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Abstract

Cyanide is one of the main chemicals used in the extraction of Au in mining. It is vital
that the cyanide behaviour in tailings dam environments is understood as the speciation
controls the release of and persistence in the natural environment. This study has
direct consequences for the evaluation of environmental risk when planning new Au-
mining operations. In addition, this investigation delves into a possible scenario for the
behaviour of cyanide, namely Prussian/Turnbull’s blue, which are believed to be stable
compounds, which is also reiterated in the modelling produced in this study and may
be a solution to environmental contamination.
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Introduction

Cyanide in the environment can be of either
natural or anthropogenic sources (Anning
et al. 2019). Natural sources include plants
in the form of cyanogenic glycoside (for
example almonds) and large quantities from
anthropogenic sources include mining, elec-
troplating, vehicle exhaust fumes, sewage,
fires (Jaszczak et al. 2017). In the mining
environment, cyanide (as NaCN/KCN) is the
main compound used in the extraction of
Au, which, according to Johnson (2015), is
preferred in >90% of mines worldwide. The
reaction that occurs in the cyanidation process
is known as the Elsner process (Kyle 1997):

4Au+8NaCN+O,+H,0->4[NaAu(CN)],+NaOH
oy

4Au+8KCN+0,+H,0-4[KAu(CN)] +KOH
)
The Au compounds produced in equation
(1) and (2) are then further processed in the
Carbon In Leach (CIL) and Merrill Crowe
methods (Acheampong et al. 2010). Even
though cyanide is used in low concentrations,
as little as 0.5 g.L* (Rademan and Groot 2012)
and the “Best Practice” restriction of cyanide
in tailings dams is 0.5 mg.L"' (Bakatula and
Tutu 2016), there is a potential for cyanide to
leach into the natural environment. Anning
et al. (2019) reiterates this by stating that

a large percentage of cyanide used in the
Au extraction process remains in solution
in slurries after the completion of this
cyanidation process.

Cyanide can be lethal, especially to
aquatic life, yet this is all dependent on the
chemical species in which the cyanide occurs.
These different species are divided into the
following categories: free cyanide (HCN),
soluble cyanide (KCN, NaCN), CN_ ~(weak
acid dissociable cyanide - containing Ni,
Zn, Cd, and Cu) and CNg,  (strong acid
dissociable cyanide - containing Fe, Co, Ag,
and Au) (Zagury et al. 2004). Free cyanide
is the most lethal and occurs as a volatile
substance, where CN_, = and CN,, may
possibly form free cyanide as they dissociate,
where CN_ =~ dissociates at pH of neutral
to slightly acid conditions and CN,  only
dissociates in low pH environments (Zagury
et al. 2004).

When cyanide reacts with Fe, stable
octahedral aqueous complexes (hexacyano-
ferrates) form and this includes fer-
rocyanide[Fe**(CN) ]J* and ferri-cyanide
[Fe**(CN),]* (Jambor etal. 2009). When these
two compounds further react with Fe?* and
Fe** cations the following compounds may
form: Prussian blue Fe,[Fe(CN),],, Turnbull’s
blue Fe,[Fe(CN) ], Prussian brown/green
Fe,(CN), and Berlin white Fe,(CN), (Ghosh et
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al. 1999). Berlin white is only stable in anoxic
environments and converts to Prussian blue
in oxic environments (Ghosh et al. 1999). Fe-
CN compounds are CN,, = compounds and
are considered to be among the most stable
(Kyle 1997).

This investigation uses PHREEQC, a
geochemical modelling software package
developed by the USGS, modelling to
investigate the possible chemical behaviour
and compound formation of cyanide in a
gold mine tailings environment, with special
reference to Fe-CN compounds, specifically
Prussian and Turnbull’s blue.

