe		Yes		0		0.005		0.009		0.148

		B		2		1		10.39		0.503		1.520		DI		Yes		0		0		0.01		0.006				D		2		1		9.21		0.504		1.510		Low Fe		Yes		0		0.004		0.144		0.071				F		2		1		9.49		0.504		0.980		High Fe		Yes		0		0.017		0.02		1.63

		B		3		1		4.69		0.498		2.160		DI		Yes		0.076		0.023		0.032		1.322				D		3		1		4.71		0.501		2.150		Low Fe		Yes		1.244		0.445		0.729		1.753				F		3		1		5.22		0.504		1.620		High Fe		Yes		0.63		0.197		0.273		0.253

		B		4		1		2.26		0.500		3.600		DI		Yes		0.16		0.12		0.043		30.837				D		4		1		2.13		0.496		3.590		Low Fe		Yes		1.619		0.721		0.854		40.026				F		4		1		2.70		0.497		3.060		High Fe		Yes		0.662		0.42		0.178		11.482

		B		5		1		1.63		0.500		6.000		DI		Yes		0.17		0.145		0.052		38.31				D		5		1		1.75		0.500		5.990		Low Fe		Yes		1.331		0.616		0.732		46.691				F		5		1		1.94		0.498		5.460		High Fe		Yes		0		0.021		0.001		0.073

		B		1		2		11.91		0.502		0.600		DI		Yes		0		0		0.012		0.039				D		1		2		11.94		0.496		0.590		Low Fe		Yes		0		0		0.009		0.044				F		1		2		11.87		0.502		0.000		High Fe		Yes		0		0.021		0.013		0

		B		2		2		10.61		0.498		1.520		DI		Yes		0		0.004		0.011		0.002				D		2		2		10.39		0.501		1.510		Low Fe		Yes		0		0		0.001		0				F		2		2		9.18		0.497		0.980		High Fe		Yes		0		0.033		0.059		0

		B		3		2		4.81		0.504		2.160		DI		Yes		0.096		0.039		0.037		1.866				D		3		2		4.95		0.503		2.150		Low Fe		Yes		1.746		0.415		0.813		1.692				F		3		2		4.80		0.503		1.620		High Fe		Yes		0		0.005		0.005		0

		B		4		2		2.26		0.503		3.600		DI		Yes		0.156		0.113		0.04		32.498				D		4		2		2.26		0.501		3.590		Low Fe		Yes		2.437		0.83		1.101		64.377				F		4		2		2.73		0.502		3.060		High Fe		Yes		0		0.025		0.003		0

		B		5		2		1.64		0.502		6.000		DI		Yes		0.169		0.134		0.064		38.543				D		5		2		1.65		0.501		5.990		Low Fe		Yes		1.412		0.59		0.779		43.785				F		5		2		1.94		0.500		5.460		High Fe		Yes		0		0.013		0.019		0

																																												1.3304		0.6361		0.8134		8.5895																				0.9191		1.3933		0.6708		223.9923

																																										pH		% Zn Rem		% Cu Rem		% Ni Rem																				pH		% Zn Rem		% Cu Rem		% Ni Rem

																																										11.95		100		98.9583333333		98.6394557823																				11.90		100		99.6630727763		98.8235294118

																																										9.21		100		99.4020926756		82.4604141291																				9.49		100		98.8403819918		97.0238095238

																																										4.71		4.4546850998		25.3355704698		1.8842530283																				5.22		32.3308270677		86.6981769075		59.6153846154

																																										2.13		-33.1414473684		-18.5855263158		-3.2648125756																				2.70		25.0283125708		70.359915314		71.835443038

																																										1.75		-13.8579982891		-6.0240963855		3.4300791557																				1.94		100		98.3280254777		99.837398374

																																										11.94		100		100		98.9631336406																				11.87		100		98.5953177258		98.1969486824

																																										10.39		100		100		99.8796630566																				9.18		100		97.7747808496		91.4492753623

																																										4.95		-6.1398176292		36.3496932515		3.5587188612																				4.80		100		99.655410062		99.2343032159

																																										2.26		-93.4126984127		-30.5031446541		-38.3165829146																				2.73		100		97.6481655691		99.5481927711

