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| Abstract

The leaching behaviour of gold and silver in aqueous solutions at 25°C was studied
using the electrochemical techniques of Tafel Analysis and Cyclic Polarisation. Through these
techniques and thermodynamic solubility calculations the Eh-pH conditions and corrosron
“rates for trangport of gold and silver were determined.

- The inorgamc soiutes studied are 0.1M solutions of CN SCN-, ClI, FeCl;, NH*,
S,O, . HS S -, 80,, OH-, 00, , and HCO, The orgamc solutes studied are phenol,
benzoic acid, citric acrd methanol and natural humic acid. _

iy ’l‘he results of the gold’ lectrochemistry show three types of behavrour in the |

soiutions Firstly, CN-, HS", and S -"form soluble complexes with Au*. Secondly, SCN-, CI-,
and S,O,’ form complexes with Au‘. Thirdly, the remaimng ‘solutions showed no indication
of significant complexing behaviour. - _. « -

The-overall corfosion rates deterfined by the electrochemrstry indicate that transport
of gold at 25°C is sufficxently fast that saturauon will be attained in the solutions, - =

The conditions determined for gold oxidation at 25°C are as follows: CN- oxidises
gold under reducing alkaline conditions. SCN- oxidises gold under oxidising neutral conditions.
‘AuCl," oxidises goid under Eh cond'hons of 750 mV or higher and acxd to neutral pl—i |

. Because of this lugh potentml it is unhkely that AuCl,” will form a distinct blanket of

B )

enrichment. S,0,* oxidises- gold at intermediate Eh and neutral pH'y and HS- oxtdrses gold

under reducing conditions at neutral to alkaline pH's: Environments  suitable for sulphide

transport are: supergene oxidation of fresh.. w\phxdes reducing bogs, or euxenic rllarme

settmgs thficulty with humic acid extraction resulted in ambiguous data in the hurprc aci
experiments

Results of experiments thh srlver mdrcate tharrapid oxidation oocurs to form silver

oxxdes except in CI-, HS", and CO,* solutions where silver chloride, sulphide and carbonate

- are formed ln all solunons mobihty of silver is indicated by formation of a black Ag film on

‘ the platinum counter electrode Thrs mobrltty of silver explams increasing gold fineness wrth

+

distance of transport .

iv - ’ - -



-

Transport of gold by any of the above ligands may produce supergene enrichment and

. contribute to placer deposits of gold. Deposition of th'e,, gold is probably due in most cases 10
. v S ; .
change in oxidation conditions.

i
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| l lntroduction -
The solubihty ' of gold and mechanisms of aqueous gold transport have been topics of

. experimental research since the turn ofthe century. Thrs research mcludes the study of both

) presented by Ogryzlo (1935)

inorganic and organic transporting agents. A review of the earliest work of this eentury is

In general, the point t of studymg aqueous transport of gold is to obtain a better

- understanding of gold transport in soluuon m order to facilitate the assessment of conditions

100°C This was done because the studtes were to be apphed to hydrothermal sy\erns

needed .to transport and deposit gold. As a result this mformatton can be used to determine

“the characteristics whrch are required to cause decreased gold solubrlty and result n; an ore

deposit. ln thrs study transport of gold wnll be\examrned at 25°C i in order to be apph@ tg\low ‘
temperature examples of gold transport and deposmon '
A. Previous Work : { N '

Prevnous work on gold solubrlxty has genérally been conducted at temperatures above
Anofther factor of workmg at high temperatures is that the lnneues of gold reaction are faster,
resulung in greater solubtlity In this way the results were easier to evaluate.

Early work on gold solubility established the rmportance of chlonde and sulphlde

i species as complernng agents (Ogryzlo. 1935; Smrth., 1943). This was determined throug,h

weight loss or etching experiments. With thermodynamic and electrochemical data _Krauskopf |

(1951) was able to calculate" Eh-pH conditions where -gold'chloride and sulphide complexes

would be stable. Helgeson and Garrels (1968), also calculated the solubrhty of gold chloride k
complexes up to 300°C, whereas Henlemn) expenmented on gold chloride soluuons up to

- 500°C. A major contribution on the stabrlrty of gold sulphrde complexes was conducted by‘

Seward (1973). It was genbrally clfncluded through the work cited above that gold is soluble
under hydrothermal condmons by both chloride and sulphide complexes o
Although studied to -a lesser extent there are examples where gold complexing has

been examined at 25' Cloke and Kelly (1964), expenmented with chlonde eomplexes at low



temperatures and detailed the conditions neoessary for their formatlon 'l'hey also pointed ‘out
that gold thoride solubility is enhanwd by the presence. of Fe* or Mn" The general
conclusrons to be drawrr from the low temperature studjes are: thet chloride solutions will
o | . transport gold under conditrfmts_where pH is less than 4 and Eh at 800 mV or higher. Sulphide
‘ transport has not been examined at low temperatures asl‘a‘r,as this authoris aware.

Ligands other than chloride or sulphide have been oroposed as complexirrg agents" for
¢ 'golcl as well. These include; CO and CO,*, Kerrich and Fyfe (1981); NH.'. Skibstead and

Bjerrum (1974); and the CN- or SCN- species, (Lakin et al., 1974).

The study of ‘organic complexing of gold has not enjoyed the lustory of attenuon that
inorganic. processes have, but with the recent interest in organometallic compounds there have
been a number of studies conducted. An early study by Ong and Swanson (1969) suggested
that gold was transported as organic colloids as opposed to complexes This was later refuted
by Baker (1978) who showed using polarographic solvent extractron and X- -Tay diffraction
that Au-humrc complexes were indeed formed. In addition, later work by Varshal et al.

(1984) demonstr‘l the existence of Au-fulvic acid eomplexes’.

Ligands Studied |

- From.the.revicw of the literature regértling gold compiexes, a list'of ligands which
might complex with gold and t_hat are common enough in natural systems to be widely
applicable was compiled.'(T’able 1), and used for this étudy. -

"To study organic 'complex,ing. it‘ was decided to examine examples from a number of
organic groups that may be found in soils (Rose et al., 1979). These include: acetic aeid as an
exantple of a fatty acid; methanol as an ertample of an alcohol; phenol to study the beharﬁgur
of phenolic groups; and benzoic acid to look at carboxy! groups. Because humic and fulvic
acids are made up of long chains of phenols, carboxyls, and alcohols (Qng and Swanson,
1969). the last three were studied to determine which functional groups in the organic acid are
responstble for complexmg To study how these functtonal groups tnteract with each other a

- simple analogue of humic acid was studred Thrs analogue, as suggested by Cronan and Axken _



~(1985), was citric acid. Since Varshal gt al. (1984) found that e best fiilvic ecids for gold
¢ complexetion “had moiecuiar weights between 1500 - 5000, it was' decided tc extract organic
" acids from a natural source. All the ligands examined in1his study qre listed in Table 1.
— Because of the common occurrence of siiver -gold alloys (chle 1979), it is important
‘to understand ’_ii}e properties of silver transport in the seme solutions as gcid. This
information can be applied to questions regard‘ixig‘chenges in gold f ineness with transport such

afé that seen in supergene'end placer gold environment. o ; cox

. —

B. Purpose of Study | ' B " T
A single ieaching study of both gold and sllver with the iigands discussed above would
~ prove very time consuming if it were done using sta_ndard’ wenght loss methods. A quick -
effective altemétive is to use electrochemical polarisation. Using this type of experiment.' the

‘ Eh of a'soidtion is- varied sq that the rates and mechanism of oxidation and dissolutioxi

(‘l

behaviour of gold can be investigated.
'I'he purpose oi this study is to use 'Sbcuocherm'cai polarisation to study leaching
behaviour of 3old and silver with a vanety oi"’ liunds at 25°C Through the results of this
‘.""; study. it will be possnble to compare quahtan‘veiy the relative rates of metal oxidation with the
I * different ligands. It will also be possxble to determine absolute rates of oxidation of these
.f,} : metals with individual ligands. ip some cases there will be problems distinguishing between
o ; oxidau'cn‘ of the metal to form sc'luble compie:ges or to i’orm solid films. It is.also possible
- that the ﬁiands in solution may oxidise more readily than the gold, but these problems have |
— been’recogniscd and will be discussed. A record of the ;ea‘ctions experienced by the gold or '
 silver s also sometimes left on the surfaces of the eiectrodes, and can ‘be useful in
understanding the processes of oxidation. In this. paper the results of this study will be
- presented in the foliowmg manner:
| 1. An outline of the theory and methods of the electrochemistry will be presented
2. Results of the inorganic experiments will be pregented.

‘3. Results of organic experiments are presented.



Table 1.1 List of ligands studied

CN- : SO, * CO Phenol

SCN- . S)O_\I' . HCO). A Benzoic Acid

a - " HS OH- ~ Acetic Acid

FeCl, ‘ Sx" NH,* Citric Acid
Methanol
Humic Acid
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Surface features of the electrodes will be studied

A comparison is made between the experimental condidbns of gold transport and natural -

examples.

Conclusions are drawn regarding oxidation of gold in various solutions under differing

geological conditions.

\
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I1. Experimental Methods

A. Introduction

Because the basis of this study is electrochemical reséarch. a

electrochemistry is appropriate. Metal oxidation or re@uction is caused by the ioss or *

of electrons through chemical reaction. Because this reaction involy

electrons, a current is produced and can be measured.
The adva&agc of measuring a current is that it is a direct- means of counting the .

number of electrons passing through the metal-solution interface in a given time. In this way ’

. the absolute number of moles of oxidised metal can be measured. As a result, the rate of the

- reaction can be-determined. Because currents can be measured to extremely low values,

/
reactions which are very slow can still be studied. This is particularly useful in the study of

o
noble metals such as gold, because it eliminates the need for great lengths of time to allow

-sufficient reaction to occur so that it can be observed. The reaction of interest usually occurs

on a metal electrode surface in an aqueous solution where the current is transferred by the
ions in the solution. It this solution, or on the electrode, there must be a corresponding
reduction reaction for every oxidation reaction and vice versa to conserve electrons

(Mortimer, 1978). The electrode which is studied is the working electrode. For the purpose of

acting as an electron donor or acceptor there is usually a second metal electrode in the

soluuon This electrode is the counter electrode. Making an electrical connection bctween the
two electrodes completes the circuit (Figure 1). The metal electrode where oxidation is

occurring is. the anode. Currents measured here will be positive. The electrode where reduction

‘ is occurﬁng is the cathode_where the current is negative (Mortimer, 1978)

/ ’ ' z
With no outside influence, two dissimilar electrodes in a solution will spontaneously

produce a éixrrem. This current is produced because each metal has a different standard

| potential E° at wpich its oxidised and reduced states are in equilibrium (Garrels and Christ,

1965). These potentials axé measufed in volts relative to the Normal Hydrogen Electrode
which is assigned a potential of 00 V and is thie standard reference. To facilitgté comparison
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Figure I11.1 A schematic diagram of an electrochemical cell. Emf or potential difference is 30

mV,



between oxidation potentials of different metals, each oxidation rucudn of a metal is written
5 & half reaction in terms of the oxidised ion, the metal, and the siectrons, All the half
reactions of the metals are listed in a fable in order of decreasing potential with the ‘hydrogen
reaction somcwhete in the middle at 0.0 V. With the higher potentials the energy fequlred to
cause the metal to c’ﬁdise will ‘be correspondinsly high. The metals with lower potentials
require less energy to oxidise. In an electrochethical cell containing two metals, the one with
the higher potential will reduce while the one with the lower potential will oxidise. Thfs is why
the metal with a higher E® is known as the oxidising agent. The metal wi& the lower E° is the

reducing agent. The difference in the E® of the two metals is called the potential difference.
B. Theqry

