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1.1 Brief Description of the Overall Objectives

The object of this project was to study the retention of arsenic in co -precipitated solids generated
in ferrous/ferric sulphate effluent treatment neutralization circuits . This work focused equally on
(1) the process of tailings production involving oxidation, coprecipitation, and lime neutralization;
(2) the characterization/identification of the mode of arsenic retention (with emphasis on the role
of co-ions such as Fe(ll), Ca, Ni, and Al) in the produced co-precipitated solids including the
synthesis of a number of model compounds (such as ferrous arsenate-symplesite and ferric
arsenite-tooeleite); and (3) the evaluation of solubility -stability of the co -precipitates and model
compounds under oxic and anoxic conditions. In this way a body of knowledge has been
developed that can help the operating companies in the analysis of the more complex industrial
tailings systems and thus contribute to long -term safe waste management practices.

1.2 Descr iption of the Progress Made

The progress that was been made with reference to the various project components is described
below.

1.2.1  Study the stability of Yukonite

The present project component builds on previous work completed in our laboratory and
reported by Gomez et al. [1]. That work elucidated the general formula for synthetic yukonite to
be: CaFe;s5(AsO,)3(OH)410'XH,O where x = 2-11. We have now revised the formula based to
extensive experimentation undertaken by MEng student Matthew Bohan to the following one:
CagFes(AsOy) 4(OH)g!4H,0. This formula now is used in thermodynamic modeling studies finalized
by our collaborator Dr. John Mahoney. In addition our previous work had generated oxic stability
data showing that synthetic yukonite is stable in the presence of gypsum, i.e. when excess
calcium ions are available in the surrounding water [2]. Over the course of the present project
we were able to improve the synthesis method of yukonite and arrive to more reliable solubility
data. Details are given in M. BohanOs MasterOs thesis [3M. Bohan by careful analysis of the
synthesized yukonite samples and comparison to natural samples was able to show that in
addition to Ca-Fe-AsQ, various minor elements/species like Na,Mg, SQ are incorporated in the
yukonite structure that need to be taken into account. Another important finding was that the
synthetic yukonites tend to have less structural water than the natural counterparts (14 -15% vs.
18-20%) -a characteristic that can have have an impact on yukoniteOs stability.The new improved
synthesis method makes use of higher arsenic concentration (9 g/L vs. 1.4 g/L As) and involves
first neutralization at room temperature (as opposed to the previous work [2] that involved
neutralization at 95;C) and then raising the temperature to 95;C to induce conversion of
precursor precipitate (looking like pc-ferric arsenate) to yukonite. In this way we found the
synthetic yukonite prepared within 24 h to be closer to natural counterparts. The up-to-date
solubility data for the cases of absence or presence of gypsum are graphically summarized below
(FIG 1):

However, tests performed

in the presence of

carbonate species, either

as sparged CQ or added

NaHCQ revealed yukonite

to be vulnerable to

reaction and release of

arsenic-see data in FIG 2-

with concomitant

formation of CaCQ;.

Further we investigated
FIG 1: Solubility of yukonite as a f(pH) and gypsum presence the resistance of yukonite



to reducing agents under
sub-oxic (sulphites; 200
mV) and anoxic conditions
(sulphides; -200mV)-see
reslts in FIG 3. As it can be
see yukonite is stable in
the former environment
but not the latter. Hence
these factors need to be
taken into account in the
design and operation of
tailings management

. . ) facilities.
FIG 2: The reaction of yukonoite with CO, and NaHCQ

FIG 3: Sub-oxic (left) and anoxic (right) stability test data

1.2.2 Evaluate the impact of Fe(ll) and Al(lll) on coprecipitate stability under
oxic and anoxic conditions

Industrial solutions may contain part of iron as ferrous. In this work we have examined in
systematic way how ferrous iron behaves vis-"-vis arsenate during co-precipitation with or
without oxidation by air sparging . Similarly ferrous may form due to partial reduction of ferric
under mild reducing conditions within the mass of buried tailings and thus we have examined the
response to reductive chemicals like sulphites or sulphides of Fe(lll)-As(V) continuously produced
coprecipitates but also Fe(lll) -Al(lll) -As(V) coprecipitates in an effort to probe the possible
stabilizing role of Al)III) on arsenic retention.