																																										1.65		-17.0812603648		-0.8547008547		-1.8300653595																				1.94		100		99.0276738968		96.935483871

																																								Tmt		pH		% Zn Rem		% Cu Rem		% Ni Rem																		Tmt		pH		% Zn Rem		% Cu Rem		% Ni Rem

																																								Low Fe		11.95		100.00		99.48		98.80																		High Fe		11.89		100.00		99.13		98.51

																																								Low Fe		9.80		100.00		99.70		91.17																		High Fe		9.34		100.00		98.31		94.24

																																								Low Fe		4.83		-0.84		30.84		2.72																		High Fe		5.01		66.17		93.18		79.42

																																								Low Fe		2.20		-63.28		-24.54		-20.79																		High Fe		2.72		62.51		84.00		85.69

																																								Low Fe		1.70		-15.47		-3.44		0.80																		High Fe		1.94		100.00		98.68		98.39





SAS

		Solution		Tube		Rep		pH		Weight		Added Acid		Tmt		Ash		Zn		Cu		Ni		Fe

		A		1		1		2.22				0.600		DI		No		0.054		0.074		0.108		0.002

		A		2		1		1.90				1.520		DI		No		0		0		0		0

		A		3		1		1.76				2.160		DI		No		0		0		0.016		0

		A		4		1		1.61				3.600		DI		No		0		0.003		0.007		0

		A		5		1		1.45				6.000		DI		No		0		0		0.004		0.015

		A		1		2		2.30				0.600		DI		No		0		0		0.007		0

		A		2		2		1.87				1.520		DI		No		0		0		0.007		0

		A		3		2		1.78				2.160		DI		No		0		0.006		0.012		0

		A		4		2		1.62				3.600		DI		No		0		0		0.019		0

		A		5		2		1.46				6.000		DI		No		0		0		0.024		0

		B		1		1		11.85		0.502		0.600		DI		Yes		0		0.005		0.008		0

		B		2		1		10.39		0.503		1.520		DI		Yes		0		0		0.01		0.006

		B		3		1		4.69		0.498		2.160		DI		Yes		0.076		0.023		0.032		1.322

		B		4		1		2.26		0.500		3.600		DI		Yes		0.16		0.12		0.043		30.837

		B		5		1		1.63		0.500		6.000		DI		Yes		0.17		0.145		0.052		38.31

		B		1		2		11.91		0.502		0.600		DI		Yes		0		0		0.012		0.039

		B		2		2		10.61		0.498		1.520		DI		Yes		0		0.004		0.011		0.002

		B		3		2		4.81		0.504		2.160		DI		Yes		0.096		0.039		0.037		1.866

		B		4		2		2.26		0.503		3.600		DI		Yes		0.156		0.113		0.04		32.498

		B		5		2		1.64		0.502		6.000		DI		Yes		0.169		0.134		0.064		38.543

		C		1		1		2.40				0.590		Low Fe		No		1.406		0.672		0.882		9.879

		C		2		1		1.99				1.510		Low Fe		No		1.373		0.669		0.821		10.223

		C		3		1		1.84				2.150		Low Fe		No		1.302		0.596		0.743		8.59

		C		4		1		1.68				3.590		Low Fe		No		1.216		0.608		0.827		8.64

		C		5		1		1.46				5.990		Low Fe		No		1.169		0.581		0.758		7.623

		C		1		2		2.37				0.590		Low Fe		No		1.446		0.686		0.868		8.592

		C		2		2		2.02				1.510		Low Fe		No		1.281		0.676		0.831		8.664

		C		3		2		1.84				2.150		Low Fe		No		1.645		0.652		0.843		8.619

		C		4		2		1.68				3.590		Low Fe		No		1.26		0.636		0.796		7.374