Leaching of Metals m

On the surface of a metal sitting in solution, there area numbe;r of reactions which
can occur. In the case \Yhere equilibrium: is established, the reactions are oxidation and
reducti&; of the metal at a potential (Figure 2). In cases where equilibrium is; not established,
the potential is produced by é mixture of reactions. These reactions will include the metal
oxidation and reduction along with oxidation and reduction of H*, OH", and water as well as
any other aqueous species, (Figure 2). Each of thege reactions will proceed at different rates
but, with no outside influence, the electrode will aésume a potential at which the net current
produced by the reactions wxll be 0.0. This means that the net oxndatnon and the net reduction
cancel each other, but corrosion of the metal is actively occurring. The potential at which the
current is 0.0 is known as the resg_potential or corrosion potential (Ecorr). To determine the
rate of the metal oxidation reaction, at Ecorr a Tafel experiment is conducted then followed
by a Tafel analysis. In this study the term Tafel expefimcm ié used to describe a short
duration eipetiment where 500 mV of potential are scanned, and the data used for a Tafel
analysis. Strictly speaking this is not the precise name for this type of experiment, but xt wis
adopted to distinguish it from the larger range Cyclic Polarisation experiment. From the Tafel

pum—e
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experiment a corrosion current (Icorr) is determined. It is fmom this current that the rate of
reaction is determined, o K

Calculation of Corrosion Rate v
A short derivation of the corrosion rate, as found in the Princeton Applied Research
Application Note 148 (1978), will illustrate how 1 is related to the rate of oxidation.
i (current) = Q(coulombs)/t(seconds)
1 coulomb = 6.2 X 10" ¢
The measured current indicates the number of electrons passing through the circuit in a given
time, iherefore it élﬁfv?s calculation of how many ions are oxidised (i is + 've) or reduced (i -

is - 've) in that time.
Total coulombs Q = nFW/M

n = number of electrons in reaction
F =,Earaday = 96,487 coulombs/M/n (g-equivalent) -
W = total weight of metal g

.t M = atomic w_'eight of metal g/mol
Rearranging:

W = QM/nF
Q = i(current) t(sec)
W = itM/nF
#1) W/t = iM/nF

W/t is the corrogion rate in g/sec
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“To convert the corrosron rates to mrlll tnches per. year equauon T7is drvrded by the

densrty of’ the metal (d) m g/cm’ and the area ‘of the electrode (A); r/A I (current

: densrty) Seconds are then convcrted to years and centrmeters to mches

\

k)

W/t(mpy) = 0 13 IM/nd

Current is controlled by the rate dl” the redox reactrons Generally. the greater theb

potentral of the electrode the hrgher the current but rf the kinetics of the. oxidation or the =

e v reductron reactron are too slow thrs relatronshrp may not hold (Stern and Geary, 1957).

These rates are usually reported in the ,lrterature as milli-inches per year (mpy). This f

“

convention was also adopted in this study because the computer sof tware provided with the

experimental equipment calculated corrosion rates in mpy.

»
i B

QC Experimental Procedure D
‘ The expenmental methods used An ‘this study are the Tafel experrrnent and Cyclic .
Polarrsatron These are electrochemrcal experrments in- whrch the potentral or Eh of an

aqueous system, in’ contact with a metal, is mampulated and the current measured. To

v

T

" conduct the Tafel expertment the rest potentral (Ecorr) is determmed ftrst wrthout applred '

: potentral Thrs gives' a reference potentral from whrch to _start the experrment Then the '

workrng electrode is reduced by 250 mV. f rom Ecorr and**the applred °potentra1 is increased by
0.5 mV/sec until it is 250 mV greater than Ecorr. Whrle the potermal is berng varred the

current denSrty (I) is measured Current densrty is the current measured over a unit area of :

the workrng electrode In these expenments the unrt area was lcm2 As the potentral is moved

further away fi rom Ecorr, a plot of Ecorr vs log'1 should assume a stratght line over one order -

of magnitude of current densrty (decade) m both the cathodrc and ano%rc drrectrons (Frgure

.“3) (Steam and Geary, 1957) The cathodrc currents are negative, but for srmplrcrty are(\ :

N

. plotted as posruve values on the dragram All results are plotted on potentral €E) vs log 1

H

' scales.
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| Tﬁe 'slopes of the oxidation and reduction lines are known as Tafel constants; Sc for the
- cathodic line and Ba for the anodic line. A straight extension.of these lines should intersect at.
Ecorr and at the corrgsion current (Icorr), see Figﬁre 3.
” The following Tafel equations illustrate the relationship between the slope of the line‘.
\ ;he‘ potential, and Icorr. | |
.o , ‘a) n = Ba log Imeas - Ired/Icorr
b)':7 = -fBc log Imeas + on/lcorr

<

n = 1s the overpotential \Vthh is the diff erence between the measured potenual and Ecorr

The Tafel analysis will only work 1f the metal is known to be oxidising and the
reaction occurs readnly This means that the Taf el constants pamcularly Ba must not be too
high (Stern and- Geary, 1957). For the results of this study, it was found that when fa
exceeds 500 mV/decade it could be said that the reacnon was not occurrmg readlly Thns high
‘Tafel constant is mterpreted to represent an inhibition* of oxidation, or protection of the
electrode from oxidation by formation of a l1‘ mn, or adsorption of an aqueous species. This is
. lcnown as 'passivation (’Wranglen, 1985). In this case; calculation’of a corrosionlrate will not.
give a réte for vmet-al oxidation but rather for the passivating reaction. If the cathodic Tafel
constant is too high, it may indicate that diffusion of species to the working electrode is too.
~ slow to kecp up. With _the. reduction reaction. This phenomenonﬂ_is called concentrétion
polarisation. In some cases concentration polarisation can be. avoided by vigorously stirring the
solution (Wranglen, 1985). | |
. Foll‘o'wing compietion of the Tafel experiment, the Cyclic Polarisation experiment is
co‘pducted.'This ‘exoeriment, like the Tafel Expe;irﬁent is started at 250‘ mV below Eco‘rr, thenv
the potential is swept at 2 mV/second -up to about 1000 or 1200 mV above Ecorr. The Cyclic
.~ Polarisation is done to determine whether or not the oXidation,reaction of the metal occurs at
; higher poiential thEnEcorr or if it occurs with a higher oxidation state of the metal. 'I‘o

' ,'determme corrosion rates from Cyclic Polansauon measurements the values of 1 at the

potennals of mterest can be used -To avoxd mfluence from the cathodic reaction, however, the

AN
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potential examined has to be at least in the linear region around Ecorr if not well away From

Ecorr (Figure 3) gher sweep may also suow a drop in current indicating passivation.

After the“Potential reaches its maximum in both ‘experiments, the experiment is

repeated in the reverse direction at the same rate. In many cases, the plot of the reverse sweep
[

does not follow the initial 'forward sweep. This implies that an irreversible process has

occurred in the solution or on the electrode surface. Both techniques, the Tafe! experiment

and the Cychc Polarisation were performed on all solutions.

3

'D. General Behaviour of Metals - ' &5 ~ \ ,
o ‘r‘.
After completmg a large number of experiments it is apparenl that the- melal

A

behaviour in the various solutions tends to group itself into three styles of behaviour: These

3

yariati’ons in behaviour can be explained through the general exhruination of metal corrosion
in a solution containing its own cations. The metal corrosién of such a system is shown in
. Figure 4. The cathodic curxe.ef Figure 4 shows reduction of the metal’ from metal cations in .
the solution; At the initiation of the erperiments in this study, there are no 'mctal' calions in |
selution so the-ca[hodic curve will show_water reduction. Ifrthepl-l‘ is low it may be "Hj’
?redu.ction to H,, or if the pH is high it could be O, reduction to \u;ﬁer (Wranglen, 1985).
'V'leferences in the style of curve produced in the experiments are controlled by the mlersecuon
of the water reduction curve, which is variable, and the metgl behaviour curve, Wthh is f 1xed
. ThlS mtersecuon can occur at any pomt on the metal oxnm;m curve. Figure 5 illustrates the
results_ produced by variations in intersections of the cathodic curves with the metal .oxidau"on’
curve. |
If the water reduction line intersects the cathodic r‘egion’ of the metal curve, aynormal
Tafei plot will result such aé that seen in Figure Sa. These ex.periment's‘ are'reversibl.e \arid'
corTosion rates can be caiculated in the region of Ecorr by the method outlined in the theory
section. If the u/aler reduction curve in_tersects somewteTe in the passivaitiion"region the anodic
FT‘afel constant is already extremelj} high so the resulting curveresembles the diagram iu Figure

+

Sb. In this region, the experiments are not reversible. Sometimes the passivation is a result of

i
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Figure 11.4 Schematic diagram of general gold corrosion.
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adsdrption of hydroxide on the goid surface. In some cases enough hydrox;de is adsorbed that
visible gold oxide species form (Hoare, 1984). In most cases the>cause of passiiran:;n is not
‘visible because thc adsorption of the ai;ue\‘ous species may bc on the order"of an atom thick
(Hoare, 1984) Passivation makes determmation of the corrosion rate impossible in the region.
of Ecorr@use as-already stated Ba is 100 high. If the water reduction curve intersects the
transpassive-region, extreme oxidation should result such as that shown in Figure 5c. It is also
difficult to obtaih a good corrosion rate _from'these resulté in ihe reéion of Ecorr because thé
l’athodic cu.rve is suffering from coﬁcenﬁation polarisation. .

Cyclic Polarisaiion sweeps should follow along the metal oxidation cugve from the
pomt where the hxdrogen curve intersects it (Fxgure Sa-c). Transpasswe oxidation may or

" may not be seen. If transpassive oxxdauan is not seen it may mean that the experiment d1d n0t
go to a high enough po;enual. or that there is no fhajor oxidation reaction that occurs.

If there is an oxidation reaction seen in the experiment, it has to correspond in some
way to E° of that reaction. In the case that the behéviour of the system is like that shown in
Figure 5a, it is Ecofr that reflects the reaction corresponding to E" By the séme token Ecorr ~
will correspopd to E° in Figure 5¢ v;hen it is at a higher oxidationwsvtate. In Figure Sb the
transpassive oxidation corresbonds to E". It has generally been found by the results of this
study that the part of the curve that reflects E° of the reaction, whetﬁer it is Ecorr or a
transpassive oxidan'on.\ is from 400600 mV below the equilibrium E°. The reason that the

oxidation reaction in_ the electrochenncal experiment is so much lower than E° of that

suspected reacuon is that the solution is not at standard state or in equilibrium.

E. Equipment . _

| In this study a Princeton Applied Research Model K-37, th:eev eléctrode
elécupchemical cell was used for all experiments. The working electrodes in this study .were
cith;r gold or silver. ’Potenﬁus were imposed on the working electrode a‘gg_ the resuking
.cu—mnt measured. Alternatively, the current can be imposed and ;he’ Tesulting potential

mea"sufe,d. but this was not done for this study. Control is accomplished by use of a Princeton
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'Applied Research Model 173 or 273 potentiostat, which is operated th.rough an Apple IlE‘
computer and software provided‘ with the system. The computer s/rgoftware controls the
potentiosta.t, assimilates and plots the data, and calcula'tes.thc Tafel coﬁstants and Icorr. 'Taf el
constants are calculated using a Stern-Geary best fit program. This process fits the entire
Tafel experiment to the equations a/and b on page 13 rather than just extending the straight
part of tﬁe lines (Stern and Geary, 1957'). ‘The counter electrode was usually platinund but
occasionally gold or graphite wﬁs used. In a three electrode cell, the potential difference is not
mgasured between the wo:king electrode énd the counter electrode, but between the workingX
electrode and a reference e!ectrod; of known E°. In this study the reference electrode is a‘
Saturated Calomel Electrode (SCE), which has a potential of 244 mV (Garrels and Christ,
1965). Consequently, all recorded potentials are 244 mV higher than those recorded aninst
the, ’_Norlmal Hydrogen Electrode (NHE). To compare results from‘this study to normal

Eh-pH dfagrams. 244 mV have to be subtracted from the results. All three electrodes are held

in the solution by the élass cell, with no separation be‘twéen the electrodes (Figure 6).

