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g ABSTRACT

Gold losses in the various stages of the fire assay method were
investigated as a function of experimental conditions and procedures.
Losses were determined indirectly, by determining thé extent of recoveryv
of gold added to standard samples, and directly, by a radiochemical
procedure, Procedures and conditions found to be optimum for milligram

samples, were applied to several microgram sized samples as well as

ores.



-1-

Determination of Gold Loss In The Fire Assay Method
A, Origins of the Fire Assay

The earliest known analytical procedure which is still in use
today, is known as the fire assay(l). According to the same sourcé,
the development of fire assaying arose as a result of the need for
controlling the purity of silver and gold, and preventing countirfeiting
of these precious metals., Fire assaying is a method of quantitative
determination in.which a metal or metals are separated from impurities
by fusion processes, It is particulariy well suited for determination
of the noble metals, which are readily reduced to the elemental state
on heating. In a reducing atmosphere it can also be used for deter-
mination of some of the»base metals,

One of the earliest references to the fire assay was found in
the Tel al Amarna tablets dated around 1380 B.C., in which the
Babylonian king complained that a bar of "gold" received from a
merchant when tested by fire, proved to be largely dross(z). A
cupellation process for gold is mentioned by Siculus‘as being in use
in the second century B.C. Several references to fire assaying can be
found in both Old and New Testament. One such reference is the statement
of the prophet Ezekiel, "Son of man, the house of Israel is to me
become dross; they are even the dross of silver, .... As they gather
silver and brass, and iron, and tin, into the midst of the furnace,
to blow the fire upon it, to melt it ... As silver is melted in the
midst of the furhace, so shall you be melted in the midst thereof."(3)
Pliny, the Roman historian, records the use of lead for the purification
of gold and silver by Roman metallquists(i). Geber, the great
Arabian alchemist, also describes the determination of these metals by

cupellation, ' : -



In England the assay of coinage utilizing cupellation was first
recorded in the time of Henry IT (1154-1189 A.D.), while the first
extant official record of its use in France, dates to 1312 AaD.(Z),

The "parting assay™ in which gold is seperated from silver by the
action of nitric acid, was known by Geber (777 A.D.), though the first
official document relating its use dates to 1343 by the French mint,
In this connection it is interesting to note that the original name
for nitric acid was "separating water™{1) | Albertus Magnus (1193-1280
A.D.) gives an account of the preparation of nitric aecid and its
ability to separate silver from gold(l),

The first explicit records of assaying were published anonymously
by a German early in the sixteenth century A,De(g), In 1666 Pepys
gave an account of the parting process which he observed in the English
mint and which according to Rose bears a strong resemblance to methods
of the present day(z)o

With such an ancient history one might well ask on what basis
current interest in the fire assay as an analytical method is justified.
With the advent of sensitive instrumental techniques, exuberant claims
are often made that the new methods make the old obsolete., Thus one
source states that atomic absorption spectrophotometry is rapidly

@)

replacing fire assay methods This view is not supported by many
experienced assayers of gold., In a general discussion of the problems
associated with the various stages of the fire assay H, Britten makes
the following comment: "IQ common with gold assaying elsewhere the
classical methods of fire assay have continued to withstand all
competition from the new methods of chemical analysis which have been

adopted as standard practise in other fields"(s)e In a recent

-authoritative treatise the statement is made that, "Fire assaying is-
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the best method for determination of gold in most materia15(6)”, The .
latter statement leans perhaps too far to the other extreme and definitely
requires qualification. There is no doubt, for instance, that neutron
activation analysis of very poor gold-bearing geoleogical materials is
the preferred method of analysis,

Inspite of its antiquity the intevest in, and in some cases
preference for, the fire assay method is based on sclid reasons, Fore-
most amongst them is the question of analysis time. A complete fire
assay can be accomplished within three hours after receiving the
sample., 1In contrast wet methods requiring complete dissclution of an
ore typically require from two te three days. Multiple analyses are
readily conducted by carrying through a dozen or more samples simultan-
eously, Another problem which, if not overcome, is at least minimized
by the fire assay method, is the problem of obtaining a representative
sample. In highly sensitive methods such as neutron activation maximum
sample sizes are limited to approximately 0.5 grams. Since gold ores
are invariably heterogeneous the small size of sample increases the
probability of sampling errors. This is then refleected in poor
precision(ZA), For the fire assay, samples sizes from 15 to 60 grams
are readily handled and yield a higher degree of apparent homogeneity.
Finally the fire assay can be used for samples containing from 1.0
microgram to 1.0 gram of gold. At the upper levels and when dealing with
relatively pure gold (eg., gold bullion) the fire assay method is
undoubtedly more accurate and precise than any instrumental technique.
In a paper presented at a symposium on the analysis of high purity
gold.the claim was made that "no methods of any kind are available for
determining the concentration of the major element with anything

remotely approaching the precision obtainable for the analysis of gold



lim

(73

by the fire assay technique,®
In view of the f@regoing and inspite of the rejection of the fire

assay by analytical researchers reported in a recent book(a) one cannot

help but agree with the view expressed there that "by its rejection

the researcher has eliminated from his experience one of the most

fertile and useful areas of investigation .... and that the fire assay

will retain its usefulness to those who have mastered its simple

techniques .@,,”(8),
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B, The Fire Assay Method

The fire assay method or prscess can be divided conveniently and
naturally inte four stages., These are: fusion, cupellation, parting,
and analysis, The problem of sampling oves, while very important, is
a problem not unique to the fire assay and must be faced regardless of
the method of assay chosen. Suffice it to say, that the method of
sampling must be reported along with the results obtained.

I. Fusion

The object of this phase of the fire assay is to concentrate
the precious metals of an ore in a lead button or phase which forms
as a result of interactions between flux components, Under proper
conditions for the fusion the remaining flux materials form a fusible
slag, The molten, two phase, mass is poured into a metal mold where it
is allowed to cool, After cooling, the lead button can be separated
from the slag by gentle tapping with a hammer,

Commonly used flux materials include litharge (PbO), silica (S5i0,),
soda (NapCO3), borax glass (NayB,07), and flour, the proportions of each
varying,depending on the composition of the ore to be analysed and the
preference of the assayer., Regarding an optimum slag composition
Beamish i states, "Whether or not there is an optimum slag composition
for each ore is not known'. In any case ... no two assayers working
on the same ore will agree exactly on the flux proportions to use, so
it is safe to say that, for any given ore, there is a comparatively
wide range within which the four common flux constituents may be varied
and still, in the hands of an able assayer, yield practically identical
resultsq"(le),

Regarding universal fluxing mixtures Smith(z) states that ...,

£luxing materials suitable for fluxing all classes of ore are frequently
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recommended, but although these mixtures may be suitable in many cases
for certain classes of ore, they sooner or later lead to failure if used
for all ores.™

The chemistry of fusion processes is nowhere near being established .
While reasonable guesses can be made concerning some of the reactions,
a complete explanation for even a single ore awaits a more extensive
study of these multicomponent systems, The commonly held view would
be somewhat as follows (2,10,11,18,27)., The finely divided ore and
flux materials after intimate mixing are heated. 1In the absence of a
plentiful supply of air the reducing agent (flour) causes reduction of
some of the litharge throughout the mixture,

2 PO + C = 2Pb + GO,

The accumulation of lead results in the formation of fine
droplets,which in close contact with the ore,extract the gold from it
forming a gold-lead alloy, As the temperature in the pot or crucible
increases the lead droplets settle to the bottom carrying the gold, and
other precious metals with them, It is generally believed te be
important that the temperature must not be too high during the initial
stages of fusion for then the lead falls too quickly without having
fully extracted the gold., For this reason the fusion is often begun at
a lover temperature and then gradually increased towards the end, At
the higher temperature the very dense gold which has not been extracted
may simply settle out and collect at the bottom with the lead. 1In all
likelihood the overall process is a combination of the two,

Some assayers prefer to make use of a cover. This is a layer of
some material, not containing the ore, spread over the top of the

charge, The intent of the cover is to prevent loss of ore by dusting

... (10 »
or ebullition )@ The cover material eventually enters the slag after



~the fusion is well undexway.