Fe(l) -Fe(lll) -As(V)-SERIES WITH AIR SPARGINGtability behavior under oxic conditions

In this series that was carried out by MEng research assistant Renaud Daenzey the effect of air
sparging on arsenic removal in a two-stage continuous coprecipitation circuit and the stability of
the resultant coprecipitates was considered. In this series either mixed ferrous/ferric
sulphate/arsenate solution (Fe(ll)/Fe(lll)=1 , Test RD 9) or only ferrous/arsenate solution (Test
RD 10) (with Fe/As=4 in both cases) was used and air sparging was done in reactor 2. For the
case of mixed Fe(ll)/Fe(lll) system (RD 9) it was observed all arsenic (~0.2 ppm soluble As) and

Fe(lll) to precipitate in Reactor 1 but not Fe(ll). Upon raise of pH to 8 (Reactor 2) and air

sparging more than 90% of Fe(ll) was oxidized and precipitated while soluble As conc dropped
down to 50ppb. Long term stability testing of the produced coprecipitated solids under oxic
conditions, however showed air sparging to result in less stability than the test withour ai r
sparging (RD 7)-compare the results in FIG 4(left). In the second CCPTNtest involving air
sparging in Reactor 2 (RD 10) all iron was introduced as ferrous sulphate+ arsenate. The results
collected are very interesting; thus it was found all arsenic (dow n to <0.2 ppm) to have
precipitated with ferrous at a ratio corresponding near the stoichiometry of symplesite -ferrous
arsenate-in Reactor 1 that was operated at pH 6. Upon raise of pH in Reactor 2 and air sparging



we observed only free Fe(ll) to oxidize t o Fe(lll) but not that associated with arsenate (as
presumed symplesite). Over long-term ageing however (oxic conditions) arsenic release was the
same independent of applied air sparging or not (see data in FIG 4(right)) . It was concluded that
ferrous arsenate gradually oxidized to ferric arsenate and/or ferrihydrite on which arsenate was
fixed via adsorption. Thus there is no justification for using air sparging .

FIG 4: The effect of air sparging (RD 9 & 10) compared to no air sparging (RD7&11) on As release

Fe(ll) -Fe(lll) -As(V) SERIESINO AIR SPARGINEstability under intermittent Eh adjustment

In this series three continuous co-precipitation tests (involving two stages-one at pH 4 and the
other at pH 8) with mixed Fe(ll) /As(V)=4 (CD2), Fe(ll)/ Fe(lll) /As(V)=2/2/1 (CD3), and
Fe(lll)/As(V)=4 (CD4) solutions were run (without air sparging) to produce coprecipitated solids
for subsequent stability testing under oxic and non-oxic (periodic exposure to reducing agents).
This part of the work was conducted by MEng student Christoph D3rfelt and details can be found
in his thesis [4]. Under oxic conditions (Eh~580mV) the coprecipitates containing Fe(ll) initially
released slightly higher As(V) concentrations than Fe(lll) alone namely: 1 ppm for Fe(lll)/As vs.

2 ppm for Fe(lll)/Fe(Il)/As -2/2/1 vs. 3 ppm for Fe(ll)/As. These results are truly encouraging

further confirming the earlier observation that the presence of ferrous essentially provides
equivalent stability to As(V) like Fe(ll I) does only marginally affecting arsenic release (1-3ppm
range). The sub-oxic and anoxic stability data also indicated relatively marginal differentiation

among the three iron (11, 11)/As(V) cases. A sample of the data (Anoxic-S condition)

is shown in Figure 5. As it can be seen
there was limited arsenic release despite
the frequent exposure to strong dosing
with Na,S. Analysis of the solids showed,
despite the frequent adjustment down to O
mV of Eh with S%, ferrous to have almost
fully oxidized. Hence the observed arsenic
reversal towards the end of the test may
be due to OrecapturingO of solule arsenate
by the generated ferric either as ferric
arsenate or via adsorption on ferrihydrite
or a combination of the two.