		C		5		2		1.44				5.990		Low Fe		No		1.206		0.585		0.765		7.691

		D		1		1		11.95		0.504		0.590		Low Fe		Yes		0		0.007		0.012		0

		D		2		1		9.21		0.504		1.510		Low Fe		Yes		0		0.004		0.144		0.071

		D		3		1		4.71		0.501		2.150		Low Fe		Yes		1.244		0.445		0.729		1.753

		D		4		1		2.13		0.496		3.590		Low Fe		Yes		1.619		0.721		0.854		40.026

		D		5		1		1.75		0.500		5.990		Low Fe		Yes		1.331		0.616		0.732		46.691

		D		1		2		11.94		0.496		0.590		Low Fe		Yes		0		0		0.009		0.044

		D		2		2		10.39		0.501		1.510		Low Fe		Yes		0		0		0.001		0

		D		3		2		4.95		0.503		2.150		Low Fe		Yes		1.746		0.415		0.813		1.692

		D		4		2		2.26		0.501		3.590		Low Fe		Yes		2.437		0.83		1.101		64.377

		D		5		2		1.65		0.501		5.990		Low Fe		Yes		1.412		0.59		0.779		43.785

		E		1		1		2.85				0.000		High Fe		No		1.016		1.484		0.765		197.716

		E		2		1		2.10				0.980		High Fe		No		0.921		1.466		0.672		240.618

		E		3		1		1.91				1.620		High Fe		No		0.931		1.481		0.676		245.143

		E		4		1		1.69				3.060		High Fe		No		0.883		1.417		0.632		222.049

		E		5		1		1.56				5.460		High Fe		No		0.818		1.256		0.615		215.972

		E		1		2		2.85				0.000		High Fe		No		0.988		1.495		0.721		194.951

		E		2		2		2.12				0.980		High Fe		No		0.952		1.483		0.69		247.728

		E		3		2		1.95				1.620		High Fe		No		0.934		1.451		0.653		223.514

		E		4		2		1.73				3.060		High Fe		No		0.882		1.063		0.664		230.104

		E		5		2		1.53				5.460		High Fe		No		0.866		1.337		0.62		222.128

		F		1		1		11.90		0.503		0.000		High Fe		Yes		0		0.005		0.009		0.148

		F		2		1		9.49		0.504		0.980		High Fe		Yes		0		0.017		0.02		1.63

		F		3		1		5.22		0.504		1.620		High Fe		Yes		0.63		0.197		0.273		0.253

		F		4		1		2.70		0.497		3.060		High Fe		Yes		0.662		0.42		0.178		11.482

		F		5		1		1.94		0.498		5.460		High Fe		Yes		0		0.021		0.001		0.073

		F		1		2		11.87		0.502		0.000		High Fe		Yes		0		0.021		0.013		0

		F		2		2		9.18		0.497		0.980		High Fe		Yes		0		0.033		0.059		0

		F		3		2		4.80		0.503		1.620		High Fe		Yes		0		0.005		0.005		0

		F		4		2		2.73		0.502		3.060		High Fe		Yes		0		0.025		0.003		0

		F		5		2		1.94		0.500		5.460		High Fe		Yes		0		0.013		0.019		0





% Rem

		Tmt		pH		% Zn Rem		% Cu Rem		% Ni Rem

		Low Fe		11.945		100		99.4791666667		98.8012947114

		Low Fe		9.8		100		99.7010463378		91.1700385928

		Low Fe		4.83		-0.8425662647		30.8426318607		2.7214859447

		Low Fe		2.195		-63.2770728906		-24.5443354849		-20.7906977451

		Low Fe		1.7		-15.469629327		-3.4393986201		0.8000068981

		High Fe		11.885		100		99.129195251		98.5102390471

		High Fe		9.335		100		98.3075814207		94.2365424431

		High Fe		5.01		66.1654135338		93.1767934848		79.4248439157

		High Fe		2.715		62.5141562854		84.0040404416		85.6918179045

		High Fe		1.94		100		98.6778496872		98.3864411225
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		Tmt		Tube		pH		Cu		Zn		Ni		Fe