In addition to the reaction above, elemental lead may be formed
as the litharge reacts with other components of the ere, Thus with
silicate ores, in which gold is often found, litharge may react to
form a lead silicate of low melting point which can further react with
other base metals present,say as sulfides,

eg. 2P0 + Si0, =  PbySi0,

$i0, + 2 FeO + C = Fe, S5i0, + CO, + 2 Pb

Pby310,, 2519, 2

A basiec flux such as soda, in addition to controlling the degree
of acidity of the slag, aids in the process of desulfurization of an
ore high in sulfur. This is desirable since sulfur from base metals
has an extremely high reducing power and results in excessively large
lead buttons.

eg, 2 FeSZ + 15 PhO === Fe203 + 4 803 + 15 Pb

&

NaoCO, -+ 803 = Na2304 + COZ

3

In those ores where the sulfur content is objectionably high
it is sometimes necessary to add an oxidizing agent such as KNOg. This
method is the characteristic feature of the nitre assay.,

2 FeSy + 6 KNO3 = TFeg0y + 2K,80, + SOy + 3N,

4 FeSy + 10 KNOB = & FeO + 5 K2804 + 3 SO2 + 5 N2

The evolution of gases (GO2 and Nz) helps to stir the fusion mixzture
and enhances the extraction process on which the method depends. Too
violent an evolution of these gases can lead to mechanical losses of
precious metal,

Regarding the optimum lead butteon size M., no data has been
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(1,

recorded” It is traditional to produce lead buttons between 25

and 35 grams. The size of lead butten should bear some relation to the
amount of charge(ll)a

While textbooks of fire assaying outline methods of calculating
flux composition,a good deal of empiricism prevails. In the main
this is due to the complex nature of ores whose composition is &t best
only partially known, the failure of oxidizing and reducing agents to
achieve their theoretical oxidizing and reducing power, and our own
meagre understanding of the basic chemical reactions involved.
II. Cupellation .

The objective of cupellation is to separate the lead from the
gold and silver which were combined in the lead phase formed during
fusion, Silver is often present in gold ores and if lacking, is
always added as it exerts a protedtive effect on gold losses. Cupellation
consists of an oxidizing fusion in a porous vessel called a cupel .

When the lead-precious metal alloy is heated in the

presence of air to a temperature slightly above the melting point of
the alloy the lead is selectively oxidizedhto PbO. The greater portion
(98.5%) of the litharge is absorbed by the cupel while the remainder
is lost as vapor (10). Common cupel materials include bone-ash, cement,
and magnesia. Bone-aéh cupels absorb an equal weight of litharge.
Magnesia cupels absorb about 3/4 their weight of litharge. This factor
détermines the maximum button size which can be handled by a given size
of cupel. Thirty and forty gram cupels are common.

In the cupellation process, which is conducted in a muffle
furnace at temperatures of 17000F or higher, the lead alloy melts,

initially forming a dark scum over the surface. If the cupels are

pre-heated for at least 10 minutes this scum disappears and the molten



button becomes bright, This is referred to as "opening®, and normally
takes less than 5 minutes with the draft closed., The draft is then
opened and the lead begins to oxidize rapidly thereby raising the
temperature of the molten button so that it glews. The surface then
becomes slightly convex and the molten litharge passes down over the
surface and is absorbed by the cupel. The button is then said to dxive.
Towards the end of the cupellation the proportiocn of silver and gold
increases requiring a higher temperature to maintain the liquid state
and drive off the last of the lead. To achieve this the draft is
closed and the cupellation "finished™ for a concluding five minutes.

The basis of the separation of the lead from the precious metals
is the fact that the PbO wets the cupel while the silver and gold do
not. Thus the silver and gold vemain as a small bead or prill on the
surface of the cupel while the lead oxide is largely absorbed.

In a properly conducted cupellation the molten silver-gold bead
must be removed slowly from the furnace since silver rich alloys have
the capacity to absorb large quantities of oxygen which is released
explosively on cooling quickly., Such beads are said to "sprout' or
spit" and cannot be relied upon to give accurate results. On cooling
a bead, from which all but a trace of lead has been removed, a
characteristic bright flash or "blick™ is observed, as the latent heat
of fusion is released, Failure toe exhibit the "blick" is one indication
that the cupellation has been arrested too soon. In some cases crystals
of litharge form on the edge of the cupel and grow in towards the centre
covering the "driving” bead, Such samples are deseribed as "frozen™
and must be rejected., The cause of freezing is the failure to maintain
temperature, Since increasing the temperature of cupellation is

commonly said to increase gold losses, the recommended temperature of



cupellation is one just high enocugh to prevent freezing. In any case-
losses during cupellation are widely held to be the main source of gold
losses in the complete fire assay(12>a
III. Parting

Parting invelves the separation of the silver from the silver-gold
prill obtained from cupellation. Any base metals which may have been
carried along to this point are also leached out of the bead by an
acid treatment., While sulfuric acid is sometimes used the common acid
is nitric. The exact procedure used probably varies more from one
laberatory to another, than for any other phase of the total process,
Variations in procedure depend on the kind of prill received (silver
to gold ratio) and the preference of the assayer.

Early assayers held the view that complete removal of silver was
impossible unless the initial silver to gold ratis was at least 3:l.
In prills containing more than one-quarter gold, silver was added until
the required ratio was attained. The process was referred to as

13 .. . ,
(13) held that the minimum ratio should increase

inquartation. Rose
with decreasing amounts of gold beginning with 2.5:1.0 for 200 mg. of
gold and increasing to 10:1 for 0.2 mg. of gold., While a high silver
to gold ratic increases the rate at which silver is dissolved it also
tends to cause the bead to break up and make handling more difficult(§@>
Beads eontaining less than a 2:1 silver to gold ratis would not part
adequately even in strong acid. Decreasing the silver to gold ratie,
also increases the digestion time required to attain a certain degree
of silver removal,

Regarding acid strength,differences of opinion prevail here too,

10)

Acecording to Bugbee the required acid strength depends on the silver

to gold ratio, The higher this ratio the weaker the acid concentration
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.should be in order to maintain a coherent bead., He found that 1:7
nitric (acid:water) is safe for beads containing from 3:1 to 1000:1
silver te gold ratiocs, The stronger the acid the more rapid and

e o . ) ., (2) .
complete the parting precess is. On the other hand Smith quotes
T.K. Rose as maintaining that 4:3 nitric (acid:water) is suitable for
all silver to gold raties and that no particular advantage obtains

(2)

from use of more dilute acids., Keller is reported as recommending
1:9 nitric (acid:water) for all ratios and that all buttons remain
coherent up to a silver to gold ratis of 500:1.,

Time of contact between acid and button is another wvariable on
which agreement is lacking, Aceording to Shepherd and Dietrich(l4)

fi'sarting is practically complete when evolution of zas ceases for

samples containing up to 20 mg. gold and when high silver to gold

(10)

s

atiocs are maintained.”™ By contrast Bugbee recommends one parting

with 1:7 nitric acid until action ceases and a second for 10 minutes

(2)
h maintains a single 10 minute boiling is

with 1:1 nitric, Smit
encugh for 10 mg, gold beadsywhile for large beads a second parting
in 2:1 nitric for 5-10 minutes is required.

With regard to temperature of the acid all sources consulted
seem to agree that best results are obtained as to speed, completeness
of parting, and coherence of gold if the parting acid is heated before

use and kept just below boiling for parting. Actual beiling is not

generally recommended in order to prevent mechanical losses ef gold
and reduce stress on the beads,
Many assayers also flatten the bead prior to parting te a thickness
of 0.01 inch to aid more complete removal of silver. In fact a
(lz)e The

significant proportion of silver always resists dissolution

amount retained depends on the silver to gold ratio, the thickness to
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which it has been volled, the strength and number of acid treatments,
It is also claimed that annealing of the flattened prill is vital if
the concentration of silver retained is fo be low and repraducible(15>g

After decanting the parting acid, the gold residue is washed
several times with hot water to get rid of any silver nitrate which
undoubitedly remains in the pores of the gold. At this point the bead
is soft and spongy and is easily broken if not handled with veasonable
care, With incocherent beads this requirement is increased, The bead
is then gently dried and annealed. The unannealed bead is black in
color. The annealed bead attains the usual gold color associated with
the metal and is ready for the final step of the process,

IV, Analysis

In the classical fire assay the analysis step involves the
weighing of the annealed bead on a microbalance., 1t is assumed in
the classical process that the final bead is puwe gold ox that the
errvor due to incomplete parting is of no consequence, In fact there
are compensating errors in the process which only rarely can be expected
to offset each other. In more accurate work this problem is overcome
by assaying standard samples along with the unknowns and applying an
appropriate correction. The difference between the weight of parted
bead and gold added to the standard sample is referred to as the
surcharge.