F. Solution Preparation ‘
Solutions of the inorganic ligands were prepared by dissolving theif sodium or
_ potassium salts to 0.10M in deionized water. These.solutions were then purged of oxygen by
bubbling nitrogen through them for approximately an hour. The'nitrogen'was purified with
regard to oxygen by passing it throug\ii a cylinder of copper sﬁavings and alumina amalgam at
25°C. Ligands which can exist under different pH conditions were ﬁreparcdh} pH's 4, 7, and
10. Those ligands that were constrained by pH were allowed to buffer their own pH or, if the
speciation of the ligand would wnot—have been altered, the solution was adjusted to theinearcst
pH of 4, 7, or 10. To ptepare bisulfide solutiohs, 0.10N NaQH solution was purged for one
hour, then H,S gas which had béen cleaned of sulphate by passiné it through a solution of
BaCl,, was bubbled through ‘tﬁe NaOH solution until the pH wés 7. This meant that there was
\ 0.10M sulphide' species present where HS- was dominant. Polysulphide solutiqn was prepared

by mixing reagent Na,S, in purged water (Giggenbach, 1974).
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Most of the organic solutions for this study were prepared by dl.ssolvins their reagents
to 0.10M in deionised water. The readily soluble ligands include methanol, phenol, acetic acid
aﬁd citric acid. The benzoic acid was slow to dissolve but when added to 0.10N NaOH, it
dissolyed much more rz;pidly. As a result the NaOH was neutralised leaving 0.10M sodium

benzoate.

Organic Acid Extraction
Peatmoss was used as a source of natural organic acids because peatmoss in general
hﬁs little silt or other mineral matter in it, and it is rich in organic material (Rose et al.,
1979). Because Boyle (1979) discusses a variety of examples where gold has been enriched in'
peat bogé‘:it is also felt that peat moss is a valid choice for an organic reactant.
.
. . °
Organics were extracted from unprocessed peatmoss by the method outlined by M,
Schnitzer (1982). The following is an abbrevia_ted version of tilal method.
1. 1f carbonate is present remove it by effervescing with 0.10N HCI, (this was not necessary
for the peatmoss in this study). |

2. Rinse out acid with water. ‘ -

3. Spread and dry at room temperature.

4. Add about 10 g of peatmoss per 100 ml of 0.10N NaOH, (the NaOH selectively extracts
the organic acids).

5. Displace air in flask with N, then agitate for 24 hours.
6. Centrifuge for 10 minutes at 10,000 r.p.m.
7. Separate the supernatant. - /\
8. (Optional) Add distilled water and centrifuge again.

In this study the resultixig extractant was clear in that thefe was no visible matter
suspended in it, but the colour Was a very dark oily brown. The pH was 10 meaning that the

NaOH was not completely neutralised. No attempt was made to characterise the acids in the

solution.
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After preparation the solutions were placed in the clean electrochemical cell. The
solution was purged again for about 15 minutes.
Electrode Preparation ® \

To prepare the metal electrodes for an experiment they. were cleaned by, polishing the
surface of the metal disks with 360 grit, sili&en cerbid_e sandpaper. The dust was washed off
.with acetone, The disks fit into a teflon holder which exposes exactly 1 cm? to the solution
and allows clectrical contact with the potentiqsth{‘“ through a metal rod. This metal rod was

isolated from the solution. At this point the cell was assembled and the experiments were

i
#

conducted as explained previously. ' o
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A. Results of Experiments With Gold in lnorg;nic Solutions

Cyanide Species

| Because the cy;anide species are well known complexing agents of géld. it was thought
that these specxes would serve as a good model for oxidising electrochemical gold behaviour.
."l"»he results of the experiments with cyaﬂidq\solutions are shown in Figure 7. As anticipated,
the ¢N- and SCN- ligands both show behaviour which indicates a'lgigh rate of reaction with
‘ gbld. In the initial Tafel experiment the CN- exhibits a fairly low anodic Tafel constant,
accompanied by concentration p;>larisation. The ‘SCN- ini'ii‘allyb has a high anodic Tafel
constant but this. is followed by a current peak in the high swecp.v s
., The results of the CN- and SCN- experiments show that one signif icant difference in
their behaviour is the potential where oxidation starts. For CN-, E° is -600 mV (N}iE).
(Latimer, 1952), which is -354 mV (SCE). The Ecorr.in the CN' solution is approximt;tcly: .
-880 mV (SCE) which is the expected 500 mV below E°. This is followed by véry high initial
\ current acceleration. On the basis of work by Kirk et al. (1980). which shows Au(CN);" to
form at approximately, -700 mV (SCE), it would seem reasonable to assume that Au{CN)," is
forming in-this potential range in thfs study. There is a second peak at about -350 to -400 mV
'(SCE), ‘(Figure 7) where there is a' very thin film observed on l‘e.‘ gold electrode but it -
disappears with higher oxidation. It has been shown by Kirk et al. (1980) that this peak is -
caused by Au’*-oxide formation. Because the film disappears, the rest potential returns tp its
original value when the experiment is reversed. This indicates that the. reducing specicé are .
those that were oxidised at the r2st potential. ‘ :

for the SCN- splution, E° is 660 mV (NHE) (Lalimer.- 1952), or 884 mV (SCE). In

the experiment the Ecorr is at -50 mV, which is far 'bglow E°. The current peak is at agux/ ‘
400 mV (SCE), which would\indimte that Au(SCN)," is forming in the region of tfanspassive.
oxidation. In f.he SCN- solutions a thick reddish film of unknown composition is observed. In

2
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this case the film persists which causes the reverse rest potential to be higher than the original
rest mtenhd (Figure 7). Values of I and corrosion rates for thm ligands are feund in Table
2. Overall the results of the cyanide expeximems indicate oxidation of gold according to the
standard E°'s for CN" and SCN gold complexes.

Chioride Species |
Chloride solutions appear to behave in much the same v.;ay as SCN- solutions. If one

inspects anﬂEh-pH diagram of the Au-Cl-O system as ig Figure 8 ('Garre‘ls and Christ 1965),

“it can be seen that Within the stability field of water at 25°C’ the stability field for AuCl, is

&ependem only on Eh and Cl concentration. It appears that the electrochemical experiments“

bear out this Eh-pH diagram very well. it can be seen from Figure 9 that the behaviour in the

Tafel 'experiments is irreversible and the anodic Tafel constants are very high. Repeated |
o 2] %

. [
experiments in these potefﬁ?!l ranges failed, to show any evidence of gold being deposited on

the platinum counter electrode. As a result { is interpreted that this Tafel~reg§bn is.in the area

. of passivation so no significant Au-chlOride ‘complcx is.forming. In contrast Figure 10

ulustrates the results of the Cyelic Polansauon swecps These ‘show a current peak for all Tl :
soluuons at about 850 mV (SCE). This current peak is transpassnve oxidation. These
experiments usually cause the soluuem to turn light yellow in colour It has been noted by

many experimentors’that AuCl,~ js yellow (i.e. Robu;son and Frost, 1963), The E° for AuCl,"

- formation is 1.00 ¥V (NHE) (Latimer, 1'952) or *i244 mV (SCE). As.expected. the equilibrium

A ,potennal is about 400 mV lugher than the potentxal seen for AuCl, formation in the

experiments. More ev1dence of complex formation is lhat gold is transponed te the platmum

t

electrode whnch aquxres a thin but distinct coaung of gold. A feature noted on the gold

electrode is that thh hxgh oxldauon in the chlonde soluuon a dark film is formed. This is

~ intérpreted to be a gold oxide (Gaur and Schmid. 1970). The formgupn of this film will be

dxscused in a later section.

~

~ The value gf 1 from the sweep expenment at 994 mV (S§E) is about 6000 uA/cm?
(Table 2). Strictly speakmg this will not yxeld a true corrosxon mte becausc both AuCl,- and



. Figure T1.§ Standard Eh-pH diagram of the Au-Cl-O system. Adapledir'om Boyle (1979):
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Au-oxide are forming and it, is_impossible to distinguish how much of the current is being

contributed to by each. As a rate of gold oxidation however, the corrosion rate is valid.

| pH Effects
The main effect of pH variation in the Tafel experiments is that Ecorr is lowered
sli‘ghtly with increase in pH (Figure 9). This is‘due‘ to the incrgasc in the reduction oF walter,
with increase in pH," therefore this is a reﬂecdon of water stability (Garrels and Christ,
1965). It should ‘be noted th;t the change is not as great as i_hat indiéated by thermodynamic
calculations. This is probably because the presence of free H* or OH- in the system fs far less

than 1.0M. ' .

Presence of Fe**

on -enhanced

Because Cloke and Kelly (1964) found that Fe* or Mn* 'in_‘ i
dxssolunon of gold, a soluuon of FeCl, ‘was prepared at 0.10M Cl

yexamine this’
phenomenon. The Fe* hydrolises strongly which f orces %e» pH to 2. Consequemly, a Cl
_;mnmcnt was conducted at pH 2 for comparison. The results indicate that the solution with
‘Fe**'has a much higher Ecbrr. T?lis is probably set by the Fe?* - Fe’_' couple. The Eh of Au*
oxidation seems 10 be about 850 mV (éCE) for both (Figure 11). The main difference noted
between the FeCl, and Cl- solutions, is that there was significantly less 6xide formed.on lﬁc
gold electrode. in the FeCl, solution. The current densities, however, at 850 mV (SCE) are
-about 1lluA/cm?® for both solinions. This means that in ihe FeCl, _solu’ti_on almost all the
~current*is produced- by AuCl,” formation whereas in the CI° solution AuCl, formation
_ producés only a fraction-of the current. | | |
Numerous workers (i.e. Cloke and Kelly, 1964) suggest that Fe* and Mn** facilitate
the oxidation of gdld by acting as oxidising agents. From standard potential daté (deBethune
and Swendeman-Loud, 1964)‘. it can be seen that the reaction of Fe to Fe’* occurs at a-
pote’htial of 771 mV.(NHE). Bécause this is ahiower E“ than 1.00 V-(NHE) for AuCl,", Fe"‘

reduction could only oxidise a trace amount of gold. Using the Nernst equation it is possible

pum—————

&,

S
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to calculate how much AuCle" could exist at an Eh of 771.mV (NHE) and thus be a resilt of
reduction of Fe'* That value turns out to be 8.05 x 10-* ppt or 8.05 X 10'* g/litre, see
Appendix 1 for calculations. In a later section it will be discussed whether this content of
"AuCl," is significant. The Mn** to MnO, reaction may readily oxidise gold with a Eh of 1.23 .
V (NHE) (deBethune and Swendeman-Loud. 1964), ‘but it is outside the stability of water so
it is unlikely to occur in natural systems. In the electrochemical experiment it is pi'ob;ble that
the redu;tion of Fe** to Fe is forcing more ‘élold to oxidise than would normally oxidise in a
natural environment. This is because the electrochemical cell is an isolated system with no .

other. metals available to oxidise ln Cloke and Kelly's experiments it is possnble that the
| enhancement of gold oxidation that they observed was caused by a similar ef fect, but agam in
a natuzal environment it may not;occur.