		High Fe		1		11.9		0.013		0		0.011		0.074

		High Fe		2		9.49		0.025		0		0.0395		0.815

		High Fe		3		5.22		0.101		0.315		0.139		0.1265

		High Fe		4		2.73		0.2225		0.331		0.0905		5.741

		High Fe		5		1.94		0.017		0		0.01		0.0365

		Low Fe		1		11.95		0.0035		0		0.0105		0.022

		Low Fe		2		10.39		0.002		0		0.0725		0.0355

		Low Fe		3		4.95		0.43		1.495		0.771		1.7225

		Low Fe		4		2.26		0.7755		2.028		0.9775		52.2015

		Low Fe		5		1.75		0.603		1.3715		0.7555		45.238
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Raw Data

		Solution		Tube		Rep		pH		Weight		Added Acid		Tmt		Ash		Zn		Cu		Ni		Fe				Solution		Tube		Rep		pH		Weight		Added Acid		Tmt		Ash		Zn		Cu		Ni		Fe				Solution		Tube		Rep		pH		Weight		Added Acid		Tmt		Ash		Zn		Cu		Ni		Fe

		A		1		1		2.22				0.600		DI		No		0.054		0.074		0.108		0.002				C		1		1		2.40				0.590		Low Fe		No		1.406		0.672		0.882		9.879				E		1		1		2.85				0.000		High Fe		No		1.016		1.484		0.765		197.716

		A		2		1		1.90				1.520		DI		No		0		0		0		0				C		2		1		1.99				1.510		Low Fe		No		1.373		0.669		0.821		10.223				E		2		1		2.10				0.980		High Fe		No		0.921		1.466		0.672		240.618

		A		3		1		1.76				2.160		DI		No		0		0		0.016		0				C		3		1		1.84				2.150		Low Fe		No		1.302		0.596		0.743		8.59				E		3		1		1.91				1.620		High Fe		No		0.931		1.481		0.676		245.143

		A		4		1		1.61				3.600		DI		No		0		0.003		0.007		0				C		4		1		1.68				3.590		Low Fe		No		1.216		0.608		0.827		8.64				E		4		1		1.69				3.060		High Fe		No		0.883		1.417		0.632		222.049

		A		5		1		1.45				6.000		DI		No		0		0		0.004		0.015				C		5		1		1.46				5.990		Low Fe		No		1.169		0.581		0.758		7.623				E		5		1		1.56				5.460		High Fe		No		0.818		1.256		0.615		215.972

		A		1		2		2.30				0.600		DI		No		0		0		0.007		0				C		1		2		2.37				0.590		Low Fe		No		1.446		0.686		0.868		8.592				E		1		2		2.85				0.000		High Fe		No		0.988		1.495		0.721		194.951

		A		2		2		1.87				1.520		DI		No		0		0		0.007		0				C		2		2		2.02				1.510		Low Fe		No		1.281		0.676		0.831		8.664				E		2		2		2.12				0.980		High Fe		No		0.952		1.483		0.69		247.728

		A		3		2		1.78				2.160		DI		No		0		0.006		0.012		0				C		3		2		1.84				2.150		Low Fe		No		1.645		0.652		0.843		8.619				E		3		2		1.95				1.620		High Fe		No		0.934		1.451		0.653		223.514

		A		4		2		1.62				3.600		DI		No		0		0		0.019		0				C		4		2		1.68				3.590		Low Fe		No		1.26		0.636		0.796		7.374				E		4		2		1.73				3.060		High Fe		No		0.882		1.063		0.664		230.104

		A		5		2		1.46				6.000		DI		No		0		0		0.024		0				C		5		2		1.44				5.990		Low Fe		No		1.206		0.585		0.765		7.691				E		5		2		1.53				5.460		High Fe		No		0.866		1.337		0.62		222.128

		B		1		1		11.85		0.502		0.600		DI		Yes		0		0.005		0.008		0				D		1		1		11.95		0.504		0.590		Low Fe		Yes		0		0.007		0.012		0				F		1		1		11.90		0.503		0.000		High Fe		Yes		0		0.005		0.009		0.148

		B		2		1		10.39		0.503		1.520		DI		Yes		0		0		0.01		0.006				D		2		1		9.21		0.504		1.510		Low Fe		Yes		0		0.004		0.144		0.071				F		2		1		9.49		0.504		0.980		High Fe		Yes		0		0.017		0.02		1.63