In more recent times a modified or semi-classical variety of fire
assay has evolved. 1In these the fusion and cupellation phases of the
classical process are used with modifications introduced at the parting
and analysis stage., In some cases parting is eliminated entively,with
the gold content of the prill being determined in the presence of the

(28)

-silver by such varied techniques as atomic absorption spectrography

(29
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(26) (30)

neutron activation and x-ray fluorescence . Such a synthesis

utilizing the advantages of the older classical techniques and these

of the newer methods seems teo be exemplary of the "fertile and useful

areas of investigation® referred to above,
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C. Gold Losses
The losses of gold during fire assaying can conceivably, arise
in a variety of ways including the following:
1. Tusion losses due to:
a. dusting and/or spatterin
b, ad = and/or absorption of gold on the crucible,
¢. solubility of gold in the slag,
d, volatilization of gold,
2, Cupellation losses due to:
a. absorption of gold by the cupel
b. volatilization of gold.
3, Parting losses due to:

a. solubility of gold in the parting acid,

o

b, decanting of small particles of gold with the parting acid,

In point of fact not all the conceivable sources of loss have

been demonstrated to be significant., According to Dewey(16) .ait

is common to blame irregular assay results upon volatilization (of

gold) but that there is no real evidence for a loss sufficient to

appreciably affect the result in a properly conducted assay'. 1In a
(12) . oy ao e .

more recent source the loss of gold by velatilization is considered

possible though the lack of direct evidence is conceded,

A similay situation arises with respect to solubility losses of

(17) points out that if there is

zold in the parring acid. Again Dewey
any statement that is firmly established in the general chemical

literature it is, that gold is not soluble in any single acid. 1In the

[=N

.

terature of assaying, however, maybe found various statements te the

(0]
Ity

fect that, in parting gold from silver in assaying, geld may go inte
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solution in the nitric acid used. To resolve the discrepancy Dewey
proceeds to demonstrate that in boiling concentrated acid {120°C) as

much as 0.6 grams of gold will dissolve per liter, However, and this

is the key point, the parting of gold from silver never occurs under
such drastic conditions as were here used to demonstrate the solubilicty
of gold. Thus it is possible to demonstrate a potential source of
gold loss by employing conditions which no assayer would in fact employ.
In the particular case cited Dewey goes on to agree with tbe practical
conclusion of a previous study(17) M. ...that the solubility of gold in
the parting acid in ordinary ore assaying is negligible...". 1In spite
of this it is not uncommon to find references which give solubility
of gold in the parting acid as a possible source of gold loss,

In a recent (1962) critical review of methods for the analysis
of high purity gold bullion Finkelstein(lz) lists a variety of studies
relating to gold losses in the assay process. According to these
sburces, losses increase with the temperature of cupellaCion(ls), with

the quantity of lead added(z)

(2)

metals added ~°., Silver is cited as having a protective effect on gold

, and with the concentration of base

losses; while varying the nature of the cupel also affects the extent

(19)

of loss . All of these earlier studies are deficient, however, in
that they omit essential details and in that in no investigation have

all the significant variables been controlled(z). In cupellation
temperature studies for example, invariably the temperature reported is
that of the muffle air, while the significant parameter is the
temﬁerature of the bead itself. While not readily obtainable, especially
before the advent of the optical pyrometer, bead temperatures can

vary considerably from the muffle air temperature since the oxidation

of lead occurs exothermally. Thus the bead temperature depends on .
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the supply of exygen as well as general air temperature., It is
commonly held that the increase in gold losses on cupellation depends
on lowering the wiscosity of the gold. If ssythis variable should
depend on bead,and not air temperature,

While much of the earlier work is suspect for the reasons given
abovegseveral interesting studies of gold losses have been attempted
since then, In particular, a systematic study of gold losses was
undertaken to determine "the magnitude of systematic errors in the
standard fire assay for gold, under conditions prevailing in
representative assay laborateries on the Witwatersrand”(20>, They
report that under optimum conditions routine mine assays give values
about 2% low due to 0.5% gold loss to crucibles, slags,and button
dressing, 0.7% gold loss to the cupelgand 1.2% dilution by irven during
pulverizing. In this study radicactive gold was used to determine
these losses, Bead weights ranged from 0.5 to 8 mg, Unfortunately,
the extent of gold recovery in the fusion studies averaged only 96,697
for 72 determinations. On the basis of a statistical study of their
resultsythe authors felt compelled to conclude that the radicactive
gold did not behave as the carrier gold from the ore. "The real
losses to slags and crucibles must therefore ﬁe considered to be
unknownﬁg(zo)

With regard to cupellation losses in the same study a different
problem arises, While the total recovery of radicactive gold
averaged 99,77% for S0 detexminations one cannot help but wondex
why the active gold should now begin to behave like carrier gold if
it did not do so in the fusion study. In both cases radiocactive gold
was a gelatin stabilized colloidal gold suspension. Ewen if the radio

and carrier gold behaved similarlygan even more difficult problem remains,
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In attempting to determine cupellation losses it is customary te

accurately weigh out portions of high purity gold on a lead foil of

[
%3]
fuds

approximately 25 g. To this is added sufficient silver to make parting
feasible., The lead foil is then folded carvefully to encase the silver
and gold, and cupelled as the nowmal lead button one would have obtained
from a fusion process, In this way one hopes to eliminate losses from
the first stage of the overall fire assay and thereby obtain a measure
of the cupellation and parting losses. The question now arises whether
gold losses in such a simulated cupellation are the same as for the
cupellation of a lead button in what must be close to a homogeneous

lead butten. In an attempt to overcome this problem Coxon et al(zg)
prepared an alley button of the lead and gold. The method of preparation
ﬁas not described, Most studies have not been concerned to even mak
this distinction and have generally assumed that cupellation losses
measured from unalloyed buttons are valid estimates of the cupellation
losses in the overall fire assay process.

A second study of interest was undertaken by Sinclair(zi) in
which it was pointed out that for samples requiring little pulverizing
the 1.2% pulverizing error could be eliminated. Losses to slags o
based on 132 residue fusions were 2,20%. Losses to cupels determined

from 44 residue fusions were 0.52%. The silver retained by the parted

bead was found to be 1,91%,

Since a sensitivity of 5,0 X 10712 ¢. has been reported using
s (8
neutron activation method ) one would expect such a method to be

particularly well suited for the determination of small gold lesses in
s f s s . . v . (22)
the fire assay process. Sensitivity notwithstanding,Kim et al

using a neutren activation method examined flux constituents, slags,

pot walls, lead buttansyand cupels and found gold losses for the fire



assay to be negligible, While some gold was detected on the cupel
amounts were reporited as negligible, As Beamish and Van Loon( ) point
out in their recent book, these results are difficult to explain., The
problem is somewhat heightened since the neutron activatien of the lead
buttons produced by the firve assay,and the ore it :self indicates a gold
content of 0,89 oz/ton and 0,90 oz/ton respectively., The single

r-.

value of 0,84 oz/ton from a complete fire assay procedure indicates an
appreciable ervor either in the fire assay or in the activation results,
Loss of gold in the fire assay was also studied by Shima(ZB); The
geld was reported as cccuring during cupellation., From
autoradiographs it was shown that the bulk of the cupel loss was at
the point of contact between the prill and cupel. This was also found