FIG 5: As release over time under periodic exposure
to Na,S

Fe(l1l) -(AN-As(V)-SERIESstability under severe continuous reducing conditions

As was shown in the previous series the maintenance of low Eh (anoxic conditions) was not
effective over the long run hence a new procedure was developed relying on sample
preparation/handling in a glovebox and fully sealed sample containers (sceptic bottles) for total
exclusion of air. Again the same reducing agents were used as above, namely SQ* and S*. No
pH or Eh adjustment was further applied as each sceptic bottle represented a single sample. For



this series of tests two types of coprecipitates (again produced in t he 2-stage continuous circuit)
were tested: Fe(lll)/As(V)=4 (CD4) and Fe(lll)/Al(1II1)/As(V)=2/2/1 (CD5 ). The intent with this
series was to evaluate the Oworst case scenarioO in terms of reductive decomposition of ferric
arsenate coprecipitates and the possible stabilizing effect the presence of aluminum can bring in
this case knowing that unlike iron, Al is not susceptible to redox reactions and as such could
provide an OinsuranceOsink (via adsorption) for any mobilized arsenate/arsenite. FIG 6
summarizes the most important set of data from this series.

As it can be seenin this case the E, was successfully
maintained at very low level (-100 to -200 mV) while
the pH ranged from 9.3 (in the presence to Al) to 11
(Fe(lll) only). Despite these aggressive conditions less
than 30 mg/L As was released with the system
containg Al to be the most stable of the two. It is
interesting that analysis of the re acted precipitates
found only half of iron(lll) to have been reduced to

FIG 6: Release of As under strong Fe(ll), \_/\{hich may gxplain the relatively minqr fraction

Reducing potential of mobilized arsenic due to apparent formation of
ferrous arsenate. Analysis found rather insignificant
reduction of As(V) to As(lll) and this issue remains to
be studied in future work.

1.2.3 Elucidate the role of Ni and Al on arsenic retention via Synchrotron
characterization

Here the analysis of synthetic multi-ion coprecipitated solids was undertaken with the objective of
identifying how Ni and Al contribute to lower As solubility. Thus all the solids (Ni and Al
containing) that they had been already produced and aged in our laboratory for nearly 3 years
were subjected to XAFS characterization at CLS by Guelph MSc student Zachary Arthur and
undergraduate research assistants Edward Kim and Stephen Glazier, under the supervision of ce
applicant Jiang and in collaboration with Drs. Chen, Reid and Cutler of CLS. The progess is
summarized in the following four aspects: 1) Development in XANES analysis of poorly-crystalline
materials aided with ab initio FDMNES modeling (characterization of annabergite (nickel
arsenate); 2) Characterization of Ni co-ion effect in ferric ar senate retention; 3) XANES Detection
of phase evolution in aged As-Fe-Ni coprecipitation systems B emergence of scorodite-like
species; 4) EXAFS DebyeéWaller (DW) characterization for arsenate.

1) Two facts related to the systems encountered in this proje ct motivated our effort in developing
the XANES analysis approach involvingab initio calculations: first, by virtue of the low kinetic
energy of the photoelectrons involved and the strong resonance effects, XANES has a
significantly longer probing distance than that of EXAFS; second, the arsenate systems here all
have their basic As-O tetrahedron structures intact in forming various species therefore we need
to work beyond the most common spectral features which are dictated by the basic tetrahedral
structure. We have made usage of large scale computational user facilities such as Sharcnet and
Westgrid and 32-core/128Gb cluster constructed at Guelph, dedicated for this development. The
As and Ni K-edge XANES of both crystalline and poorlycrystalline annabergites synthesized at
McGill have been measured at the CLS and analyzed via FDMNES simulations by the Guelph/CLS
group [5]. The nanoscale structure of the poorly -crystalline annabergite is characterized to be ~1
nm size sheets in the (010) planes of the crystalline annabergite.

2) The FDMNES calculation aided XANES analysis described in (1) has been applied to the
analysis of the arsenical nickel hydroxide model compounds (amorphous and crystalline). There
have been some XANES signatures identified for thearsenic loading to the nickel hydroxide [5 ].
Meanwhile, an extensive analysis of the RP7 (Ni-containing coprecipitated) series of samples



prepared at McGill have been carried out including transmission mode full XAFS (XANES and
EXAFS) at As, Ni and Fe Kedges. This series includes samplesaged (for 1449 days) at fixed

pH=8 as well as at drifting pH at different temperatures (RT (22iC, 40iC and 70;jC). Data
analysis is still on-going but some preliminary trends have emerged:

I Local structure of As in RP7 (Fe(Ill)/As(V)=4 , Ni/As=1 co-precipitation system) has its 2"
shell ordering dependent on having the pH fixed or drifting (pH~6.5) during ageing; with the
latter having a noticeably better ordered 2 " shell region;

I The impact of aging temperatures (RT, 40 jC, 70 jC) on the As local structure is subtle but
consistently detectable in XANES; however within the probing distance range of EXAFS the As
local structure appears to be insensitive to the aging temperature. The aging temperature
appears to have significant influence on Fe and Ni local structures reflected by EXAFS;
however, with apparently opposite effects to Fe and Ni: rising aging temperature improves
the 2™ shell ordering of Fe but not clearly so for Ni and sometimes even degrades the 2"
shell ordering for Ni;

I Ni does not alter the XANES of As in the RP70s in any significant manner, leaving the As
XANES to be (expectedly) that of poorly-crystalline ferric arsenate;

I The presence of arsenic in the vicinity of Ni is detected in the Ni XANES for the fixed pH 8
samples, but not for the drifting pH (~6.5) samples; in all these cases the Ni kedge XANES
indicates that the Ni local structure bears resemblance of that of nickel hydroxide.

| Forcing pH to remain fixed at around 8 during ageing seems to lead to a deteriorating As 2"
shell structure; while letting pH to drift and stabilize at ~ 6.33-6.57 is seen to lead to
improved As 2" shell ordering.

3) As mentioned in (2), subtle but consistent XANES features are identified to relate to the aging
of the coprecipitates. When compared with the XANES of the reference compounds, arsenate
adsorbed on ferrihydrite and poorly-crystalline ferric arsenate (also referred to as amorphous
scorodite), it is concluded that the XANES feature of the poorly-crystalline ferric arsenate
increases in intensity during aging and the higher the aging temperature the faster the rate of
increase. This observation is suggestive to the eventual fate of the coprecipitates that it appears
to be evolving towards a scorodite-like phase under the tested pH condition which mimicks that
at the McClean mine site operation. Based on the discussion in (1), the XANES features of
interest here appear to be related to the nanoscale morphology of the coprecipitates, which
appears to suggest a subtle nanoscale structure evolution that escapes the detection of EXAFS
but not XANES.

4) Our preliminary results on the EXAFS DebyeWaller (DW) factors for the multiple scattering
(MS) paths within two different arsenate tetra hedra have been reported [6] and a more detailed
paper is in preparation. Spectroscopically the EXAFS signal of these MS paths could interfere with
that of the second nearest neighbouring atomic shells from the arsenic absorbing atom, therefore
the lack of well-established values of these intensity parameters could lead to various ambiguities
and even controversies for the final chemical speciation. With this in mind the Guelph/CLS team
has investigated the DW factors for three most significant MS paths within the arsenate in
Na;HAsQ,!'7H,O, namely the collinear nearest neighbour triangular double-scattering path,
collinear nearest neighbour triple-scattering path and non-collinear nearest neighbour triple-
scattering path. The EXAFS data were measured from polycrystalline Na,HAsQ!7H,O in
transmission mode and isolated arsenate tetrahedra in high pH (pH=14) aqueous solution of
Na;HAsQ,!'7H,0 in fluorescence mode, respectively. The physical correlations between MS DWs
and averaged DW of the single scattering (SS) nearest neighbour are considered in the analysis
and the final MS DWs are reported as the ratios to the SS DW for applying the results to the
analysis of other arsenate-bearing systems. Arsenate tetraheda under mutual and the high pH
have significantly different levels of distortions fro m an ideal tetrahedron, therefore different
static DW values. Indeed, the DWs in the powder sample is about 1.5 times of that in the high



pH solution sample. However, the results from the two different arsenates show that the DW
ratio between the triangular MS to that of SS path is invariant to the level of tetrahedron
distortion and the ratio is found to be 2.0 + 0.1. The implication s of these results are twofold:
first, the conservation of the ratio suggests that the value that could be applied to the arsenates
falls in between the two rather extr eme sampling cases; second, the value of the ratio itself is
twice as much as some of the previous assumed values in the literature, highlighting the level of
uncertainty where this value was required in the previ ous curve-fitting analysis.