If, as suggested by Cloke and Kelly (1964), the stability betweer Fe, Fe’ and

_ goethite can raise the Eh above the stability of water and therefore above '1.00V, then
obviously A'uCl.' will form rapidly.'_v Cloke ahd Kelly do poim out however, that the conditions‘
for this stability are extremel)éb rare_; At pH levels below 2 the hydrolised Fé» is dissolved .‘Al |
higher pH's Fe?** will precipitate as Fe-hydroxides. (Garrels and Chfisi. 1965). The commonly
reported occurrence of Au in limonite or goethite (i.e. Mann, 1984) probably indicates that
the iron may adsorb the gold causing it to precipitate with these minerals. The results of these
ex:periments would indicate that although Fe" bmay oxidiée gold to the ppirillion le\fel, ina-

natural environment AuCl," is forced to form because the Fe** is reducing so rapidly. . ———

-

- Concentration Effects '
As has been found by previous workers (Helgeson and Garrels, 1964), AuCl," is much
more stable under ‘acidic conditions than alkaline conditions. This is because the reaction:
S Au+ 40K ¥ 3H = AuCl +3/2H, |
is dependent on H* being available. It is for this reason that experiments done to evaluate the
effect of chlonde concentration on electrochemical behavxour are all done at a pH of four.

Chloride'concentrgtions of 0.10M, 0.5M, 1.0M up to 2.5M by 0.5M increments were studied.

i
i

\
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Because Ecorr is sensitive (o alight pH and Eh variations in the solution, these variations can'
cause significant changes in Ecorr or the slopes of the lines. It is for this reason that it is
impossiole to reproduce the experiments exactly, therefore a quantitative; comparison of

conoentrauon effects rs not feasible. It can be said qualitatively, however that an increase in

the gurrent occurs at all parts of the curves with increase in Cl- concentration (Figure 12).

Ammonia .

The results of the NH,* experiments are similar to Cl- results in that the Tafel
experiment does not show any evidence of oxidation, mdrcatrng that it is in the region of
passrvauon The high sweep experiment, however shows a transpassrve oxidation (Figure 13).
The acceleration of current in the NH,* is much less pronounced than in the Cl" solution.
Data of Skibstead and Bjerrum (1974) demorrstrate the existence of a nu_mber of _Au‘land
Au* - ammine complexes which form at 206, 325, or 563 mV (NHE). The current peak in
the ammonia solrrtion from this studly starts at about 200 mV (SCE) o‘r 444 mV (NHE). Data .
from deBethune and Swendeman‘-Lorrd (1964) show a standard potential of 110 ‘mV (NHE:),
or 354 mV (SCE) t:or NH,OH to N,H,. If the)lH{o solution follows the behaviour of the
other solutions the current peak shoulrl be at least 400 mV below any known E° of oxidation.
In this case the current peak is only 200 m\; lower than the Au-ammine complex with the
highest E°. The*peak n{ay indicate that a gold-ammine complex is formed or that the NH,* is

oxidising but neither can be determined with any certainty.

Sulphur Species ‘ o

With the high stabiliiy constants of Au(HS),” (log B, = 37.2) and Au(S,0,?),* (log
B, = 294 (Sewer_d 1973)), there should be little doubt that gol'd will move‘in the presence of
these species. The S,0,* and HS" curves are illustrated in Figure 14. The S,0,?" curve displays
quite normal Tafel behawriour but is irreversible. This irreversibility is thought to be caused by
oxidatiorr of the solution rarher than the gold. To test this hypothesis, the experiment was

repeated twice, once with a platinum working electrode and once with a graphite workiné

'3
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electrode. In both cases the da;a were the same as they were with a gold working electrode. In
the high cyclic sweeps there is a current peak at about 500 mV (SCE) with the gold electrode.
This does not occur with the other two electrodes (Figure 15). This peak indicates that a
reaction is taking place with the S,0,* and gold that does not occur with platinum or graphite
electrodes. Also, because the reverse sweep ddes not show a reduction at 500 mV, it indRates |
that whatever was formed is a soluble species not a surface species. Lakin et al, (1974) predicl
that Au(S,;0,),* forms at 600-700 mV (NHE) or 844-944 mV (SCE). If this potential is
_correcl the peak at 500 mV (SCE) could indicate that this complex is forming.

In an attempt to prove that a soluble thiosulphate specres is forming, a series of 20 ‘
'Cyclic Polarographs, as suggested by Plambeck (pers comm.), was run from aboul 300 to 800
mV (SCE). To keep thée oxidised species close to the electrode, the soluuon was not stirred
and nitrogen was not bubbled into. it. After this, a normal sweep was conducted. It was
'thought that if enough Au-85,0,’- species had formed the reverse sweep would show the
reducuon of those specics at 500 mV. Instead, the result was that the peak drsappeared
(Figure 16a) even after vigorous stirring (Figure 16b) Ina second attempt to prove that an
Au-S,0, complex is formed, approxrmately 750ml of a O.IOM thiosulphate solunon was
spj\l:jd with abdut 10 ml of 0.025M AuCl," solution. Because the AuCl," solutiod is acidic and
oxidising, addition of AuCl," caused the S,0,* solution to oxidise somewhat, bu’; again the
ov’ behaviour showéd that the peak had disappeared (Figure 16). It is probable that,
arthough the initial (;yclic Polarisation ix}dicated that a solul:le species was formed, the gold
surface became protected during subsequent experiments. Because this protection also occurs
with addition of AuCl,", it would im;dly that whatever is protecting the elecrrode surface is a
gold-thiosulphate species (Plambeck pers. comm.).

Because of the results with S,Q,". there was some suspicion that the HS- solution
would show the samev behaviour. This éukpicion was borne out by experiments using Pt and
graphite working electrodes (Figure 17). These produce similar curves as the‘experiment using
a gold working electrode. In the high sWeeps a significant current peak is again found with the

gold electrode (Figure 14). Fortunately, in the case of HS- solution -there is enough gold

\ % -

S
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movemant that after a high sweep, the phtinum electrode aquires a very thin layer of goid.
This lndlcates that a soluble Au-HS" complex was formed. Tbe short cyclic sweeps were
attempted with the HS- sofution but the behaviour of the bisulphide solution was 80 unstable
that the peak could not be duplicated. The addition of AuCl," to the HS: caused extreme
oxxdation with the probable production of polysulphides ’I'he resuiting experlmenul bwetp
however, showed that the peak disappears as it does in the thiosulphate solution (Figure 18).
anure 19 illust.ratcs that the S - solution behaviour superficially resembles that of
HS" but it has a lnghcr Ecorr. This may be a reﬂection of the overall more oxidised character
of S - compared with HS (Giggenbach 1974)_

mhain charactgtistic of the S, solution is
that at no point does the anodic Tafel curve a straight lmel Thcge results could megn®
that the S I is oxxdlsmg to any of a num er longé'r polysulphide chains or other’
sulphur species altogether (Giggenbach 1974). It is also possible that an indeterminate amount
6f gold-polysulphide is foréming as well. Because of the citremcly unslable. nature of the
polysulphide solution (Giggenbach, 1974), the results are inconclusive,

* On the whole, there is evidence to show that gold forms a complex with $,0,* and
HS- but, thete is no way to quantify howt inuch current is produced by oxidation of ‘thc

sotution versus oxidation of the gold.

B. Non-Reactive Species
Sulp;nate

it was thought important for comparative reasons to understand t};c behaviour of
solutions that did not significantly conippéx wvith gold‘ Sulphate solution was chosen for this
- purpose because of the low stability constant determined for Au(SO,),", log B, = 6.1
(Peshchevitsky et al., 19’10) The results of the experiments hear out these data (Figure 20).
The Tafel cxpenment is not reversnble/and has a high anodic Tafel constant. The high sweep

‘ . .

does not show any transpaésive oxidation, nor is there any film formed or gold transferred to

the counter electrode. This behaviour is the same at all pH's 4, 7, and 10; the only différgnoe

o



", Figure I11.18 Resuly of Cyclic Polarisation _experiment on gold in bisulphide solution

with -AuCl,".
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/
being the shght reductxon of Ecorr wnth mcreasmg pH as reported mth the Cl- soluuons The

= results obtamed wnth the sulphate solutions as well as the followmg species are probably all
| water or water solute oxidation behaviour:
Hydroxide - . ' R ._
‘Experiments with hydroxide solution were conducted to determine if the presence of
OH- wquld facilitate oxide growth. The results are negative (Figure 21)._.Because the OH:
sqluti,onv behaves in the same way as the SO,* solution at pH 10, it is 'interpreted‘ that there is
no significant compleXin_g@r%getion 6ccurring bettween gold and OH": B

4 ‘ ‘ ‘ »
-

,_'>
Carbohate %
;-

Results of. expenments thh both CO,j and HCO,", display the same evidence for |

anxed Solutlons

. ’“h vf' o
The possibility that a - mixture of solutnons could enhance oxndatton was  also

,‘" .,mvestxgatedr/ Solutlons of 0.10Ms C] with 0. 10M CO,*, ,O, , and HS- were'exammed It

'y %’f,:'; '
f pws that rather than exhibit a combmed effect the behavnour of the solutxon is dominated .

. i _,/ vt;y one of the hgands By comparmg Figure 23a with Fxgure 9 it is apparent that the shapes
\ " of the curves and the similaries in Ecorr indicate that in Cl:carbonate solutions the chlorxde |
.behavi,our dominates. Comparisons of Figure 23b end'23e with Figure 14 show that
tl’iiosulpﬁate and bisulp,hide .respectively dominate the behaviour when mixed with chlori’de.:To o
study the behavi:)ur‘bf e ‘natural 'soltttion with numErous camponents, 4 sample of Nortﬁ 5
Saskatchewan n.ver water wasdexarnmed This water had a pH of 8 and dxsplayed almost .

' tdentxcal behavnour to the blcarbonate solution, (thure 24). A.,cordmg to Morel (1983), it'is

expected that in a multi- hgand solution the hgand wlnch exhxbtts the fastest kmetic behaviour
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will dominate the behaviout in the experiment.

C. Results of Experiments With Gold in Organic Solutions

Thé behaviour of gold is very similar in all the organic solutions studied, except for

| tl;c humic extract. Three of the solutions had a pH of 3 or 4. These were acetic acid, citric

acid and phenol. The Tafel regions of these are shown in Figure 25. For all three solutions,

the rest potential is between 100 mV and -100 mV. They all have very high anodic Tafel

~ constants as well. It is interpreted that there is no oxidation occurring in this potential range.

In the sweep experiments (Figure 26) there is more variability in Ecorr but overall
the three organic solutions behave in a similar manher. In all three solutions, thel‘s a very
slight current inflection at about 500 mv (SCE). It is possxblp that this is a result of a slight
adsorption of “hydroxide V(Hoare, 1984). Because of the lack of transpas;ive oxidation and lack

of observed gold mobility, it is interpreted that these experiments indicate that no significant

»

. oxidation of gold is occurring.

.+ Two other organic solutions had-a pH Qf 7. These were benzoic acid and methanol
(Figure 27). It can be seen by comparing both their Tafel regions and ‘high sweeps with
Figures 24 and 25, that the behaviour is again almost exactly the same for all five solutions.
The conclusion to be drawn from these experiments is t.hat all these organic solutions behave
in a similar manner regardless of pH and that they do not seem to compl_ex with gold. This is
not surprising since Varshal et al. (1984) found thatﬂhe more -effective fulvic acids for
complexing had molecular weights between 1500 and 5000. Obviously the phenol and carboxyl

‘with molecular weights of 94.11 and 122.12 respectively are far too light if this relationship

holds. Also, the citric acid with a molecular weight of 21612 is too light as well.

The results of the humic extfact are shown in F* 28. The Tafel region seems to
have a similar Ecorr to ihe other orgaﬁic experiments, but the anodic Tafel constant is quite
nomial. The experime_nt is, however, irreversible which led to a suspicion that the solution
was oxidising instead of the gold. The cyclic sweep experiment shows a fairly high and steady

*
current increase w1th oxidation which’ indicates that an oxidation reaction is occurring but the

P
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oxidising species is unknown. A sweep experiment',with a platinum working electrode ditphy;
similar behaviour to the experiment with a gold working electrode (Figure 28). Although the
gold and platinum sweep experiments are not exactly the same, they are similar enough to
conclude that both are showing solution oxidation.