(15)
7 Coxon et al « The losses to the pot wall were found to be

concentrated in the area "immediately above the fused lead-slag inter-
face (ie, near the bottom of the pot) and extended over those regions

wetted by the charge. No details were given regarding sampling, method

mixing tracer and sample, or even temperatures of fusion and

[
i
2

cupellation. Again gold recovery was not quantitative and may indicate

(8)

inadequate technique as suggested by Beamish and Van Loon

At the microgram level very little has been done to establish

24)

the extent of gold recovery and gold losses, Ch@w( reported 97%
recovery of gold for microgram size samples, Losses were not

zplicitly studied in this case, A spectrophotometric method was used
for the deterxmination of gold centent in the silver bead,

A limited sLudy(26)

involving 0.1 and 0.5 mg. quancities of gold
should be mentioned. A preliminary fusion of the flux materials

removed any gold and silver inte a lead button which was discarded.
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The slag was veground, mixed with sufficient reducer and the gold and
assayed to preduce a carefully regulated size of lead button, This
butten was then irradiated before the addition of silver te reduce

background due to OAg, After irradiatioen the silver was added in
the form of lead wire containing 2.1% silver and cupelled tegether
with the lead button. Gold recoveries ranged from 97.0 to 99,0%.
Cupel losses ranged from 1.5% to 0.53%,and slag losses from 1.5 to 0.3%.
Fusion temperature was maintained at 900 - 1000°C for 1 hour intervals.
Cupelliation temperatures were not reported, The total recovery of
gold was exactly 100,0% in each of the seven samples examined. Perhaps
as a resultgerucibles were not even counted,

At the nanogram level a very extensive study of a variety of
noble metals has been reported by Beyezmann(25)a While the bulk of
the study dealt with the orher noble metals some interesting results
were reported for gold as well, Parting losses of 0,47 and 0,87 were
reported using 50% v/v sulfuric acid on gold-silver beads containing

1.0% and 0,005%

[52]

0old. Recoveries of gold from feldspar, galena and
roasted oxe were 100%, 92%, and 94% respectively, Also of interest
is the reported coprecipitation of 10% and 2% of the gold in a selution
containing 2 micrograms and 2 mg. of gold. respectively, from which 5 mg,
silver was precipitated.

In view of the contradictory statements found in the literature o
it was considered desirable to attemp: to shed some light on rthe
matter by studying gold losses under a variety of conditions using
synthetic gold ores. In the process it was hoped that the optimum
conditions and procedures could be determined as well as obtaining a

direct measure of the gold losses in the various stages of the complete
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ire assay process., In such a manner a comparison of the losses

letermined direcily, could be made to the losses determined by difference

&

from the extent of recovery., The nmethods developed were then to be

tested on an actuzl ore or ores,
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D, Experimental, Results and Discussion

I, Equipment and Reagents

1. Apparatus
Lindberg Hevi-Duty 20 KW eLectric furnace.
Perkin Elmer 306 Atomic Absorption Spectrophotometer
Unicam SP 90 Atomic Absorption Spectrophotometer A"
Unicam SP 500 Ultra-Violet-Visible Spectrophotometer
Baird Atomic Sodium Iodide Scintillation Counter
Epic Inc. Optix Universal Optical Pyrometer
Sartorius Type 1802 Microbalance
Ohaus Harvard trip balance

Magnesia Cupelsproduced by Leonard Light Industries
(Benoni 4 South Africa)

Crucibles produced by A.P. Green Refractories
(Western Ontario , Canada)

2. Reagents

Gold, unfluxed powder (Johnson Matthey & Mallory)
Silver, precipitated powder (Johnson Matthey & Mallory)
Lead, 0.004" foil (Matheson Coleman & Bell)
Silica, about 240 mesh floated powder (Fisher)

~ Calcium oxide, Baker analyzed reagent (Canlab)
Sodium carbonate, Baker analyzed reagent (Canlab)
Litharge, Baker Analyzed reagent (Canlab)

Litharge, Anachemia reagent grade (Robson)

A1l acids used were Baker analyzed reagent except hydrobromic
acid which was the colorless fraction obtained by distillation of the
reagent grade acid,

3. Standard Solutions

Gold: Approximately 2 grams of the metal were dissolved in aqua



regia. Nitrous oxides were removed by repeated evaporations with
hydrochloric in the presence of some sodium chloride, The solution

was diluted to 1 1. by addition of 0.IN HCl and standardized using the
hydroquinone method according to Beamish, Seath and Russell(Bl), Dilute
gold solutions were obtained by dilution with 0,.IN HCl, For atomic
absorption standards the matrix was matched with the sample.

Silver: A stock solution containing 1000 p,p.m., of silver was
prepared by accurately weighing out 1.0 gram of the silver powder,
dissolving in sufficient HNO3 to make a 1 1, volume approximately 0,1N
in HNO45, Dilute silver solutions were obtained by dilution with 0.1N
HNOBQ For atomic absorption standards the matrix was matched with the
sample.

Lead: A stock solution containing 100.3 p.p.m. of lead was
prepared by accurately weighing 100.3 mg. of lead foil. The lead was
dissolved in 20 ml, 3M HNO3 by heating on a steam bath for several
hours. Dilution to 1 1, was made using 0.1M HNO3 yielding a stock
solution 0.2M in HNO3 and 100.3 p.p.m. lead. Dilute lead solutions
were made from the stock, For atomic absorption standards the matrix
was matched with the sample.

IT. General Considerations

1. Rejection of discordant results

Discordant results were rejected for a variety of reasons, When~
ever an experimental source of error was noticed samples were rejected.
Frozen or sprouted beads are examples, In addition careless pouring
of the fused charge sometimes resulted in some of the lead phase being
physically trapped in the slag. Whenever beads of lead phase were
-obsexved in the slag,the samples were rejected. More rarely the

cupelled molten beads rolled off the eupel in the process. of handling
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with the cupel tongs. Such beads were simply lest, Finally,in those
cases where no experimental reason for rejection of a discordant resule
was known,a statistical basis for rejection was applied. In all such
cases rejection was always made at the 95% confidence level.

2, Veighing procedure

In order to determine the weight of the initial gold taken for
analysis and the final weight of parted bead weighings were made on a
microbalance to the nearest microgram., To obtain reproducible results
a standard procedure for making weighings had to be adopted, To
illustrategconsider the weighing of a typical parted bead. To begin
a series of weighings the door was opened and the pan cleaned with
a camelfs hair brush, The door was then closed; 25 seconds were
counted off; the pans were released,and the zero adjusted at the end
of a second 25 second interval. The pans were then arrested; the door
opened; the bead placed on the pan and the same procedure repeated as
for zeroing except that at the end of the second counting interval the
weight was read off, To check the procedure a 60 mg. gold bead was
weighed ten times in suceession, The average weight was 60,313 mg,
with an average deviation of 1.4 microgram and a range of 6 micrograms.
While the balance had been calibrated and corrections were always
applied, the weight of gold taken was controlled so that the same weights
could be used for the initial and final weighings of the gold. In this
way it was hoped to reduce variations in the gold less due to calibration
drift from day te day.

III. Cupeliation and Parting Losses

Introduction

In an attempt to eliminate gold lesses normally incurred in the

fusion stage of the fire assay a series of experiments were conducted
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utilizing an abbreviated fire assay which has been described above as
a 'simulated cupellation?. That is, gold and silver powder were
accurately weighed out onto a lead foil, carefully folded to encase
the two in the lead, and then cupelled., The folded lead formed a cube
of approximately 3/4" dimensions for 25 g, lead. Only as a consequence
of subsequent studies was the validity of this procedure called into
question. In any case, the results indicate how that conclusion was
reached, Furthermore, in gold bullion analysis the fusion step is in
fact by-passed so that cupellation losses of what is here referred to
as a simulated cupellation would be comparable to cupellation losses
in bullion analysis,