Geological setting

The Witwatersrand was discovered in
1886 in South Africa by George Harrison,
who discovered the Au in quartz-pebble
conglomerates that outcropped for 45 km
(McCarthy 2006). Between 1886 and the
1940s, using drilling and geophysical
methods, the Central Rand, East Rand, West
Rand, Carletonville and Welkom/Free State
goldfields were discovered and developed
(McCarthy 2006). These can be viewed in
figure 1. This study investigates the tailings

400000

of the Free State gold mines where, according
to Tucker et al. (2016), the Dreyerskuil, EA,
Beatrix, VS5, Basal, Steyn, and Beisa reefs of
the Central Rand group are mostly mined.
The Beisa reef consists a conglomerate layer
that varies from 5 to 150 cm in thickness, the
Basal and Steyn are two separate conglomerate
layers differing in clast assemblage, the
Beatrix is a conglomerate on a disconformity
and the VS5 is a conglomerate layer that is
sporadically mineralized (McCarthy 2006).
There are currently 5 Au producing mines
(Department of Mineral Resources, 2017) of
the total of = 17 gold mines (McCarthy 2006)
in the Free State goldfields. According to
McCarthy (2006) the mines of the Free State
goldfields have produced over 7900 t of gold.
For arguments sake, if the gold grade of the
rocks that were mined for this mentioned
gold was 5 g.t', then 1580 Mt of waste is
produces and discarded of on tailing dams.

Methodology

The modelling in the project used PHREEQC
which is a United States Geological Survey
project developed by Parkhurst and Appelo
(2013). The thermodynamic data of Prussian
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Figure 1 Map of the Witwatersrand basin displaying the position of the current goldfields in South Africa
(Modified after Hansen, 2018 and Frimmel et al., 2005).

Pope, J.; Wolkersdorfer, Ch.; Weber, A,; Sartz, L.; Wolkersdorfer, K. (Editors) 101



IMWA 2020 “Mine Water Solutions”

Table 1 QEMSCAN data of a tailings dam in the Free State goldfields (FS01) and a near monomineralic

pyrite commercial sample.

Mineral

FSO1 Pyrite

wt% wt%

Quartz
Pyrophyllite
Mica
Chlorite
Plagioclase
Chloritoid
Amphibole

Pyroxene/
Olivine

Zircon
Othersilicates
Pyrite
Other sulfides
Fe-oxides

Rutile/
limenite

Other oxides
Dolomite
Calcite
Ankerite
Apatite
Alunite

Gypsum

78,61 7,23

6,97 30,19
1,21
0,84

1,07

0,43

Total

100,00

blue, Prussian brown/green and Turnbull’s
blue was added to the database of PHREEQC
and the values were taken from Wagman et al.
(1982). Berlin white was not investigated as it
is out of the scope of this study.

The mineralogy used for the speciation
model, is Quantitative Evaluation of
Minerals by Scanning Electron Microscope
(QEMSCAN) data of a tailing sample from
one of the dumps of the Free State goldfields,
see table 1. The second speciation model
was completed using the mineralogy (semi-
quantitative results) obtained using X-Ray
Diffractometry (XRD) of a natural pyrite
sample. The XRD is a Panalytical-Empyrean

with a copper side window tube and an X
Celerator detector. The geometry of the XRD
is Bragg-Brentano and samples are scanned
between 3.5° and 70° 20 at tube settings of
45 kV and 40 mA. The concentration of
cyanide added to the speciation models is
0.5 g.L1 after Rademan and Groot (2012).
The parameters used for the pH vs pe
modelling are as such: cyanide concentration
of 0.6 mM was and the Fe content of 0.2327
mM, not in excess, was taken from Ghosh et
al. (1999). K (0.4 mM) and NaCl (0.06 mM)
are added according to Ghosh et al. (1999)
as charge balances.
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Results

Prussian/Turnbull's blue did not initially
precipitate in the speciation models for
both the tailings sample and a pyrite sample
at surface conditions. Although a blue
substance formed in empirical results (which
will be report on in further studies). This led
to the investigation into the log K values of
Prussian and Turnbull’s blue. On altering the
log K values, the species formed can be seen
in table 2 below, which includes Prussian and
Turnbull’s blue.

The same log K values were then used to
create a pH vs pe diagram, displayed in figure
2 (A). This then led to the investigation of the
oxygen fugacity and the effects that O* has on
the production of ferric and ferrous iron and
this effect on the compounds formed. The
model can be seen in figure 2 (B).