From the resultshbf the organic exﬁeriments with gold, it would appear that there is
no evidence that ‘significant gold complexation occurs in any of the solutions. Examination of
the gold electrode from the ‘humic acid solution reveals no evidence of etching or reaction of
any kfi/nd, This is in strong contradiction to the results of Baker (1978) who proved through
pO}afogxaphy that‘huxhic complexes are formed with gold. It is unknown what the cause of
th’iis discrepancy is, It is possible that the concentration of the humic acid in this study was
much less than 0.10M becauge most of the humic material was in colloidal form. For this
mson it is not possible to determme exactly to what extent humic acids complcx with or lf
they cémplex with gold. From the results of the other orgamc ligands, though, it is possnble to
say that the mdmdual funcuonal groups are not responsible for gold transport. If there is any

-
transport it is due to properues of the organic molecule as a whole.

" D. Results of Experiments With Silver in Inorganic Soutions

| To compare oxidation of sivef 'with oxidation of gold, the experimental techniques
applied with gold were also applied with a silver working electrode. With the exception of the
cyanide speéies and polysufphide. all the same ligands were. studied a; well. From the overall
E®'s of silver reactions, (deBethune and Swendeman-Loud, 1964), it is apparent that silver is
generally much more readily oxidised in all soluiion's than gold. In each experiment the current
- peak seen is accompanied by formation of a black filn‘l.:‘_Usually the best curves to display

these peaks are the high sweeps.

Oxides

The film formed in the SO, solution is presumed to be a silver oxide (Figure 29).
The reason for this assuﬁlpfion isfhat the E° for Ag,SO‘Ai‘s 654 mV (NHE) or 898 mV (SCE)
. - ‘7,“ ¥

80

I4
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= The potential for AgCl formation is 224 mV (NHE), or 468 mV (SCE). The e;pcrimcmal

- 52
(deBethune and Swendeman-Loud ‘(1964)), which is much higher than the current peak
shown by the experimental results. From the same data source Ag,O formauon is at 373 mV
(NHE) or 617 mV (SCE) which is about 500 mV higher than the observed potential of 100

mV (SCE). As was found with the g6id experimenu. this is a reasonable difference in
potential between the experimental peak and E°.

»

o
The silver oxidation peak in the carbonate solution, (Figure 29), seems td be at a

lower potential than the peak in the suli;‘hate solution but, f rom deBethune and
Swendeman Loud,'s data of 470 mV (NHE), 7]4 mV (SCE) for’ Ag,CO, formation the oxide
is agam most likely because it has a lowcr ) AN The oxidation peak in the carbonate solution is
probably lower than that in the sulphate solution because the carbonate solution had a pH of
10 whereas the sulphate solution had a PH of 7. As w:;s discussed in the gold chloride results,
an’increase in pH causes Ecorr to be reduced. Because reduction of Ecorr is due to water

.
stability the water stability may cause oxide peaks to reduce as well.

Chloride Solution R *f
lever in Cl solution (Fxgure 29) reaW‘to form a film as well as a complex.

e latter is mferred by the presence of a precxpnate which forms on the counter electrode.

bdtémial where the current starts to accelerate is about 50 mV (SCE), so it can be assumed

" that the film formed is AgCl. The morphology of this film will be described in a later section.

Sulphide Solutions (
As in the chloride solution, a film and complex are formed in the sulphide soluuon
although passivation is not observed The film is thougm to be Ag,S (Figure 30). This is

because E° of Ag,S formation is at -660 mV (NHE), or -416 mV (SCE). Ecorr in the HS-

?

experiment is about -800 mV (SCE) followed by extreme oxidation. Also like the chloride A

%

solution the Ag,S film has a distinct morphology ghich will be shown in a later section.

.
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Formation of Ag(S;0,),’" is at -227 mV (SCE)‘(deﬁethune and wendeman-Loud 1964),
but the Ecorr of the reactiog, is at about -350 mV (SCE) Obvrously Lthis potenual is 160 hrkh
Lfor Ag,S formation and .only about 100 inV below the Ag- throsulphate reactron Consndenng
that all the other expenmental reactions in this study start at 400-600 mV lower thanlE°. it is
. doubtful that»‘Ag-thiosulphate reactiou is occurring in the‘observed potential range. It is
possrble that another unknown Ag- throsulphate reactron is ‘occurring, because agam a black
precrpféatc forms on the counter electrode rndrcattn& that a mobile complex has formed.
Unlike gold, all the silver expenments can.undergo Tafel analysrs in the region of
Ecorr The corrosion rates of these experrmerﬁts are comprled in Table 2. From the results of )
. these expenments it can be sdid that silver x/vrll oxidise srgmf icantly faster in most cases than
gold. Thrs does not, however mean that complexes are forming to a far greater extent. As
was found with gold in the CI solutron/ the current was produced by, a corrbmauon of
| complex formatron and oxrde formatronf ln the silver expenments some type of solid is
. formed.in all sol-utrons. Thrs means that t/he effective amount of Ag complexyls not as high as

th‘%wcurrent may indicate. '

‘ : /

The purpose of ex.ammmg srlver was 16 understand the processes that cause changes m,. .

4

r

gold fmeness with transport in superéene and fluvra1 environments. There is ne problem
explarnmg the commonly reported phenomenon of increase in fineness with distance from
source (i.e: Boyle, 1979). This is {ecause srlver is miuch more readrly oxrdrsed than gold, 10
form a silver oxide and complex. Kre are’ examples reported however whege gold- is not :
enrrched but gold and sﬂver move together that are more drff rcult to explain. PErhaps in a.
solutrqon »where gold rs very mobile such as 1n Cl‘ or I-_IS', but where a silver solid is f ormed, v‘
there is enough reduction in the mobility of silver through recipMatior that both metals will

47 - R AR D . .

move at the same ratex R Lot
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_ form a. Ag orgamc $

" E. Results of Experiments with Silver in Organic Solutions

The cxpertments with silver in organic solutions were conducted in a similar manner to

the gold expenments All the same orgamc ligands wére studred wrth the exceptron of

methanol.

| The “t')ehaviour of silver is very similar in all the or'ganic solutions.. lh most cases the
| best curves to illustrate the oxidation behaviour are the high sweep results. These are shown in
Figure 31. All the anodic sweeps show an acceleration at 200-400 mV (SCE) except the humic

extract. The experiments were also all accompanied by film formq#ion. Data giveh»\ by

deBethune and Swendeman-Loud (1964), for: AgC.H ,O, (acetic acrd) oxidation .is 643 mV

(NHE) or 887 mV (SCE). This is too high for the reactron seen in the acetic acid results.

* There are no data for the other organic ligands but it is likely that the potential for the
'reactr'on of silver with the other organic ligands would be similar to that for acetic acid. The
. Tty .
potential for Ag,O formatibn is 345 mV (NHE) or 589 mV (SCE). This is mixch closer to the .

|  experimental results. Also, because it is at a lower potentiél it is likely to happen at a lower

potential. As a result it is interyteted- that in all these experiments Ag,O is forn}ing. ‘

P

Bet:aviour of silver in the humic'extract is very unusuald(Figure 32). In the T afel |

’ .

regnon “the Tafel constants a;e qulte normal but when mxpenment rs reversed a

srgmflcantly lower rest potential results. Thts behaviour was not observed prevrously in thrs :
13
‘study The film formed on the srlver surface is similar to any other- srlver oxrde seen so it

| should cause the reverse }rest potential to be hrgher. than the original Test potentral. as it does

in the other solutions. lj'Lrom the gold experiment with humic extract it was assumed that the

: . . I3 ! N ) vy ; -‘ ) s
. Tesults were those of solutron,‘ oxrdatton In the ’gold experiment the rest potential was about

%

-100 mV (SCE). In the srlver expenment the reverse Test potentral is approximarely -200 mV

. or lower, 0 it cannot' lﬁe assumed that the unusual behavrour is a result of squtron Behavrour

"One possrbllrty to exj:am the lower rest potentral is that silver ,reacts with the solutron to

id or oomplex which has a lower rest potentral ‘than Ag,O and lower
than the humrc extract Because the humtc compounds are oomposed of C, H and O it would

“be impossible to venfy thrs hypothesrs with the EDXA on the SEM

, / S v o
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Figu}e 111.31 ReSults of experiments with silver in benzoic acid, phenol, citric acid and acetic.
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IV, Surface Features N

Another‘ r‘ésrrlt of electrochemical experl_ments is that the surfaces of tl'le electrodes
often record evidence of reactions wlrieh have occurred. This evidence may be in the form of
films or etching on the electrode. The‘purpose of eilamiriing these features is that it is likely
that rrletals in a rlatural environment will show similar features. Therefore, if lhey are
observed, it will be possible to determine the conditions under which the natural metal was
leached or deposited. These features were examined optically and by semiqualitative ‘analysis
with a Carrrbridge Stereoscan 250 Scanning Electron Microgcope with a Kevex 7000 EDXA _
capacrty Images were taken of an unreacted electrode f or comparisons (Plate I)

e "‘.’ .

A. Films

Cyanide Species .
'Both CN- and SCN- solutions_ produce a film on the gold electrode during Cyclic
| Polarisation experiments. In the case of the CN- solution, the film is dark and very thin. This
is probably a gold oxide as discussed in lhe results An SEM image was not obtained because
‘the film drsappear)ed with continued oxldauon The film produced in the SCN solution was
~ thicker with a reddish colour. This f. rlm persrsted after it was formed. The SCN- film is shown
in Plate 2. Semiquantitative analysis of this film shows only gold to be present, although C or

N, which are undetected by the EDXA, may be giving the film its reddish colour.

Chloride

o In the CI- solations a thin dark film also formed durmg the Cychc Polarisation

>

experiments. At pH 4 this film grew qurckly and evenlyrlbut at pH 7 and 10 it was more'

sluggish to form (Plates 3,4 and 5). The reasons for Llﬁ ar%;lot clca ; > H 4:’tl_ie"

5 , L
oxidé Laye T pThis is a -

formatron of substanual amounts of AuCl. allows a thrcké%

, possrbrhty because electrochemml researchers (Gaur and Schmrd 1970 .Gallego et al 1975)’ .

%
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Plate 1V.3 Film formed on gold ia chloride solution at pH 4.
E e

Plate IV.4 Film formed on'gold in chioride solution at pH 7.

\
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ligands for adsorption sites on the gold surface. This idea originated with observation of iron

which oxidises much more rapidly-in the presence of ClI" ion. It.ig suggested here that Cl- may |
prevent passivation of the iron’ surface by‘ Fe-oxide by blocking access to some of the

adsorption sites. |

A question which arises is whether the AuCl," is forming by further oxidation c:f the

Au-o.xide (Angerstein-Kozlowska 1984) or by direct co"ntact with fresh gold (Gallego et al.

1975). Either case is possible as can be seen by the SEM images of the Au-oxide. It is |
apparent that although oxide evenly coats the goid surface it is porous and allows. access to
the fres}; gold as well. It was found by Gaur and Schmid (1970) that if the gold is oxidised
past 1100 mV (SCE) the-oxide film completely covers the gold ;esulting uin extreme
passivation. This means tﬁat. at;1100 mV neither Au-oxide or AuCl,” can form. It would
seem then"that the AuCl,” must be forming at the fresh 'gold surface otherwise there would

[
still be a high current from further oxidation of the oxide.

Silver

In all the silver experiments except for Cl- and HS-, the films formed were probably
oxides, (i.e. Plate 6). The films from the Cl- and HS- cxpeﬁments are shown in Plates 7 and
8. It can be seen that both AgCl and Ag,S hav? very distinct morphologies. These films are
" important because Cl- and HS- are the two most impbrtant complexing agents of gold as

* determined in this study. Therefore, if thef are seen in natural systems they may give valuable
) "

clues as to the complex rcspo:isible for gold mobility.