All cupellations were conducted in the same manner, The magnesia
cupels were preheated in the furnace at the temperature used for
cupellation, Unless noted otherwise the temperature of cupellation
was 1800°F (982°C). The lead buttons prepared as indicated above were
added to the cupels as quickly as possible to prevenit an excessive
temperature drop., After an initial heating interval of five minutes
with the draft and door closed the lead was molten and both draft and
door were opened, The door opening was c&ntrailed by placing a 1/49
steel plate under the door., The draft was always opened to the same
extent by pulling a lever to%constant marker. The resulting flow of
air caused the‘muffle air temperature to drop approximately 30-50°F,
Under these conditions the driving of the lead occurred at a rate of
approximately 1 gram per minute. Thus a 20 gram butten would require
a 20 minute driving peried., The temperature of the driving button
taken after 5 minutes into the driving stage corresponded very closely

to the initial temperature of cupellation., The temperature of the



driving bead was obtained with an optical pyrometer previously compared
with a dual junction thermocouple, The hot junction was placed well
into the furnace near the cupel at which the optical pyrometer had
been focused, while the cold end was immersed in an ice bath, Temperature
readings by the two methods differed by less than 10°F, After the
driving stage was completed, the door (air supply) was closed and the
cupellation finished by heating for a final 5 minutes, Closing the
door caused the muffle air temperature to increase and ensured
essentially complete removal of the lead from the silver-gold beads.
A determination of the lead content of a series of such beads indicated
an average lead vesidue of 1.4 micrograms. Since the majority of
beads weighed were of the orxder of 20 mg, this ervor was taken to be
of no consequence and was not corrected for;

After the cupellation was complete, the door was opened and the
cupels withdrawn slowly in two stages so as to prevent sprouting,
After an initial cooling period of about 1 minute, the cupels were
moved to the furnace door where the buttons were allowed to solidify.
In the vast majority of beads observed the characteristic "blick® of
a lead free bead was seen. The beads were then allowed to cool for
one hour, removed from the cupels and weighed., 1In the earlier
experiments, the beads were cleaned of cupel material by scraping with
a platinum spatula prior to weighing,

A blank determination for gold content of the silver powder and
25 prams of lead foil indicated no detectable gold in 4 replicate
samples, The modified bromaurate spectrophotometyic methed of Chow and

(32)

Beamish was used, In view of the conditions used this meant an

upper limit of 10 micrograms of gold could be set, In view of a similar

blank determinati0n<za> utilizing longer cells and reperted to be lmicrogram,
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the blank again was ignored for the more than 20 mg, samples of gold.
Exrors thus introduced would be at most 0.05% and probably more like
,005%. Since determination of the gold loss invelved measurement of

the silver content at the 1-2% accuracy level this procedure would

appear to be justified.
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1. Effect of Lead Weight on Cupellation Losses of Gold

In order to study the effect of lead weight on the cupellation
loss twelve pieces of lead foil (.,004") were‘cut for each weight to be
considered. The first series of lead buttons of 6, 12, 18 and 24
grams was cupelled on 30 gram magnesia cupels. The second series of
24, 32 and 40 grams was cupelled on 40 gram cupels. In each case
approximately 20-30 mgs. of gold was taken with about three to four
times as much silver. With such a silver to gold ratio a one hour
parting treatment at steam bath temperatures with 10 ml, of 1:2 nitric
acid (acid:water) was required to obtain an adequate removal of silver,
The parted bead was washed three times with hot water, annealed over a
bunsen burner, and weighed. In almost all cases the parted bead weighed
more than the gold added in the first place. In addition,this difference,
or surcharge, varied considerably from sample to sample., In view of
thé foregoing and the claim reported by Coxon(20) that significant
amounts of silver are retained by the parted beads it vas deemed necessary
to analyse each parted bead for silver content.

To do this,the parted bead was dissolved in 3 ml. aqua regia with
gentle heating., The beads reacted immediately and dissolved completely
within the one hour digestion period normally allowed. Sufficient
concentrated hydrochloric acid was added to completely complex all of
the silver, followed by dilution to an appropriate volume so that the
silver concentration would be between 2-10 p.p.m. 1In this region the
atomic absorption calibration curve was linear. Standards were made
up with the stock silver solution (above), and the matrix was matched
with the samples. The weight of silver found was then deducted from
the weight of the parted bead to yield the weight of gold found or

recovered. The difference between gold added and found, represented

-
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the gold loss, The results of both series of experiments (30 and 40 g,
cupels) are found in Table I, From them it can be seen that the gold
recovery varied from 99,37-99.39% for 30 gram cupels (first four pages
of the table) and varied from 99,37-99.44% for 40 gram cupels (last
three pages of the table)., This represents a range of about 7 parts
in 10,000 for all trials.

To test whether there were any significant differences between
the trials a test of significance was applied. A comparison of the
results for 30 g, cupels indicated no significant difference at the
99% confidence level, Similarly for the experiments using 40 g, cupels
no significant difference was observed, A grouping of all experiments
using 30 g. cupels led te an average value which was compared to a

grouping of the vesults with 40 g, cupels, Again at the 99% confidence
level there was no significant difference. As a result all values of
the gold loss could be grouped together giving an overall average gold
loss of 0,61% with a standard deviation of 0,08%. Ixpressed as a gold
recovery,this would be a 99.39% gold recovery.

From the foregoing it would appear that leosses of gold in the
simulated cupellation do not vary significantly as a functien of lead
weight used over the range of 6-40 grams, at the confidence level
indicated,

It should be pointed out that for one trial, using 12 grams of
lead, the loss of gold was found to be anomolously high at 1,18% with
a correspondingly high standard deviation of 0.65%. No experimental
reason was known, This trial varied significantly from all the other
trials at the 99% confidence level, and therefore was rejected and

repeated. The repeat is reported in Table I, A summary of all the

results for this study is found in Table 11,



TABLE I
Effect of Lead Weight On Cupellation

Losses of Gold
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TABLE II
Summary of Effect of Lead Weight On

Cupellation Losses of Gold

Weight Lead Au Loss % S
6.0 grams 0.61 0,10
12.0 0.63 0.13 30 g.cupels
18.0 0.63 0.07 | Average Au Loss % = 0,62
24,0 0,62 0,05 . s = 0,08
24,0 | 6.59 0,08 ™ 40 g.cupels
32.0 0,63 0,08 Average Au Loss % = 0,59
40,0 0.56 0,10 s = 0,09

Overall Average Au Loss % = 0,61

s = 0,08
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2, Effect of Silver to Gold Ratio on Cupellation Losses of Gold

The objective of this study was to see how gold losses would
vary during cupellation as a result of varying the silver to gold ratioc.
In theory this can be accomplished by increasing the amount of silver,
or by decreasing the amount of gold or both., In practise decreasing
the amount of gold is limited by the weighing error whereas increasing
rhe amount of silver is limited by the capacity of the parting acid to
dissolve it, For convenience the study was begun with a series of
samples containing about 20 mg, gold and ten times as much silver., A
second trial containing about 5 mg, gold and ten times as much silver
was compared to the first to see whether the quantity of gold had any
significant effect. Two more trials followed in which the silver to
gold ratio was increased to 20:1.0 and 30:1, keeping the gold weight
approximately constant at 5 mg. To enhance the tendency of the parted
beads to remain coherent,‘thereby reducing mechanical lesses, a moxr
dilute parting acid was used., In all cases 6 mi. 1:6 nitric (acid:
water) was used with a 1 hour digestion period of the beads at steam
bath temperatures, The residue was washed three times with hot water,
annealed, and weighed on the microbalance, The silver content of the
parted bead was determined in the standard way outlined in the previous
study,

In order to reduce the silver retained, the besads obtained from
the cupellation process were flattened on a hydraulic press prior to
parting. While a later study indicated that this effect is achieved
to some extent, the effect of using a more dilute parting acid more
than offsets the effect of a reduction in thickness, Thus the silver
retained in this study averaged 1,46% as compared to an average of

1.07% in the previous study. A later study showed that the temperature




of the parting acid had an important bearing on this factor,

The detailed results of this study are to be found in Table IIL
with a summary in Table IV. A comparison of the first two trials of
constant silver to gold ratic (10:1) and varying gold weight indicates
no significant difference due to gold weight at the 99% confidence
level. A comparison of the remaining three trials at constant gold
weight (5 mg.) and varying silver to gold ratioc indicates a minimum
gold loss for a maximum silver to gold ratic but no consistent
pattern emerges with no significant differences at the usual confidence
level of 99%.