		B		3		1		4.69		0.498		2.160		DI		Yes		0.076		0.023		0.032		1.322				D		3		1		4.71		0.501		2.150		Low Fe		Yes		1.244		0.445		0.729		1.753				F		3		1		5.22		0.504		1.620		High Fe		Yes		0.63		0.197		0.273		0.253

		B		4		1		2.26		0.500		3.600		DI		Yes		0.16		0.12		0.043		30.837				D		4		1		2.13		0.496		3.590		Low Fe		Yes		1.619		0.721		0.854		40.026				F		4		1		2.70		0.497		3.060		High Fe		Yes		0.662		0.42		0.178		11.482

		B		5		1		1.63		0.500		6.000		DI		Yes		0.17		0.145		0.052		38.31				D		5		1		1.75		0.500		5.990		Low Fe		Yes		1.331		0.616		0.732		46.691				F		5		1		1.94		0.498		5.460		High Fe		Yes		0		0.021		0.001		0.073

		B		1		2		11.91		0.502		0.600		DI		Yes		0		0		0.012		0.039				D		1		2		11.94		0.496		0.590		Low Fe		Yes		0		0		0.009		0.044				F		1		2		11.87		0.502		0.000		High Fe		Yes		0		0.021		0.013		0

		B		2		2		10.61		0.498		1.520		DI		Yes		0		0.004		0.011		0.002				D		2		2		10.39		0.501		1.510		Low Fe		Yes		0		0		0.001		0				F		2		2		9.18		0.497		0.980		High Fe		Yes		0		0.033		0.059		0

		B		3		2		4.81		0.504		2.160		DI		Yes		0.096		0.039		0.037		1.866				D		3		2		4.95		0.503		2.150		Low Fe		Yes		1.746		0.415		0.813		1.692				F		3		2		4.80		0.503		1.620		High Fe		Yes		0		0.005		0.005		0

		B		4		2		2.26		0.503		3.600		DI		Yes		0.156		0.113		0.04		32.498				D		4		2		2.26		0.501		3.590		Low Fe		Yes		2.437		0.83		1.101		64.377				F		4		2		2.73		0.502		3.060		High Fe		Yes		0		0.025		0.003		0

		B		5		2		1.64		0.502		6.000		DI		Yes		0.169		0.134		0.064		38.543				D		5		2		1.65		0.501		5.990		Low Fe		Yes		1.412		0.59		0.779		43.785				F		5		2		1.94		0.500		5.460		High Fe		Yes		0		0.013		0.019		0

																																												1.3304		0.6361		0.8134		8.5895																				0.9191		1.3933		0.6708		223.9923

																																										pH		% Zn Rem		% Cu Rem		% Ni Rem																				pH		% Zn Rem		% Cu Rem		% Ni Rem

																																										11.95		100		98.9583333333		98.6394557823																				11.90		100		99.6630727763		98.8235294118

																																										9.21		100		99.4020926756		82.4604141291																				9.49		100		98.8403819918		97.0238095238

																																										4.71		4.4546850998		25.3355704698		1.8842530283																				5.22		32.3308270677		86.6981769075		59.6153846154

																																										2.13		-33.1414473684		-18.5855263158		-3.2648125756																				2.70		25.0283125708		70.359915314		71.835443038

																																										1.75		-13.8579982891		-6.0240963855		3.4300791557																				1.94		100		98.3280254777		99.837398374

																																										11.94		100		100		98.9631336406																				11.87		100		98.5953177258		98.1969486824

																																										10.39		100		100		99.8796630566																				9.18		100		97.7747808496		91.4492753623

																																										4.95		-6.1398176292		36.3496932515		3.5587188612																				4.80		100		99.655410062		99.2343032159

																																										2.26		-93.4126984127		-30.5031446541		-38.3165829146																				2.73		100		97.6481655691		99.5481927711

																																										1.65		-17.0812603648		-0.8547008547		-1.8300653595																				1.94		100		99.0276738968		96.935483871

																																								Tmt		pH		% Zn Rem		% Cu Rem		% Ni Rem																		Tmt		pH		% Zn Rem		% Cu Rem		% Ni Rem