2

i
g

i

B. Etching
' Gold in the presence of 0.10M Cl with Fe* shows very littl&:%xide formation
compared te the other Cl- solutions, but it shows extreme etcﬁing, (qute-g' 9) This does not
seem to be a pH effect since the electrode from the Cl- solution at pH' 2 was indistinguishaAble
from the one at‘p'H 4. As can be seen in Plate 9, the sul"facc; is obviously etched to the poi;n-

i
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Plate IV.6 Oxide film formed on a silver electrode..
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Plate IV.7 Ag-Cl film formed on a silver electrode.

Plate IV.8 Ag-S film formed on a silver electrode.

>
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Plate IV.9 Etching of a gold electrode from the ferric chloride solution.

+ - Plate IV.10 Surface of the gold electrode from the bisulphide solution.
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that the polishing mtches are beins cuminawd lt would appear that the presence of Fe”i
the nolution enluneu ledation through processes already discussed in the results, but the
EDXA indicated that therc was no lron on the surface of the gold.

The surface of the gold from the HS- solution is suspected to have been etched to
some extent, (Plate 10) parﬁcularly when compared to the control electrode. More than
etching, howéver. there appears to be flakiness on the surface. Semiquantitative analysis w;th
the EDXA shows that sulphur is not ﬁregcnt so the flakes are not deposits of sulphur bearing

e

compounds.

Films Formed by Reduction of the Solution -

As a natural corollary to g(\:ld oxidation and complexation in solution, there are also
environn‘xoqs where the gold is depositad. This phenomenon is .illustrated beautifully in the
FeCl," solution. It has previously been shown that the working electrode is strongly etched

‘which means that there is a significant amount of AuCl,” in the solution. In the FeCl,

- ekperimcnt. a smooth unscratched gold disk was used as the counter electrode. Plate 11

illustrates how the gold is deposxted on the counter electrode as’ small spheres. More

interestingly, though, there seems to be a crystallographic preference for deposmon Before

L

the experiment was conducted the polycrystalline nature of the gold electrode was not visible
but afterward it was outlined distinctly by the precipitated gold Jean and Bancroft (1985) |
noted a‘similar sphere shape for g_Old that was reduced onto sulphide minerals from AuCl,-
_solution, Preferential deposition was noted by Hammelin and Bellier, (1973), and was
determined to be in the 111, 332, 221 and 110 crystal directions.

To study de{:oﬁtion of gold from AuCl,- ’solution to the irregular scratched surface, a
0.01M solqpion of A_uCl.' was piepared by dissolving 1.§7g of gold in aqua régia. The HNO,
was boiled off vwhilel HCI .w'as periodically addéd to the solution. The additioh of HCl was
repeated 3“»,4 times then the acid was completely boiled off. Finally the resulting solid was
redissolved in 1 litre of deionised water. The pH of the solution was then adjusted to 4

Reduction of the g0l in solution ontd the gold working electrode occurs readily if the
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Plate IV.12 Deposition of gold from AuCl," sol
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L el v & , ‘ ) v _
4 potential is brought below 800 mV (SCE). Initially the gold formsvsphcrd as described before
- (Plate. sz but with continued redvuctio'n\the &)ld acquires a’crystallinie shape, (Plate 13).

y

B

e . “
. *



r
LI
R »
K
Y.
t 2>
f
N +
,
.
A}
.
))-v
o
. 13
i +
- - '
.
Oy
!

-~

! ., Plate IV.13 Continued reduction of gold from AuCl," solution onto a}gsld working electrode. ,
/ !§ Lo - 5 i " . r = ) -", : 7 i )

3 " ! - .
N T . Vo M B ; - s

»



» .

“& %e excepuon of in the CN: expenments a s1gmf1cant frlm ‘was formed on the electrodes 4

-

\'"‘ . :

~

~ placers, and low tempetature reducing scenanos such as bogs br euxenic marine envxronments ’

. under which gold transport has occurred

~ be converted to corrosnon rates and the corrosion rates applied to a geoIQgrc scenatio. The

g corqos_ton rates are c@d through the equanon f ound in the expenmental section.

E ’w o v'“, -y " ) R * . v R

@« L V. Geological Implications

s
W

The results of tlus study have unproved the understandmg of the prOpertres of gold

transport in low tempgmure settings. Such settings include supergene environments, sorls,

The results of thig study outline condrttons which are favourable for certain hgands to
" transport gold Also these results can yield- actual Iates of oxxdatton of the met/al The
morphologlcal features of gold surfaces observed also prov:de mformauon on the issolution

-fﬂd precrpltatron of gold. Through the following exammatlon of the expenmental results and

v
comparlsons with natural envnrouments iI wm be possrble to better assess the conditions
) : : :

_g’_

Throughout this study, data have been presented in the form of cu ent densxtres but

"in order to make these data more meamngful with respect to natural environments, they Qust

4 f

A W/t =0.13 IM/nd
L ' § .

e

. Table 2 lists the ligands which show evidence of gold oxidation along with potential and

" current data, and the 'cilc?ted corrosion rates for.each li?nd’.: Also Jisted, are the minumum -

‘ lengths of trme for

-

* scenano It should be pointed out that these would be absolute mrmmum trmes because, thh

29

It is apparent that although corrosxon rates are: a useful tool for comparmg gold

‘ %rdatton rates between varxous hgands the rates are_ not always the rat@ of complqt

,('_formatton parucularly when oxxde films are formed In such cases ealculauons o; solubrhty

-

usmg thermodynamrc data can be useful in estabhshmg boundary condltrons for maxrmum
: kgold solubrhty Because E° for AuCl. 1s well known, hs possible to calculate the equrhbrrulﬁ

~ concentrations -of ~AuCl, , a<t>yanous Eh's and decide on a ._cut oft value below,whxch the - Wa |

i) t

N SRR A 69

ﬁéand‘ to transport gold in the following hypothetical geologic :

i

«’!’

%..

B %:g(
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B Table V 2 Corrosnon rates for gold and silver in vanous soluuons

ngand’ Potenual Current Density  pH Corrosxon Rate Corrosnon Rate Time to move

mV (NHE)  pA/cm? (mpy) g/y/cm? 30 000 g gold
GOLD o ’
CN- u¢ 14 10 601 0.0490 9.80 days
SCN- . .74 500 w6l L " 6.58 s
o 800 6000 4. 260 2.3 " 0.568 hrs
Com 00 iseha “6.99'»‘ 168 hrs
150 600 o f._ . 2600 “2.03 5.49 hrs
5,0, 256 60 © 260 0.210 . 2.29 days
Hs- 464 100 43.22 0.356 1.35 d;lys
SILVER N / | |
B 50 156« . % 1 . .08 0.172 | 148 dayb
co,* 44, 2600 10 2672 115 0.533 hrs +
o -4 2500 7 %m 115 0533 hrs -
HS g -994 200 7 267.2 115 533 hrs
S0 laa 00 2672 115 5.33 hrs
Citric? 15’6» 160 10 213.7 0.883 6.93 hrs £
Humic . -144 g1 21.4 0.088 2.8 days
\ ......................
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amount of AuCl. in soluuon is too small to concentrate gold in a geologrcally reasonable .
length of time. This is shown by calculating how much water is available to mobilise gold in '
an oxidising environment. Consider as an exgmple: the average ramfall in the Colorado River

basln is 37.7 cm/year of which 3.58 cm/year actually infiltrates into the ground (Holland.

1978) The Colorado River basin was chosen for this-example because there' are a number of

supergene enriched de{ppsrts in the southwestem United States &e Boyle 1979) This rain

falls over a gold body lkm’ of 300 000 tons grading 1.0 g/ton, th"an average grain size of

7 .
wummod l?s been suﬁergene enrrched to produce a zone of‘ 1000 tons gradmg 30
otal

g/ton * amobn‘t‘of water A g ahrough the deposit per year is 3. 58 X 107 litres.
Assummg that initially the enl‘lched zdﬁ had no gold in it, 30, 000 g of gold has beeﬁ'
transported to, and deposited in thrs %&a ,,.The tate of water ﬂow under equrlrbrrum
condmons with concentration of Cl- gﬁ 0. lM and a Eh of 771&:V wnll move 2.88 X-10-¢ -
. g/year of AuCl,. It therefote takes'1.04 X 10"’ years 'to rﬂgvefo 000 grams of % Thrs is
not a reasonable length of time for supergene processes to occur. It rs found that t.he
cpncentrauon of AuCl. drops off very qulckly with a decrease in Eh i3 the concentra(ron of
» Clis 1.OM then it takele4X10' years to move30000gof gold | '
' | A»”lflonsrderrng the varrabrlrty in ramfall runoff perrmabrhty, cr- coneentrauon and
degree of gold ennchment of varrous deposits, it is felt that the thermodynamrcs of the
; AuCl. complex show /rhat the mlmmum Eh that is* reasonable for economrc transport is
probably 700 mV wrter{ of 2 OM The km!trc data gathered frorn the expenﬁents in this
study indicate that at 800 mV, the corrosron rate of- gold in the chloride solutron at pH 4 is
- 20 3 g/crn2 per year To calculate the ler;;th of time it would take a complexmg lrgand to
' transport 30 000 g of ‘gold,; the total surfaoe area’ in the gold occurrence must be calculated 3 ‘
Tlns is necessary because the curregg,l;data is per cm2 The calculatlon is prﬁented in Appendrx
2 if the total surfaoe area of the initial deposrt is 2 28 X 107 cm’ then with the above ‘
corrosron rate ahere ~will he 4.62: X 10* g of gold transpoted \hr one year, Smce onlv 30 000 g '

of gold- has to be transported it takes 0. 57 hours.



~om

There are a number\m' factors that malte this supergene scenario unreahstlc such as: lt

| \

’ the distance the gold has to move to get to ﬁre area of enrichment, and 1t assumes 100%.

assumes that every grain of gold has complete acoess to the solutlon it does not account for

| efftctency in gold redeposmon ﬁd contmgous flow of unsaturated water. As a means of

respect 10 AuCl,- s0 twfore@he equllrbnum ol i ' tor i )
~ gold thloride transport. |

" Although' E® l‘or-A'u-sulphide com

t}'ormatrqn. are about 60 uA/cm’ and I(D .A/cm’ respecnvely In the HS- case the
trme it takes to transport 30 (ﬁO g o go 1s 1 SS/days Agam even if most of the current is

-.,'sulphtde sdlutron ere the chlonde solutron it is ethbhu ifties which diclate'hotv )
much gold is transported in the sulphrde solutions. T ’f~‘-'~" o ~
1] | . _. \,‘f S | ’

._A Environments of Depositlon ,' -

ﬁﬁﬂ‘t‘ls anmmt (19659 present an“Eh -pH dxagram showing the Eh- pH condmons '

RS

of 4 varrety of. natural soluuons Superrmposed on thts dlagram are the conditions, as
a deterrmned m thrs study, for transportmg c0mplexes (Fxgure 33). The dashed lines represent
“the ;hreshhold for AuCl. transport qﬁekrgmﬁcant quantities of »gold apd- the regxons of the
. current peaks for the redUced&phur solutrogs N Lo e

\, _— It can be* seen .in Fighre 33- that .there are a Variety 'o‘f' environments where gold
_ I
- complexing can take place The most obvrous envrronment is in the region of low 1o neutral

..pH hrgh Eh mine waters where’ AuCl. is dominant. Other areas where gold transport may

‘ occur include the transitional envrronments where thtosulphate complexes may dominate and

<.

euxemc marine environments where brsulplnde oomplexes may dominate. = AR ; SRS

:%: 3 ,g
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B. Supergene Transport of Gold o - \"wﬁf L