Thus it seems safe to conclude that there is no significant
effect on gold losses during cupellation and parting as a result of
varying the silver to gold ratio from 10-30:1.0,

While no experiments were conducted at silver te gold ratics
jess than 10:1 the overall average gold loss of 0.61% for this complete
study is identical with the gold losses for the previous study where
the silver to gold ratio was in the range of about 3.5:1.,0. This
inspite of a much stronger (1:2) parting acid in the latter case.

Since silver to gold ratios lower than 2.5:1.0 are not
recommended in the literature, there seemed no point in extending this
study beyond the above, The average gold recovery ranged from

90,32-99,43%, a difference of only 1 part per thousand.

3, Effect of Parting Procedure On Gold Losses

In this study all the samples were cupelled with &' x 6" x 004"
lead foil. Since lead weight had been demonstrated to have no effect
on gold losses, variations in lead weight were of no consequence. Thus

the weight chosen was an arbitrary choice somewhere within the range



TABLE 111
Effect of Silver to Gold Ratio on Cupellation

Losses of Gold
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of lead weight normally taken for cupellation (i.e. 20 g.). The
weight of gold taken was approximately 20-30 mg. and between 6 and 7
times as much silver, 1In the first five proceduresythe time of contact
between the preheated acid and the gold-silver prill was 35 minutes.
Tn order to determine the effeect of a second parting, trial VI involved
a second parting with a more concentrated acid, An earlier attempt
to veduce the silver content with a second parting had proved to be of
no effect, This was in agreement with the finding of Chow(zg)s However
in both earlier trials the beads had been annealed prior te the second
parting. In procedure VI the beads were annealed only after the
second parting treatment, The time of digestion chosen,was based on
the time reauired for action (evolution of nitrogen oxides) to cease
in the most dilute acid., The time of contact for procedure Vi was
15 minutes for each strength of acid., The parting acids were carefully
decanted and the beads washed three times with hot water, After
washing the beads were carefully annealed over a bunsen flame while
srill in the 30 ml, beakers used for parting, The beads were then
weighed and analyzed for silver content as usual,

The other variable which was systematically varied was the
thickness of the gold-silver bead. Beads were either not flattened
at all (Procedures III and VI) or flattened to either 50 or 25
thousandth of an inch. For flattening the beads were placed in the
hole of a metal washer of the appropriate thickness, between two
stainiess steel plates on a hydraulic press. The ease with which the
desired thickness could be achieved depended a great deal on the total
size of bead,

Table V gives a detailed tabulation of the results and Table

VI is a summary of the same, From these, the following generalizations



TABLE V

Effect of Parting Procedure On

Gold Losses
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seem to be indicateds

a). decreasing the thickness of the bead decreases the surcharge and
the percentage of silver retained., (Compare Procedure I vs II
and III vs IV)

b). increasing the acid strength decreases the surcharge and the
percentage of silver retained., (Compare Procedures II vs IV
and IV vs V)

c), decreasing the tﬁickness reduces gold losses, (Compare Procedure
I vs IT and IIT vs IV)

d). increasing acid strength (to a psint) reduces gold losses,
(Compare Procedures I1 vs IV and I vs IV)

e). 1increasing acid strength decreases the deviation in the silver
retained. (Compare Procedures I vs II and TII vs VI)

£). a second parting is effective in reducing the silver retained,

(Compare Procedures I vs VI)

The reasons for the first two conclusions seem straight forward.
Since acid attack securs at the surface,the removal of silver is
enhanced when the surface area of the bead is increased, Flattening
the bead increases surface area. The reduction in the silver retained
by use of a stronger acid b) is probably due to the constant time of digestion
and the failure to reach equilibrium, TFor a given length of time the
more concentrated would be more likely to leach out a greater proportion
of silver:u The increase in precision of the percentage of silver
retained by use of more concentrated acids must be due to a similar effect.
(e) For a given length of time of digestion, the equilibrium state
is more likely to be reached with the strenger acid, Since bead weights

differ, the larger beads, containing more silver, will be more effectively
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‘leached in the stronger acid. As a result deviations in the percent
silver retained due to incomplete leaching will occur more frequently
in the dilute acid.

The reason for the reduced gold losses due to a decrease in
thickness of bead (c),and increase of acid strength (d),is not as
readily apparent, A consideration of the gold-silver phase diagram (37)
near the melting points of the two metals indicates a simple diagram,
with no euiectics or compounds., Since the melting point of gold is
approximately 100°C higher than that of silver, the first crystals
forming on solidification of the bead would be gold rich while the
converse would apply near the end of solidification. As a result the
exterior would be high in silver. On pressing the bead to reduce
bead thickness, considerable frictional forces must be overcome, thus
momentarily generating heat, As the temperature increases diffusion
of silver and gold would be encouraged. Such a bead when exposed to
acid treatment would have a more regular surfa&e than a bead in which
a silver rich surface prevailed. The more irregular the surface the
more likely would be the loss of small even invisible gold particles.
Essentially all reported parting losses are of such a nature. While
the mechanism of diffusion put forward here may sound far fetched a
similar theory has been advanced to justify the anneaiing of the gold-
" silver beads prior to parting(zo).

1t would appear that incfeasing the acid strength reduces gold
losses only if the acid is not too strong, With a silver to gold
ratio of about 6,5:1.0 that point was reached around 1:4 nitric (acid:
water)., While no reasons can be advanced for the generalization d)
regarding acid strength, an application of the t test for significant

differences indicates the comparisons upon which it is based, represent
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significant differences at the 99% confidence level,

The final conclusion that a double acid parting treatment reduces
the silver content is clearly indicated by the reduced surcharge and
percentage silver retained. The failure of previous double digestions
must have been due to a closing of the pores of the bead on annealing
and thereby preventing the acid from coming in contact with significant
amounts of silver. The increased gold loss in this case seems to
indicate oo strong an acid for the second parting.

An attempt was made at this peint to detemmine some of the gold
losses directly, Several(4), parting solutions from Procedure V were
collected together with the wash water. The solution was taken to

near dryness, The residue was treated with 6 ml. aqua regia, which

3]

tation of considerable silver (approximately

{=da

resulted in the precip
600 mg, ), 1In attempting to dissolve this, 78 ml. of concentrated
hydrochloric acid was added which genevated large guantities of

nitrogen oxides as the excess nitrate in solution interacted with the
added acid, This selution was tﬁen taken to near dryness once again,
and finally treated with 6 ml, aqua regia and 10 ml. hydrochloric acid.
The residue which remained was filtered off., The filtrate after
dilution to volume in a 100 ml. volumetric was examined by atomic
absorption for gold content, No gold was found., Under the conditiens
used the minimum amount detectable would have been 12 micrograms. In
view of the ability of AgCl to co-precipitate gold referred to above,
the negative test may have been due to this effect. Alternatively, it
may be that the sensitivity of the procedure was too low, If so, losses
to the parting acid and wash selutions would be less than 3 micrograms

per sample. In any case a radiochemical procedure was planned, to examine
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this loss at a later point in the research.

Two attempts were made to determine the gold content of the
cupel material. In the first test the cupels from Procedure V were
drilled to a depth of 3/16" using a 7/32" bit for samples 1-6 and a
9/32" bit for samples 8-12., Sample 7 was lost, Each sample was
treated with 6 ml, aqua regia and 10 ml, HCl., This treatment bnought
all samples into solution on heating. The solutions were evaporated
to drynéss and then treated with 3 ml. aqua regia and 5 ml, conc.
hydrochloric acid. In this volume the samples failed to dissolve.
The samples were diluted to 50 ml. in a volumetric flask and aspirated
with the precipitate at the bottom of the flask., The samples were
inﬁividually aspirated and gold content determined by atomic absorption.
The average signal was just barely detectable and indicated the presence
of 5-6 micrograms of gold. Again the presence of the precipitate may
have had a significant effect on the result:,

The second test for gold in the cupels was somewhat modified.
Cupels 1-6 from Procedure IV were drilled over the entire upper
surface in such a way that the potal cupel material taken was about %
that of the previous test, These scrapings or drillings dissolved
cleanly in 6 ml, aqua regia and 10 ml. HCl after heating for several
hours, Each sample was then diluted to 50 ml. in a volumetric flaskA
and aspirated as the previous case. The average gold content was 25
micrograms with a standard deviation of &4 micrograms. - Since the total
goldvlost in this particular trial was of the order of 100 micrograms,
considerable gold remained to be accounted for. Further consideration
of this matter was postponed until a more satisfactory assay could be

made of the cupel material,
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4, Volatilization

The object of this portion of the study was to determine whether
gold volatilizes to a significant extent under cupellation conditions.,
In a preliminary experiment, the results of which are reported in Table
VII, twelve beads of approximately equal size {80 mg.) were made up

by weighing out four samples of pur gold, four of puve silver and four

i

of a 1:3 mixture of gold and silver respectively., These were
encased in 5% x 6% x 004" lead foil and cupelled in the usual way.