Discussion
The Fe cation of the hexacyanoferrates
determines if the Fe-CN compound is
Prussian or Turnbull's blue followed by
the Fe cation within this crystallographic
structure. Thus, the formation of either of the
compounds is dependent on the availability
of Fe** or Fe’* cations in solutions. The FS01
sample mostly consists of silicate minerals
and forms Prussian blue and not Turnbull’s
blue. Contrarily the pyrite sample produces
both Fe-CN compounds in the model. A
possibility for this is the presence of goethite,
hematite and jarosite potentially forming in
the model of FSO1, which establishes an Fe**
deficient environment. These minerals do
not appear in the model of the pyrite sample.
The pH vs pe diagram is similar to
the diagram found in Ghosh et al. (1999)

Table 2 The results of the species models of the tailings dam sample — FSO1 and the pyrite sample.

Minerals Minerals Chemistry FSO1 Pyrite
Alunite KAIL(OH)(SO,), X
Anatase X
Boehmite AIO(OH) X
CazrO, CazrO, X
o, (9 co, (g) X
Diaspore AIO(OH) X
Goethite Fe**O(OH) X
Hematite Fe, O, 3
Jarosite KFe,(SO,),(OH), X
Jarosite - Na NaFe,(SO,),(OH), X
Kaolinite AlLSi,O,(OH), b3
Melanterite FeSO,.7H,0 X
Nontronite - Ca Cag,..Fe,Al .Si. O, (OH),.nH,0 X
Nontronite - H H,,;Fe,Al ,.Si ., O,,(OH),.nH,0 X
Nontronite - K Ky 35F€,Al 55Sis ¢, O, (OH),.nH,0 X
Nontronite - Mg Mg, ,.sFe,Al, .,Si, ¢, O,,(OH),.nH,0 X
Nontronite - Na Na,,.Fe Al _.Si. O, (OH),.nH,0 X
Prussian blue Fe,[Fe(CN),], X X
Rutile X
Turnbull’s blue Fe,[Fe(CN)], X

Pope, J.; Wolkersdorfer, Ch.; Weber, A,; Sartz, L.; Wolkersdorfer, K. (Editors) 103



IMWA 2020 “Mine Water Solutions”

Fe(CN),

Fe(CN),"

log fO,(9)

2 4 6 8 10 12 14
pH

Prussian blue

Figure 2 (A) pH vs pe diagram using the following parameters: cyanide concentration — 0.6 mM, Fe content
- 0.2327 mM, K - 0.4 mM and NaCl - 0.06 mM. (B) A pH vs oxygen fugacity diagram of Prussian and

Turnbull’s blue.

which was completed using MINEQL+. The
diagram in Ghosh et al. (1999) differs in the
compounds outside of Prussian and Turnbull’s
blue compared to figure 2 (A). According to
figure 2 (A), Prussian blue is stable between
pH =2 - 11 and pe = 7 - 19. Turnbull’s blue is
stable (fig. 2A) at pH = 2 - 12.5 and pe =~ -12
— 15. This is reiterated by Zagury et al. (2004),
who suggests that the CNSAD compounds
dissociate at low pH levels. In Au mine
practices, acid mine drainage is a universal
issue and thus should be accounted for and
rehabilitated increasing the pH of the tailings
dams and thus preserving the stability of the
Prussian and/or Turnbull’s blue that may form.

During the oxygen fugacity investigation,
it was determined that Prussian blue is
produced in more oxidizing environments
and Turnbull's blue is produced in more
reducing conditions. This may be due to
the formation of goethite in oxidizing
environments.

Conclusions

Cyanide still remains the chemical used
to extract Au, even though other options are
available. Possibly due to cost effectiveness
and the small quantities required for Au
extraction. Which reiterates a requirement
for studies into the geochemistry and
behaviour of cyanide species in the tailings

dam environment. This study shows that
it is possible for Prussian blue to form and,
with an increase in pyrite, Turnbull’s blue
will form additionally. The stability of these
two compounds is a pH from = 2 - 12.5,
where dissolution occurs below this and
iron-hydroxides form above this area. They
also form in both oxidizing and reducing
conditions. According to these models, these
compounds seems to be great candidates to
prevent the release of cyanide into the natural
environment. Although further studies are
needed, including the altering of cyanide
concentration in the modelling and the
dissociation of Prussian and Turnbull’s blue
under UV radiation.
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