Although supergene enrlwlhent dl‘ gold has been reported fbr numerous localltles |

(Boyle. 1979), detailed accounts of the processes of gold enrichment are sparse Anderson

‘

(1982) givess

:‘."-'f that oxrdatnon of abundpnt sulphrdes above a relatively deep water table in fairly unreact,lve

,‘ ro::ks p&gducp%ﬂrq,best ﬁnvrfonment for leachmg of metals. This is due to the low pH induced

4

by rfso. productlon thro”ﬂgh oxidation of the sulphldes

» ’ vyl S L e
- i . PN o " *.. . - ; s :, . B . i ‘_QFP ‘ m

ikhly Oxidlsing Environments ' L oo SRR

u

general"revxew of conditions pl‘dueed by supergene processes He conoludes |

Wi

From the results of this study it is app‘nt that AuCl,- will form to sufflcient :

&

concentration for enrichment of gold at a minimum potential of 700 mV or hlgher The gold

is reduced from the Aul tateg passrng into deeper zones where the oxidatjon potential i

. Y B
lower, or by passing ne

sh surfaces of sulphide minerals. Jean and Bancroft (198S) have
shown experimentally that sulphide ions on the surface of sulphide mlnerals will reduce gold
from AuCl," solutions. Because o‘ these mechamsms ‘of deposition it is not hkely that the
AuCl,- could be tranSported all the way to the water table like other metals such as- copper
(Ander@n 1982). For thls reason it is ‘probably urlikely that gold will form a distinct blanket
ol‘ enrrchment The more hkely scenario in' most cases for supergene enrrchmem of gold is
that gold will rmgrate down through an oxldrsmg gold deposrt and precrpltate as rrms or
. crystallme gold on fresh gold nuclen or become mcorporated onto the surfaces of sulphtde

mlnerals These sulphldes may later oxndrse to limonite thus provrdmg one explanatlon of the

common assocratron ‘of gold wnth hmomte (i.e. Mann 1984) In this way the mcrease in grade

5°

ofﬁth\ deposit may be very gradual ‘and perhaps not recogmsed as a supergene phenomenon
The presence of Fe* and Fe" will probably not play a roleun ‘the transport of gold m
the supergene envrronment As can be seen by the ;esults of the ‘experiments with femc
. chlonde 1t is obvious that ‘the presence of Fe* in the soluuon caused gold complexes to form

~much faster than in Cl" solution alone, but this occurred because Fe** was reducing to Fe"

L)

which forced the oxidation of 'gold‘. In natural solutions, other metal cations such as Cu or ‘,‘3 ‘

Wa
[

B
i
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. will oxidise far more resdily than gold. It is more likely in a natural environment, that AuCl,”
tﬁill act as an oxidising agent by causing Fe’* from pyrite or other iron bearing minerals, to .
xidtse. therefore causing the gold to reduce. Again this may explain the common associatibn

-

An exam e"of p\uCl. transport 8 presented in a study of gold enrtchment by Mann
(1984). Mann found %«t ‘latentrc Wteathenng.in the Yilgarn block of Australia had oxidised

* large areas corttaint;t
o 3’"‘ v Yo ’
.“"t‘,e in a semi-srld en?{nﬁtent pIo ueed the necessary Eh- pH conditions for Au- chlortde
: transport. The prev s
to Mann 8 studtes g
6 t ’

data from the equili catculanons however, show that the Eh for gold transpogt has to

,é

be at least - 700 mV lt ’s posstble that in the past the Eh was much higher than it is now, or

@ that Mﬁnrt’%d protaems with. accurate measurement of Eh in the sotls‘ In addition, the

. _ chlorﬂo’-eqn tﬂe \vaters may have been far greater than those examined in this study.
. ey Ao

- The _nigher Wld allow greater gold transport at the same or Iowet pot.enttals

Mann reports tﬂ'at the tgtpergene gold front his study area is crystalline or wiry, and

that the gold sometrmes forrns large nuggets It wﬁould seem from thrs evndence that the gold
was degosited by rsducttor‘ of AuCI. onto gold nucleii. ‘This deposmon was probably. due to b

’ lowering of the oxtdatron potenttals as the solutrons descend.
. Another example where ARCL s responsrble for gold deposttton is at a deposrt at
Srerra Gorda Chile (Pohl, 1985). Here the presence of boleite, ;aratacamrte hematite and
'gold mdtcate that the envrronment of supergene alterauon was mdwd under oxtdxsmg

 conditions with dbundant chlonde avarIable. In the Sierra Gorda case the pH is between 6 and
7 and transport is considered to be at 800 mV (NHE) or 1044 mV (SCE), and the chloride

entration was on n the order of 2.0M. From the chloride results at pH 7 the current density
at 1044 mV (SCE) is about 6000 uA/cm’. In thrs case the corrosron rate is 6.0 X 10° g/year
Refemng back to the bypothettcal example of gold ennchment it would take a matter of .

\

minutes for 30 000 g of gold to be oxidisd under these conditions. It is probably not hkely

A}
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*

- that the solution at Sierra Gorda was oversaturated with respect to AuCl.'. nor would it be
'necessary for it to e oversatm‘at@ to explain the sold transport. From equilibrlum
+ calculation th cr concentration of 2 OM it would take 2 214 years to move 30, 000 g of
‘gold which is a reasonable length of time. Agam gold is probably redeposited as amsult of Eh

: ”

decrease as thc solution decsends mto the ground.

' According to the results of the gold-chloride experiments, there should be gold oxide

- on the gold in the leac zone of both: these deposits Pohl (1985) did not report any such
coatings but Mann (1981) stated that gold in his study was commonly coated with Fe-oxides.
As wgs found with the FeCl, regults any Fe* gtions in the solution seem to inhibit formation
of Au-oxide. Because iron is so commén in natural environments it might explain the lacku of
Au-oxide seen ‘Also in the above cases the pH is too high for soluble Fe’* to exist. For this
reason Fe will be precipitated as Fe hydroxtde so the presence of Fe- hydroxtdes on the gold
is not surpnsmg ' B N
Mann (1984) dis§usse§ an increase in gold fineness with depth in the supenéerfe‘ ‘.z’one'
bas well as the presenoe of high fineness rims on nuggets. This is consistent with the results of
this study which show silver td\ribe‘ rapidlf:oxidised in chloride solution especially at such high
- Eh conditions. This wduld indicate that once dissolved, the silver is more likely.b._to stay. in the

solution and be transported allythe way to the water tabie

»w
, e )

. 6

I
o~

" Transitional Environments  _ . Ty
Between the oxidising envirortmen? and the water table} the Eh-pH conditions are
~ probably those. of  the transitional environment in Figure 33, where §,0,’" may complex with
gold. . » | '
| At a deposrt near Wau in Papua New Gumea it was suggested by Webster and Mann
| (1984) that S,O, was responsrble for goid transport. ln this example it was noted that gold
was not partrcularly enriched. with respect to silver. Accordrng to the results of this study,
silveY is much more readily opdrsed in the presenoe of S,O, than gold is. At 500 mV (SCE)

Ag- S,O, has a current density of 6000 uA/cm? whercas the peak at 500 mV (SCE) in the
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Au(S,0,)," results is only 100,4A/ctn’. It would seem that thiosdlphate.transport cannot in
this case explain the parallel transpott of gold and silver. It is possible that at the initiation of
sulphide mineral oxidation some HS: could be released. This HS" could persist long enough to
pick up gold and move it a short distance (Pitul'ko, 1976). If this happened repeatedly over a
long time span, it may be possible to transport a'signif icant amount of gold: Also the rate of

silver transport could be reduced if a large amount of the silver was precipitated as a

o

Ag- Sulphnd; -before it could be transported very far.

b b‘ ’ :"' o

~ Tl !

P

Soll Environment - " o '

Bolls can display a variety of chemical characteristics dwendmg on rainfall, rock type,

vegetation, etc. (Rose et al., 1979) If there are no carbonate species
compoun make the soxls more acidic wheg;as the presence b?nste will
neutrahse ef fect| Oxidation potenual can be variable as well, depending on whether there
ilable to decompose the orgamc matter present. Cﬁre is, therd +=

ons such as

conditions will be fairly xidiSihg but if there is not thep anoxic reducing c
, : .

that found in bogs will prevail (Rose et al., 1979). ;o

Lakin et a .( 1974) discuss a number of types. of plants which produce cyanide
compounds and release them into the soil where they may complex with éold. Here the
complex may be picked up again by the same plants or by other ones which will concentrate
the gold in their tissues. As seen by the results of this study, more* oxidised soils with a lower:,
ﬁ!—l will probably sustain SCN- complexes, v‘hereassCN complexes would be more abundant
m anoxxc alkahne soils. It is possible that in these envxronments gold could easnly /be
transported by cyanide‘ species, and redeposned ‘when. the cyaxhge specxes decorhpose or move .
into envuonments with different Eh-pH regiimes. | |

thul 'ko et al. (1976) discuss the possiblhty that reduced or pamally oxidised sulphnde
specxes may be oonoentmed in the soil at the water permafrost interface. Tlns process would

cause gold oomplexes to form readily. From the soil they could be washed-into the streams or

be redeposited by oxidation of the sulphides.



m

Although the results of the eiperiments of this study show y1o complexing of golds
with organic ligands, the possibility of the e'xistence" of gold-humic acid complexes ‘cannot be
ruled out. Patﬁéuiarly because there were problems in this study in getting the humic acid tov’
dissolve so the results are inconclusive. chers;n 'e_t al. (in press), present a ,8eod cas¢ for
orggnic transport in' the Livengood region of l«laska. By a simila{ method as that proposed by
Pitul'ko et al. (1976)’. they propose that it is organic compoun'd; that concentrate at the water
permafrost integfaoe. Here ﬁe high co;xcenf,ration of organic mateﬂal picks up gold. The

compound is then washed into the streams dyring spring runoff. In this environment it may

be difficult to distinguish between concentfat{on du'e to CN- species, sulphide species, or due

to organic compounds. .-

: . -
vy W .
[

C. Placer Environment |

A selection of natural gold huggets was exﬁgihed to dcicfmine if there were any

features on the surfaces which might -indicate that prdoeSscé of chemical transport or
 deposition of gold.have occurred. Five nuggbts from Hunker Creek in the Klondike, Yukon
.and threg from Burwash Creek‘. Yukon were cxam‘ined. ‘In ﬂl cages _the surfaca ;nc irregular ~
/ﬂnd flaky, i.e..(Platelﬁ 14). It is not possible from these hﬁages\lp dcierminc whether the

? fﬂéki’n,éss is que to ’deposit_ional prm ‘or leaching of the 'surface. but it can ge distingqishgd

~ rom the processes of abrasion as seen in Plate 15. 5 ‘
‘ M N »

" . One nugget from tﬁe, Kl@:dikc has an unusxg;a‘lwiyfl'ligh silver content as determined b)g.
the EDXA,_ (Plate 16). This nug}et has émal! Spl&ere-like structures on its s‘ﬁrface‘ijich are-

5 “ ?rqbably silver Qxidés. According ‘tq,the EDXA a’sx\alysis lthe nb‘ggets from ﬁurwgSh 'Cree‘k‘: a'l“l. |

‘have Fe-Qqide on the surface (Plat'e 17), sugfgesti.ng‘t\-;’tglat‘j:'theré is“'a local abu.nda’ncé of F’é" ﬁ‘in“‘.‘g

the water or 3\ the sediment. The Btifv_l'ashﬂ uggets are otherwise very similar in siirface

3 c

LA o . . N
SR L PN R Ca .
Jondike, & - A - s

features and morphology to those fom. the.
. i

’

4 . ? . v . P ‘ C
‘ When trying ‘to understand the processes of; placer transport of .gold, there are a few

questions *which sta;qd‘ out as being particularly important. Firstly, what is the origin. of o