. . £ s + .
Since the lead feil was known to contain an average of 58 _ 4 micrograms

h

of silver per gramgthe significant changes occur after a cupelled
bead was obtained, 1In 25 g. of lead feil the silver content could add
as much as 1.5 mg., to the bead weight provided no losses eccurred.
This could explain, at least partially, why the gold bead obtained
after cupellation was on the average 1,0 mg. heavier than the gold
added.

On heatzing the cupelled beads some interesting changes occurred.
The first heating interval was for 30 minutes and approximately the
time required for cupellation, The gold beads systematically increased
in weight by an average of 0.126 mg., s = 0,024 mg, The silver beads
decreased in weight by an average of 0.162 mg. s = 0,080 mg, while the
gold-silver (1:3) beads decreased in weight by 0,042 mg. s = 0.018 mg.
All heatings were made on the same cupel used for the cupellation of
a particular bead, A second heating of the same beads for a one hour
interval indicated an approximately proportional decrease in weight for
the pure silver and the mixed beads. The gold beads, however, now
began to decrease slightly (0,016 mg. s = 0,024 mg.) in weight., 1In
view of the high relative uncertainty here and the fact that one of

e

these geld beads actually increased in weight, and in view of the fact




TABLE VII

Effect of Heating Gold, Silver_and Gold-Silver

9

Beads

Volatility Study I
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rhat one of the mixed beads had te be reiected for an experimenta
o &

frond

reason it was decided to make a morve thox rough examination of the effect

£t -~ I %S I
of heaszing on bead weight,

The following tentative conclusions were made., £ the relative

£ on of rhe two metals are ths same in the mixed bead

1,1.

rates of vaporizat

e

as in the pure subs:tances, then approximately 3% of the weight less

in the mized bead is due te gold (i.e. 3 micrograms/hr). Since the
silver to gold ratio is 3:1 the loss of gold could be reasonably
expected to be less, In addition the actual cupellation process would
savolve only 30 minutes instead of one hour so that gold losses from

volatilization would be less than 1 microgram per bead,

Tn the second test of wolarilityy12 samples of cold only were

[te

prepared and cupelled in the norymal way., Again the weight of the

h
I

beads increased by approximately 1.0 meo, Two hearting perieds o he
o (&3 o8

cupelled beads followed. Both seriods were of 30 minutes duration.

i
s

frer the first such heating che weight of the gold beads increased
by an average of 0,142 mg. s = 0,085, The second heating produced

a slight decrease in weight of 0.01il mg. on the averaze. The results
of this experiment: ave recorded in Table VIIT. These resultis are

n agreement with the limited vesults of the previous experiment,

fin)
[l
et
v
o
RN

Ky

the third test of velatility 12 samples of

i—

¥
¥

silver only were
prepared and cupelled in the nommal manner. The resulis of one
heating period of 30 minutes duration of a cupelled bead indicated an
average loss of weight of 0. 168 mo. in rhis experiment as compared Lo
udy, There seemed to be no point in

conrinuing this study. The beads of the preliminary study had behaved

e

in®representative manner as was confirmed by the last twe studies.



TABLE VIII

Effect of Heating Gold Beads

Volatility Study I1
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TABLE IX
Effect of Heating Silver Beads

Volatility Study III
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reports in the literature . Allowing for the silver blank of
1.35 mg. and the veal loss of 0.89 mg, the total silver loss amounts
ro 2.24 mg. or 2.78% of the oviginal weight of silver,

In order o hetfter understand the cause of the increase in weight
of the gold beads 6 samples of high purity ~old wire were cut and
weighed., ERach sample was placed on a clean unused cupel and heated

>

under the same condiiion

)

or cupellation. The results are surmarized

as

i

£

a Table X along with a similar series for silver wire, The weight o

fete

cold wire before and after heating remained constani within the
experimental weighing ervor. The weight of silver wire decreased on
the average by 0.138 mg. On the basis of these resulis it would appear
that the used cupel has some effect on the gold beads. One possibility
would be the diffusion of some elemental lead back into the gold bead,
Thile this reversal of lead movement seemed highly unlikely, a lead
analysis of the gold beads was suggested,

Each bead was dissolved in 6 ml. aqua vegzia and 10 ml. concentrated
hydrochloric and diluted to 100 ml, Lead standards were prepared with
a matched matzix. The average lead content was 0.140 mg, s = 0.048.

The increase in weicht of cold beads on first heating averaged to (0,142
mg., s = 0,085,

It would appear that the increase in weight on heating a puwe zold
bead is due to diffusion of lead from the cupel, back into the bead,
Eventually, a state of equilibrium is attained and the bead bezins to
lose small (0,.01%) amounts of its weight on subsequent heatings. A

1

seareh of the literarure indicated that the increase in weight under

(34)

e

discussion here had been observed before These authors lefi gold

beads in the furnace for varying lengths of time o see whether gold



TABLE X
Effect of Heating Gold and Silver Wires

Volatility Study IV



Weight Au Wire Taken

Average 87.434

Weight Ag Wire Taken

(mg.)
82,372
109,101

87,260

Average

Weight After Heating
Once
(mg.)
57.764
70,107
93,449
104,268
105,628
93.374
87.432
Weight After Heating
Once
(mg.)
82.341
108,887
87,043
92.333
86,386
112,253

04,874

Change in Weight

After Heating
(mg.)

+0,002
=0,004
-0,004

-0,001

4]
foodh

=0, 00

]
[}

0

(W]

LS}

- ,002

Change in Weight

After Hearing
(mg.)

-0,031
-0,214
-0,217
-0.066
-0,161

«0,137

-0,138
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1osses would increase They found that 'no constant losses were
abserved ..... but curicusly enough there seemed to be a slight

tendency to increase in weight. To what this could be attributed is

:g(3£}>

is possible that the increase in weight of cold

=t
{

not clear,
beads is due to another unknown reason and that the iead had simply
not been removed from the bead in the first instance, In that case
the close acreement between the weicht increase on heating and the

oht of lead retained would be fortuitous, While this might not

welg
he difficult to prove, the matier was not considered important enough
to the aim of this research and therefore this study was terminated at
this point,

On rhe basis of the wolazilicy sctudies it seems safe to say that

cold losses via volatilization are not significant under the condition

srudied.-

Up until this point in the wowlk, the beads obtained from the

r

cupellation process were cleaned of all cupel material by scraping
with a platinun spatula. Since, however, all sources seemed to agree
that the larges: loss of gold in the cupellation process occurred at
the point of contact between bead and cupel it seemed highly likely
that this cupel material adhering to the bead would be relatively
~0ld., Tt was -herefore considerable desirable to treat six

pas

samples in rthe usual manner and leave six samples untouched. It was

nreviously established that the cupel material readily dissolved in
I

1:1 nitvie) under the conditions of
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TABLE XI
Effect of Cleaning Unparted Beads

On Gold Losses
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.26 micrograms on the average when the bead is scraped. Thus the
practise of cleaning beads of cupel material was stopped from this
point on in this research.
IV. Losses of Gold in The Complete Fire Assay
1, Effect of Mixing Procedure of Ore and Flux

Since fairly large containers (crucibles) are required for the
fusion process samples were prepared in groups of six, Initially flux
components were individually weighed out from a scoop type harvard
trip balance to the nearest 1/10 gram. and transferred directly to a
cellophane sheet. Here they were thorougly mixed by tumbling back
and forth for approximately 30 minutes. This procedure was found to
be cumbersome, slow and required the wearing of a dust mask. Dust
from the fiux components is injurious to health. In order to speed
up this process and reduce the health hazard the flux components were
mixed in large utility sized polyethylene bags known as "haggies®
(produced in Canada'by Colgate Palmolive). In these the flux components
could be vigorously tumbled and mixing was adequate after 15 minutes.