																																								Low Fe		11.95		100.00		99.48		98.80																		High Fe		11.89		100.00		99.13		98.51

																																								Low Fe		9.80		100.00		99.70		91.17																		High Fe		9.34		100.00		98.31		94.24

																																								Low Fe		4.83		-0.84		30.84		2.72																		High Fe		5.01		66.17		93.18		79.42

																																								Low Fe		2.20		-63.28		-24.54		-20.79																		High Fe		2.72		62.51		84.00		85.69

																																								Low Fe		1.70		-15.47		-3.44		0.80																		High Fe		1.94		100.00		98.68		98.39





SAS

		Solution		Tube		Rep		pH		Weight		Added Acid		Tmt		Ash		Zn		Cu		Ni		Fe

		A		1		1		2.22				0.600		DI		No		0.054		0.074		0.108		0.002

		A		2		1		1.90				1.520		DI		No		0		0		0		0

		A		3		1		1.76				2.160		DI		No		0		0		0.016		0

		A		4		1		1.61				3.600		DI		No		0		0.003		0.007		0

		A		5		1		1.45				6.000		DI		No		0		0		0.004		0.015

		A		1		2		2.30				0.600		DI		No		0		0		0.007		0

		A		2		2		1.87				1.520		DI		No		0		0		0.007		0

		A		3		2		1.78				2.160		DI		No		0		0.006		0.012		0

		A		4		2		1.62				3.600		DI		No		0		0		0.019		0

		A		5		2		1.46				6.000		DI		No		0		0		0.024		0

		B		1		1		11.85		0.502		0.600		DI		Yes		0		0.005		0.008		0

		B		2		1		10.39		0.503		1.520		DI		Yes		0		0		0.01		0.006

		B		3		1		4.69		0.498		2.160		DI		Yes		0.076		0.023		0.032		1.322

		B		4		1		2.26		0.500		3.600		DI		Yes		0.16		0.12		0.043		30.837

		B		5		1		1.63		0.500		6.000		DI		Yes		0.17		0.145		0.052		38.31

		B		1		2		11.91		0.502		0.600		DI		Yes		0		0		0.012		0.039

		B		2		2		10.61		0.498		1.520		DI		Yes		0		0.004		0.011		0.002

		B		3		2		4.81		0.504		2.160		DI		Yes		0.096		0.039		0.037		1.866

		B		4		2		2.26		0.503		3.600		DI		Yes		0.156		0.113		0.04		32.498

		B		5		2		1.64		0.502		6.000		DI		Yes		0.169		0.134		0.064		38.543

		C		1		1		2.40				0.590		Low Fe		No		1.406		0.672		0.882		9.879

		C		2		1		1.99				1.510		Low Fe		No		1.373		0.669		0.821		10.223

		C		3		1		1.84				2.150		Low Fe		No		1.302		0.596		0.743		8.59

		C		4		1		1.68				3.590		Low Fe		No		1.216		0.608		0.827		8.64

		C		5		1		1.46				5.990		Low Fe		No		1.169		0.581		0.758		7.623

		C		1		2		2.37				0.590		Low Fe		No		1.446		0.686		0.868		8.592

		C		2		2		2.02				1.510		Low Fe		No		1.281		0.676		0.831		8.664

		C		3		2		1.84				2.150		Low Fe		No		1.645		0.652		0.843		8.619

		C		4		2		1.68				3.590		Low Fe		No		1.26		0.636		0.796		7.374

		C		5		2		1.44				5.990		Low Fe		No		1.206		0.585		0.765		7.691

		D		1		1		11.95		0.504		0.590		Low Fe		Yes		0		0.007		0.012		0

		D		2		1		9.21		0.504		1.510		Low Fe		Yes		0		0.004		0.144		0.071

		D		3		1		4.71		0.501		2.150		Low Fe		Yes		1.244		0.445		0.729		1.753

		D		4		1		2.13		0.496		3.590		Low Fe		Yes		1.619		0.721		0.854		40.026

		D		5		1		1.75		0.500		5.990		Low Fe		Yes		1.331		0.616		0.732		46.691

		D		1		2		11.94		0.496		0.590		Low Fe		Yes		0		0		0.009		0.044