. | -
uncommonly large nuggets? More specifically, are they/ formed in the placer streams or were

{
<+

-
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Plate V.14 Surface of a gold nugget from Hunker Creek, Yukon.
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Plate V.15 Abradeci surface of .2 gold nugget from Burwash‘Creg Yukon:
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Plate V.16 Siver oxides on the surface of a silver rich nugget from Hunker Creek, Yukon,-
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Plate V.17 Fe-oxides on the surface of a gold nugget from Burwash Creek, Yukop.
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' ﬁrey already large when they were weathered {r\om the lode gold source? Secondly. what ls the
origin of hrgh fmeness gold rims on placer nuggets9 ln this case the questron revolves around

-~ whether ‘or not sﬂver has been leached or diffused frqm the rim of the gold nugget, or |

. whether very pure gold has been deposrted on the nugget. Frnally. as a corollary to the first

' two questions, is rim formation related to the. form}atron of large nuggets"

- In an effort to better answér: the ‘above questtons there are a few related facts whrch ,

" must be pomted ‘out. According to the comprlatron by Boyle (1979) the fmeness of placer

_' gold rs invariably greater than the fineness of gold from the presumed lode source, and the

/

" rims on the gold’ nuggets are, of hrgher fineness than the nugget. From the data of Brandon o

(1964) the ion contents of Tivers and streams are “usually extremely low meaning that there

.

are very few possrble gold t;ansportrng agents available, (i. €. "Cl~ on the order of 2ppm). Any _ ‘

theory whrch tries to explam gold transport in the placer environment must accqunt f or the

v

above characteristics. R o 5

In addressmg the problem of the orrgm of gold rrch rims on nuggets Grustr (1983)

‘noted that in general rims on gold gragls from Alberta rivers were from 0. 001 0.03 mm rn,

thrckness‘ wrth sharp contacts wrth the nuggets nght (1985) finds *similar thichness and_
\ contacts for rims found on gold from the lower Fraser Rrver dramage area. of Brr\trsh

- Columbra In this case nght specrfres that. the contact between rim and core is somettmes

! cuspate. —Although nght acknowledges that diffusion /o\f silver ‘within gold to. fo;m a'=r|m

would leave a gradatron in. fmeness in the nrt-m he suggests that if the rim were f ull of defecr.s- » ‘

»
,‘,,-

"from prevrous leachmg. the sﬂver would dtffuse more rapidly throggh 216 rim than through
- the nugget as a whole In this way the sharp contact between rim and core could be f ormed
_Thrs hypothesrs seems unhkely because firstly, the ’gold in the rim is more pure than that m
the nugget and should therefore contain fewer structural defects Also from the results of the
experrments in this study where AuCl. is reduced onto gold St can be seen that the gold

: qurckly becomes crystallrne as deposrtron contrrtues

.

e

r. " By the process of elimination- lt can only be concluded from the prevrous drscussron .

that gold enrrched Tims areif_ormed by_the depo_srtron of gold frorn the ;stream waters. If thrs_ is
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: the case lt WOuld be e)tpected that rlms should ‘become thrclter with dtstanee transported Thrs

thickemng ‘has been observed by Gorskov et al. (1971) as reported in Knight (1985). I! it

srble then that succesive thtckeningl of the rim could account for the formatton of very

[

) large nuggets" If so, the large nuggets should be. of very hngh fmeness ‘wrth a sma“)re of

.
lesser fmeness This is not thé case. If the large nuggets have a rim, it is usually on the same :

o;der of thrckness as rims okmall nuggets. The conclusron to be drawn f rom this is that Tim

‘formation and nugget f ormatro,n are\two drstmct processes

. “To explain nugget fOrmatron.t the paucrty of transporting agents in streams should

' 4
~ again be pomted out. rAn/altemauveto nuggets being formed in the streams may be that

nuggets have already been ‘formed before they get to the streams but, as evrdenced by their

" higher ftneness after the lode source of gold has been weathered This theory comes back to .
/

the concept of supengene ennchment in sorls through processes already drscussed In the case

!

of plaeer gold, the lode source is deeply weathered, réleasing gold partrcles and probably

solubilised gold /tnto the soil. Here the gold is probably transported by morgamc ‘0T organic

agents dependmg on local conditions, untll it is reduced onto the particles. By this process,

/

the parucles could grow to quite a large size before they- are eroded mto the streams. In.this

As seen by the results of the srlver experrments in this study. silver .will oxrdrse and be '

tran?ported qsway from the source much faster than gold will. Once in the streams the gold-‘
nuggets can collect a thin rind of pure gold from stream waters whtch may strll contain very
4

,drlute residual gold complexes or collords washed infrom the soils. It is not surpnsmg that the

W ,rim is ol‘ ' much hlgher fineness than the nugget because by the time the nuggets have reached

\\ the stream, the bulk- of the silver has been removed from the system.

AR f large nuggets in the-sojl.” . . T

_ \e _ This idea- is supported by studies done by Severson et al. (in press) in whrch ‘they

xamine the f ormation of placer gold gratns wrthm the soil in the Livengood region of Alaska.
Also the large nuggets “of gold fourid in Australta Mann (1984), not only are good ewdence

of supergene enrichment, they also rllustrate the fact that supergene - ennchment of gold can
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Perhaps somg " types of plaoer deposxts are srmply an t\xtention of strpergene
' ennchment whereby topography or a hrgh amount of ramfall causes slumpmg and soil creep

‘Which moves the gold into streams instead of rernammg entirely in the soil or oxidised zone.
o »- v ¢ .

Y
\
t

D. Lo Tempereture Reducing Environments
| As shown in Fxgure 33 one other low temperature. non- hydrothermal scenario, whrch )
is I ucmg enpugh to sustam blsulphrde complexes of gold. is the euxenic marrne |
envrronment Accordmg to Stanton (1973) this envrronment may also have abundant avarlable
,S Obvrously gold brsulphrde complexes are stable: under these conditions and the gold could
| be concentrated from the seawater and rocks or from ocearr“floor volcanic vents. Upwelhng,
currents may move the euxemc water to higher levels where’ the HS- would be oxidised and
gold precrprtated Areas where euxemc waters may be upwellgrg such as the edges of shallow

banks or continental shelves may be the locus of gold deposition.
. ) ‘\‘ .
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"""" VI Conclusions
There are a number of conclusions to be drawn from this study. These include both ,-
conclusions regarding the experimental method itself, and those regarding the results of the
'» e:tperiments. | | N H
In general the Tafel 'experlments and Cyclic’ Polarographs Lwefe' successful in
d:stmgntshing the most mterestmg hgands frorn a large group. It 1s possxble \that this type of
‘ study could be even more successful applied to more reactwe metals the reasbn bemg that 1t'
| is less hkely that oxidation: propertres of the solutron would ov,erpower those of the metal
© e The results of this study reveal that the cyanide chlonde and sulphrde spec:res show
| the best evidence f&r complexmg thh gold In a natural environment the cyanide species are
___probably important in soils where they are formed through biologic acttvrty The reduced
, character of the CN- ligand allows this to be 1mportant in anoxic envuonments whereas the
more oxidised SCN- hgand would be important in aerated envrronments
The ch,londe results. mdtcate that sngmftcant transport of gold can occur at AuCl. :
" ‘concentrations of less than pptnlhon Thns allows the range of Eh condmons of AuCl.
transport to extend as low as 700 mV at 2.0M CI- conoentratlon whtch also extends the pH
conditions for transport to more neutral valu%ln addmon it was found that the htgher the
concentrauon of chioride the more gold is oxidised. '

The envrronments which allow AuCl,- transport include enrichment-in oxigising ore

g bodtes ‘bo“th\where sulphtdes are present to create a low pH ‘and where there are reactwe‘

' neutrahse the pH Gold enrrchment by AuCl. may not, however be very

' gb\p'ous’lj in—a natrual envxronment due to the dtssem_rnated character of its probable
. conCentration _ | ’ | .‘ | _

The thtosulphate yields quahtattve evndenoe for the drssolutxon and transport of gold )

: ¢It is not possrble.,‘ however, to ascertain the extent of formatton of Au- throsulphate :
complexes. It_‘ can be stated that transititnal environments where parttal oxidation ,of sulphrde's

| allowsrneta,stability of thi_o_sulphat‘e will be ‘the areas whe‘re gold transport‘asna thiosnlphate'

~_ complex occurs.
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' The -samemevidence that indicate# thiosulphaté mobility of gold also "lndica‘tes' '
bxsulphide mobility. In this case very reducing conditions such as those found in euxenic
environments or reduced bogs or soils allow the gold bisulphide complex to f'brm |
In the cases of NH,*, OH"' and organic complexes. the electrochexnncal, evidence does
inot show that significant gold complexing occurs. Work by other researchers, howevcr shows
evidence to the‘contmry In thegrase of NH,* there is expenmental evidence from this study
that some specnes JS oxidising but, it could not be determined whether it was NH. or a
gold-ammme complex forming. ln“the case of OH- and the organics, however, there was no
evndence from this study that oxxdauon “was occumng at all. It is probable that problems wnh

f
the humic acxd resulted from a lack of dissolution of the humic acid. /

\ ’
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VI, Appendix 1 Nertst Equation Calcuiations.

E* for Au = AuCly’ = 1.00 V in. 1.0M c

\
5
N

Nernst Equation:
E = E' -RT/nF In(K) )
K = aAuCl,/a*Cl, .

\ F= 96*«;487 coulombs.mol*!

n = #of electrons in the reaction
So how much AuCl,- will there be at 771 mV in a chioride solution of-9-1M?

0.771 = 1.00 - 0.0197(log a*Cl- - log aAuCl,")
Note: K is inverted because the reaction is at a lower potential than E°, therefore the reaction

is favoured in the opposite direction.

15.62 = -log aAuCl," . ,
aAuCl,” = 2.37 X 10""*M

Which is equivalent to:
.2.37 X 107** mol/1000g H,O

lmol AuCl,” = 339 g
= 8.05 X 10°* ppt
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IX. Appendix 2. Calculation of timé for the geologica) acenarlo.
For this problem the surface area of the metal in a deposit has to be known. In the cases of
goid and silver the surface area will be different for both. To caiculate corrosion rates the

-~
formula derived in the experimental section will be used.

. Necessary information: °

Area and volume of a sphére. &rl 4/rr
Density of gold and silver, 19.7 g/cm?, 10.5 g/cm’
Atomic weight ‘of gold and silver, 197.0 g, 107.9 g

Surface area calculations:
Gold: 300,000 g o'f 40um spheres with r=0.002 cm
Area of 1 sphere = 5.024 X 10°* cm?
* Volume of 1 sphere = 3.35 X 10 cm’ - 3
Weight of 1 sphere = 6.60 X 107 g/grain |
Total number of grains = 4.54 X 10"

Therefore the toyal surface area = 2.28 X 10’ cm? ¢

Silver:
Weight of 1 sphere = 3.516 X 10°" g/grain
Total number of grains = 8.53 X 10** grains

Therefore the total surface area = 4.29 X 10’ cm!?

Example calculation of corrosion rate and time to transport 30,000 g of metal in a supergene

environment:

W/t(mpy) = 0.13 M/nd ' -
Corrosion rate for gold in a CI- solution of 0.1M at 800 mV (NHE) or 1044 mV (SCE).
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\
- 0.13 X 6000uA/cm*(197.0)/3(19.7)

corrosion rate = 2600 (mpy)
This value is converted to grams / year / cm by dividing‘b; 2.34 (conversion from inches to

cm) and dividing by 1000 (converting from milli-inches), then multiplying by the density of

the metal (to convert from volume of metal corroded to the weight of méul corroded). -
2600/2.54/1000'X 19.7 = 20.2 g/y/cm? T

This value is then multiplied by the tofal surface area.
20.2 X 2.28 X 10" = 0.568 hrs.