1.2.4 Synthesis , characterization and solubility of model compounds

As it becomes clear from the above, arsenic is expected to precipitate/be retained in different
forms under the different coprecipitation conditions. At the same time development of reducing
(anaerobic) conditions in the tailings site could produce reduced iron (II) and arsenic(lll)
compounds. In order to facilitate the analysis of complex tailings systems better knowledge of
individual compounds is required. In this context during the course of this project we have spent
considerable time to achieve the synthesis of good quality symplesite [Fe(ll) 3(As(V)Oy)28H0]
(triclinic) for characterization (performed at CLS) and stability testing/so lubility measurement.
The work was conducted by Dr. Liying Xu. (The initial samples prepared were found after
Rietveldt refinement by CLSO Joel Reid not to be pure). Several challenges had to be overcome
including prevention of oxidation and avoidance of formation of co mpounds like parasymplesite
and ferrisymplesite that are monoclinic variants of symplesite. Different synthesis methods tried
including pH raising at different target values and temperatures and precipitation at fixed pH. The
best symplesite material was found to form by adding slowly Fe(ll) solution (90 mM) into an
As(V) solution (Fe(Il)/As(V)=1.5) while pH was kept constant at pH 8 at 70 C followed by ageing
at that temperature and pH for 8 days. The XRD pattern of the symplesi te compound is shown in
Figure 7(left) .

FIG 7: XTD patterns of synthetic symplesite and tooleite

By employing a similar synthesis method, that is slow addition of iron solution (in this case 0.5M

Fe(lll)) into an As(lll) solution (Fe(lll)/As(111)=1.37) at fixed pH (this time ~1.7) at 70 {C and
ageing for several days we also synthesized tooeleite-a ferric arsenite mineral: Fe* 5(As* Os),
(SO4)(OH)4'4H,0). Figure 7(right) shows that after 8 days ageing the XRD pattern of synthesized
tooeleite is essentially the same with that of a standard natural specimen. The solubility study of

symplesite revealed that independent of the starting pH all samples converged with time to pH

~7. At that pH the naturally attained E y, is ~250mV (tests run in a glovebox). The pseudo-
equilibrium arsenic concentration under those conditions was found to be 4 mg/L. By contrast
tooleite was confirmed not to play a role in arsenic retention at the pH range of the
coprecipitation process as its solubility is very high >pH 3 (>80 mg/L As).



SUMMARY OF MAJOR FINDINGS

Yukonite was shown to be very stable in slightly acidic, neutral, and slightly alkaline
conditions (pH 5-8) in oxic (oxygen-rich) conditions. The stability of yukonite in oxic
conditions increases by gypsum-saturation. Yukonite becomes unstable if exposed to CG;,
sparging or strong reducing potential (~ -200 mV).

Fe(ll)/As(V) (and even better (Fe(lll)/Al(II)/As(V)) co -precipitates under Oworstcase
scenarioO (E<OmV and pH as high as 9.5) appear to be quite resistant to chemical reduction .
Ferric to ferrous reduction occurs but this does not introduce destabilization. Arsenate
reduction to arsenite is very limited by sulphides; unless its generation is promoted by bio-
catalyzed reduction the coprecipitates should remain largely stable. The presence or in-situ
generation of ferrous and aluminum provide stabilizing effects via ferrous arsenate and
adsorption/surface precipitation on aluminum hydroxides.

According to our synchrotron characterization of Ni-containing aged for 1500 days
Fe(lll)/As(V) coprecipitates the role of Ni appears to be limited to the formation of nickel
hydroxide and the adsorption of arsenate on it at pH>7. We suspect the role of Al to be
similar via formation of aluminum hydroxide and secondary arsenate adsorption on it.

Finally the detailed nanoscale analysis of the same aged coprecipiates revealedthat the
XANES feature of the poorly-crystalline ferric arsenate increases in intensity during ageing
and the higher the ageing temperature the faster the rate of increase. This observation is
suggestive to the eventual fate of the coprecipitates that it appears to be evolving towards a
scorodite-like phase under the tested pH drift condition which mimicks that at the McClean
mine site operation.