		D		2		2		10.39		0.501		1.510		Low Fe		Yes		0		0		0.001		0

		D		3		2		4.95		0.503		2.150		Low Fe		Yes		1.746		0.415		0.813		1.692

		D		4		2		2.26		0.501		3.590		Low Fe		Yes		2.437		0.83		1.101		64.377

		D		5		2		1.65		0.501		5.990		Low Fe		Yes		1.412		0.59		0.779		43.785

		E		1		1		2.85				0.000		High Fe		No		1.016		1.484		0.765		197.716

		E		2		1		2.10				0.980		High Fe		No		0.921		1.466		0.672		240.618

		E		3		1		1.91				1.620		High Fe		No		0.931		1.481		0.676		245.143

		E		4		1		1.69				3.060		High Fe		No		0.883		1.417		0.632		222.049

		E		5		1		1.56				5.460		High Fe		No		0.818		1.256		0.615		215.972

		E		1		2		2.85				0.000		High Fe		No		0.988		1.495		0.721		194.951

		E		2		2		2.12				0.980		High Fe		No		0.952		1.483		0.69		247.728

		E		3		2		1.95				1.620		High Fe		No		0.934		1.451		0.653		223.514

		E		4		2		1.73				3.060		High Fe		No		0.882		1.063		0.664		230.104

		E		5		2		1.53				5.460		High Fe		No		0.866		1.337		0.62		222.128

		F		1		1		11.90		0.503		0.000		High Fe		Yes		0		0.005		0.009		0.148

		F		2		1		9.49		0.504		0.980		High Fe		Yes		0		0.017		0.02		1.63

		F		3		1		5.22		0.504		1.620		High Fe		Yes		0.63		0.197		0.273		0.253

		F		4		1		2.70		0.497		3.060		High Fe		Yes		0.662		0.42		0.178		11.482

		F		5		1		1.94		0.498		5.460		High Fe		Yes		0		0.021		0.001		0.073

		F		1		2		11.87		0.502		0.000		High Fe		Yes		0		0.021		0.013		0

		F		2		2		9.18		0.497		0.980		High Fe		Yes		0		0.033		0.059		0

		F		3		2		4.80		0.503		1.620		High Fe		Yes		0		0.005		0.005		0

		F		4		2		2.73		0.502		3.060		High Fe		Yes		0		0.025		0.003		0

		F		5		2		1.94		0.500		5.460		High Fe		Yes		0		0.013		0.019		0





% Rem

		Tmt		pH		% Zn Rem		% Cu Rem		% Ni Rem

		Low Fe		11.945		100		99.4791666667		98.8012947114

		Low Fe		9.8		100		99.7010463378		91.1700385928

		Low Fe		4.83		-0.8425662647		30.8426318607		2.7214859447

		Low Fe		2.195		-63.2770728906		-24.5443354849		-20.7906977451

		Low Fe		1.7		-15.469629327		-3.4393986201		0.8000068981

		High Fe		11.885		100		99.129195251		98.5102390471

		High Fe		9.335		100		98.3075814207		94.2365424431

		High Fe		5.01		66.1654135338		93.1767934848		79.4248439157

		High Fe		2.715		62.5141562854		84.0040404416		85.6918179045

		High Fe		1.94		100		98.6778496872		98.3864411225

				0		0

				14		0
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Output
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		Tmt		Tube		pH		Cu		Zn		Ni		Fe

		High Fe		1		11.9		0.013		0		0.011		0.074

		High Fe		2		9.49		0.025		0		0.0395		0.815

		High Fe		3		5.22		0.101		0.315		0.139		0.1265

		High Fe		4		2.73		0.2225		0.331		0.0905		5.741

		High Fe		5		1.94		0.017		0		0.01		0.0365

		Low Fe		1		11.95		0.0035		0		0.0105		0.022

		Low Fe		2		10.39		0.002		0		0.0725		0.0355

		Low Fe		3		4.95		0.43		1.495		0.771		1.7225

		Low Fe		4		2.26		0.7755		2.028		0.9775		52.2015

		Low Fe		5		1.75		0.603		1.3715		0.7555		45.238
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