1.3 Justification for any deviations from the or iginal objectives

There were no significant deviations from the original objectives as such. The research achieved
its main mission that was to elucidate key process and mineralogical factors affecting the stability
of iron-arsenic coprecipitated solids.
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Chemical Analyses of Set 1 Solutions at Final pH Values

Table A.1

Anialyte Rafﬁnz:te 1-1 1-2 1-3 1-4 1-5

(mglL) (mg/L)" | (% prec.) | (mg/L)" | (% prec.) | (mg/lL)" [ (% prec.) | (mg/L)' | (% prec.) | (mg/L)" | (% prec.)
pH 1.50 2.18 - 3.15 - 4.04 2 6.09 - 7.38 -
pe’ 11.88 10.63 e 10.45 - 8.46 - 2.48 - 0.75 o
Al 420 410 24 460 (9.5) 290 31.0 0.50 99.9 0.50 99.9
As 732 150 79.5 6.70 99.1 0.54 99.9 0.08 100.0 0.06 100.0
Ca 760 760 - 680 o 620 - 610 = 650 =
Fe 2,400 1,600 33.3 730 69.6 570 76.3 340 85.8 22 99.9
K 210 200 5.0 210 0.0 200 5.0 200 5.0 200 5.0
Mg 260 270 (3.9) 290 (11.5) 280 (7.7) 270 (3.9) 240 i
Na 48 62 (29.2) 52 (8.3) 50 (4.2) 42 14.3 42 14.3
Ni 560 500 10.7 460 17.9 450 19.6 250 55.4 5.3 99.1
Si 260 280 (7.7) 270 (3.9) 140 46.2 17 93.5 3.2 98.8
Cl 14 13 7 17 (21.4) 11 214 16 (14.3) 18 (28.6)
S04 14,100 | 10,200 27T 7,400 475 6,100 56.7 3,800 73.1 2,800 80.1
Alkalinity” <0.5 <0.5 - <0.5 - <0.5 - <0.5 -~ 4.0 a2

1. Except for pH and pe.
2. Values of pe determined through geochemical modelling.
3. Alkalinity below detection (<0.5mg/L) except for 1-5.




Table A.2
Chemical Analyses of Set 2 Solutions at Final pH Values

Asistyte Rafﬁna:te 21 2-2 2-3 24 2.5 2-6 2-7

(mglL) (mg/L)" | (% prec.) | (mg/L)" | (% prec.) | (mg/L)" [ (% prec.) | (mg/L)’ | (% prec.) | (% prec.) | (% prec.) (mg/L)" | (% prec.) | (mg/L)" | (% prec.)
pH 1.50 2.01 - 3.03 ~ 4.06 - 6.37 o 6.37 - 7.08 - 8.01 =
pe’ 11.88 | 10.71 - | 1048 - 8.55 - 1.92 - 1.92 - 0.81 - 0.67 -
Al 420 410 24 470 (11.9) 380 9.5 13 96.9 0.5 99.9 0.5 99.9 0.5 99.9
As 732 170 76.8 16 97.8 0.35 99.9 0.15 100.0 0.08 100.0 0.07 100.0 0.21 100.0
Ca 760 720 53 680 10.5 640 15.8 570 25.0 540 29.0 520 316 570 25.0
Fe 2,400 | 1,600 33.3 850 64.6 570 76.3 450 81.3 300 87.5 29 98.8 0.07 100.0
K 210 230 (8.7) 280 (33.3) 300 (42.9) 300 (42.9) 310 (47.6) 300 (42.9) 300 (42.9)
Mg 260 260 0.0 280 (7.7) 290 (11.5) 280 (7.7) 280 7.7 250 3.9 220 15.4
Na 48 | 1,700 -1 3,300 -] 4,300 - | 5,400 - 6,300 - | 6,800 - 7,100 -
Ni 560 500 10.7 500 10.7 470 16.1 430 23.2 280 50.0 48 91.4 2 99.6
Si 260 260 0.0 270 (3.9) 140 46.2 54 79.2 13 95.0 5.8 97.8 1.7 99.4
Cl 14 17 (21.4) 19 (35.7) 15 (7.1) 17 (21.4) 14 0.0 18 (28.6) 20 (42.9)
S04 14,100 | 14,000 0.7 | 13,300 6.0 [ 13,100 7.1 ] 13,000 7.8 13,200 6.4 | 13,400 5.0 | 13,900 14
Alkalinity” <0.5 <0.5 - <0.5 - <0.5 - <0.5 - <0.5 - <0.5 - 17 -

1. Except for pH and pe.
2. Values of pe determined through geochemical modelling.
3. Alkalinity below detection (<0.5mg/L) except for 2-7.




Table A.3
Chemical Analyses of Set 3 Solutions at Final pH Values

Analyte Raffina1te 341 3-2 33 34 3-5

(mg/lL)' | (mg/L)' | (% prec.) | (mg/L)' | (% prec.) | (mg/L)" | (% prec.) | (mg/L)" | (% prec.) | (mg/L)" | (% prec.)
pH 1.50 233 & 3.11 s 4.15 e 6.03 - 7.05 -
Al 420 430 2.4 530 (26.2) 320 23.8 2 99.5 0.5 99.9
As 732 180 75.4 22.8 96.9 1.1 99.9 0.16 100.0 0.06 100.0
Ca 760 650 e 690 - 510 " 510 = 550 -
Fe 2,400 1,500 375 910 62.1 610 74.6 380 84.2 57 97.7
K 210 220 (4.8) 240 (14.3) 160 23.8 150 28.6 140 333
Mg 260 280 (7.7) 330 (26.9) 260 0.0 250 39 220 15.4
Na 48 78 (37.5) 61 (27.1) 46 4.2 35 271 37 22.9
Ni 560 470 16.1 480 14.3 440 214 320 42.9 56 90.0
Si 260 290 (11.5) 290 (11.5) 170 34.6 31 88.1 6.6 975
cl 14 20 (42.9) 22 (57.1) 13 71 15 (7.1) 17 (21.4)
S04 14,100 | 10,600 24.8 8,000 433 6,500 53.9 3,900 72.3 2,700 80.9
Alkalinity” <0.5 <0.5 - <0.5 - <0.5 - <0.5 - <0.5 -

1. Except for pH.
2. Alkalinity below detection (<0.5mg/L).




Table A.4
Chemical Analyses of Set 4 Solutions at Final pH Values

Ay Raﬂina1te 4-1 4-2 4-3 4-4 4-5

(mglL) (mg/lL)"™ | (% prec.) | (mglL)" | (% prec.) (mg/L)" | (% prec.) | (mglL)" | (% prec.) (mg/lL)" | (% prec.)
pH 1.50 2.08 - 3.06 - 4.10 - 5.89 = 7.29 -
Al 420 420 0.0 420 0.0 320 23.8 0.5 99.9 0.5 99.9
As 732 160 78.1 9.7 98.7 0.77 99.9 0.10 100.0 0.09 100.0
Ca 760 730 4.0 650 145 630 17.1 550 27.6 540 29.0
Fe 2,400 1,500 375 770 67.9 580 75.8 340 85.8 5.1 99.8
K 210 220 (4.8) 230 (9.5) 240 (14.3) 240 (14.3) 240 (14.3)
Mg 260 270 (3.9) 260 0.0 260 0.0 250 3.9 210 19.2
Na 48 1,600 o 2,800 e 3,600 - 5,200 = 6,200 =
Ni 560 490 125 460 17.9 460 17.9 360 35.7 14.8 97.4
Si 260 260 0.0 250 3.9 140 46.2 22 91.5 5.3 98.0
Cl 14 14 0.0 15 (7.1) 18 (28.6) 12 14.3 18 (28.6)
SO4 14,100 | 14,000 0.7 13,500 43| 13,600 36| 13,400 50| 14,000 0.7
Alkalinity” <05 <0.5 = <0.5 - <0.5 - <0.5 = 10.0 .

3. Except for pH.
4. Alkalinity below detection (<0.5mg/L) except for 4-5.




Figure A.1: Set 1-2, Terminal pH 3.15, Electron Backscatter Image




Figure A.1: Set 1-2, Terminal pH 3.15, Elemental Scan for Fe




Figure A.1: Set 1-2, Terminal pH 3.15, Elemental Scan for As




Figure A.1: Set 1-2, Terminal pH 3.15, Elemental Scan for Ni




Figure A.1: Set 1-2, Terminal pH 3.15, Elemental Scan for Ca




Figure A.1: Set 1-2, Terminal pH 3.15, Elemental Scan for S




Figure A.1: Set 1-2, Terminal pH 3.15, Elemental Scan for Al




Figure A.2: Set 1-3, Terminal pH 4.04, Electron Backscatter Image

















































































































































































































































































































































































































































































































































































































































































































































































































