Two experiments were performed, the results of which are recorded
in Table X;I. in.the one test the flux components were weighed and
transferred directly to the fusion crucible. The accurately weighed
amounts of gold were added to a slight hollow in the centre of the
flux mixture and sufficient silver was added so that the silver to gold
ratio would be between 6:1 and 7:1. The flux, silver and gold were
mixed as thoroughly as possible with a spatula. No visible amounts of
flux, silver or gold adhered to the spatula.

The other siz samples, for the second test, were prepared by
transferring the flux materials from the balance to what is known as a

ftgandwich size baggie® (polyethylene bag weighing approximately 1.0



TABLE XII

Effect of Polyethylene Bags Orn Gold Losses

For Complete Fire Assay
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gram), The gold and silver, in the same proportions as before, were
transferred directly from the balance into this baggie. The baggies
were tied off, and thoroughly and vigerously mixed for 5 minutes each.
The flux materials, gold, silver and baggie were then placed in the
crucibles for fusiom.

In this particular comparison,the assay samples were placed
into the furnace at an initial temperature of 1950°F and heated as
quickly as possible to 2100°F., The samples were allowed to remain in
the oﬁen for 2% hours, after which the crucibles were removed from
the furnace and their contents poured into a conical iron mold. After
a one hour interval for cooling, the slag was separated from the lead
button by gentle tapping with a metal bar.

The lead buttons were weighed to the nearest 1/10 gram and
cupellied at 1800°F as usual. After cupellation and cooling the beads
were weighed on a milligram balance and parted as indicated in
Procedure VI. The beads were no longer scraped to remove cupel
material., The beads were washed three times with hot water, annealed
and weighed accurately to obtain the weight of the parted bead., The
silver content was determined as described for the cupellation studies
and the gold recovered was deduced in the usual way.

In the first test,with no baggies,the average gold loss was
1.51% s = 0,62 while with baggies for mixing, the average gold loss was
1.04% s = 0,28, Thus both gold loss and deviations in the process are
reduced when baggies are used for mixing, In subsequent experiments
this practise was adopted.

2. Effect of Fusion Temperature on Gold Losses

The basic procedure for preparation of samples and their fusion

was the same as described above, with the polyethylene bags used for
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mizing., The cupellation of all the lead buttons obtained was achieved
at a temperature of 18009F as in the cupellation studies., The parting
of the gold-silver beads was with two 15 minute treatments with 10 ml,
of 1:4 and 1:1 nitric (acid:water) respectively. The acid was pre-
heated in 35 ml. beakers on a steam bath. The beads were then washed
three times with hot water, annealed and weighed. The silver content
of the parted beads was determined by the usual methods outlined above.

As indicated in the introduction, assayers often adopt the
practise of using a low initial temperature for the fusion process and
then increase the temperature towards the end. Two trials with
initial temperatures of 18509F and 19500F were completed at a final
temperature of 2100°F (first page of Table XIII). The first trial,
with the lower initial temperature, resulted in a lower gold loss of
0.81% s = 0,10 as compared to 0.97% s=0.21 for the other., The trial
at the higher temperature is actually a repeat of a similar trial

- reported in Table XII in which the gold loss was 1.04% s = 0.28, Thus
the lower initial temperature appears to enhance gold recovery and
improve precision.

Since the initiagl temperature of the charge is always lowexr than
the final temperature in any case, it was thought that perhaps this
change in furnace temperature during the process was an unnecessary
refinement of the procedure., With this in mind a series of trials
were made at which furnace settings remained constant after the initial
temperature had been set., The remainder of Table XIII includes the
results of these investigations. Table XIV is a summary of the constant
temperature trials.

The number of replicate samples varied somewhat throughout this



TABLE XIII

Effect of Fusion Temperature

on Gold Losses
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TABLE X1V

Summary of Effect of Fusion Temperature on Gold Losses

Temperature Au Loss % s n Ag:Au Weight Lead Button
(°F) (grams)
1900 0,95 0.24 6 6.3:1,0 16,0
2000 0.81 0,15 6 6.5:1.0 16.9
2100 0,63 0.14 6 6,5:1,0 18.0
2200 0,70 0,16 10 6.4:1,0 17.5
2300 0,78 0,16 6 6,1:1,0 16.3
2400 0.88 0,18 9 6.3:1,0 16.0

2500 0.88 0,31 4 6.4:1,0 16.4
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study, In general a repeat trial was performed whenever the number of
rejected samples was @ore than one or when the results were contrary

to expectations. For the trial at 2500°F this practise was not followed
since it became evident that the process was visibly breaking down.

At this high temperature the slag actually permeated through the crucible
wall without any apparent breakage of the crucible itself. Two samples
were entirely lost in this way. This temperature was thus taken to

be above the practical upper limit for the process. The excessively
high deviation in this trial supperts this conclusion.

A consideration of the remaining results would seem to indicate
that the practise of lowering the initial temperature and then raising
it towards the end does not yield the best results with regards to
minimal gold losses. While the number of température combinations
studied was limited to two, these are commonly used temperatures for
gold assaying.

With regards to the constant temperature stu&ies, an optimum
temperature is indicated at 2100°F. At temperatures above this, gold
losses increase to a maximum of 0.88% and at temperatures lower than
this gold losses increase to a maximum of 0,95%. The reason for the
breakdown at the higher temper&tures has already been suggested, but
the explanation for the lower temperature results is not as obvious.

No doubt as temperature decreases the increased viscosity of the flux
components militates against the settling of the gold particles which
have not been collected by the lead. Perhaps also of significance, is
the fact that 1900°F is the only temperature below the melting point
of gold (1945°F), At this lower temperature the significant decrease
in precision is consistent with the view that fusions should not be

conducted below 2000°F.
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While application of a statistical test indicates a significant
difference between the 2100°F trial and only one other (1900°F), and
that only at the 95% confidence level, a fairly consistent trend
towards a minimum gold loss at 2100°F does appear to be indicated,
Whether increased losses with increasing temperature can be attributed
to increased losses to the pot wall as the gold viscosity decreases,
or to increased volatility of the gold can not be deduced from this
research. The overall average gold loss was 0.76% s = 0,18.

It should also be noted that the weight of lead button passes
through a maximum at the temperature where gold losses are minimized.
This would suggest that the effect of lead button weight might explain
the observed trend.

3. Effect of Lead Button Weight on Gold Losses

In this series of experiments the gold losses were determined in
exactly the same fashion as in the temperature study just discussed
above, The aim of these experiments was to determine the relationship
between gold losses and the weight of lead button formed,

The charge used was, except for the weight of reducing agent,
unchanged from the temperature study and is given at the bottom of
Table XV, This table is a summation of the results obtained with
Table XVI being an abbreviated summary of the same.

Using no added reducing agent, the average weight of lead button
can be seen to be 7.3 grams s = 0,7, Addition of varying amounts of
reducing agent (flour) increases the weight of lead button but in an
irregular way., The first 0.5 grams flour increases button weight by
about 4 grams while the next 0.4 grams increases button weight by

almost 9 grams. The next two additions of 0.5 grams flour causes the

button weight to increase by about 7 grams., The relatively small



TABLE XV

Effect of Lead Button Weight On Gold

Losses
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TABLE XVI

Summary of Effect of Lead Button Weight on Gold

Weight Flour
(grams)

nil
0.5
0.9
1.5
2,0

2.5

Losses

Au Loss

(%)
0,80
0.79
0.63
0,81
0.73

0,74

0.08

0,12

g:Au

Weight Lead Button
(grams)

7.3

11.1
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increase in button weight of 2.6 grams on addition of 0.6 grams flour
to 0.9 grams may have been due to an experimental reason., The draft
of the furnace was accidentally left open from the previous cupellation.
Since the door of the furnace was not exactly air-tight, an increased
flow of air in the furnace may have maintained a less effective reducing
atmosphere. The larger standard deviation in the weight of lead button
in this experiment, as well as the final one of the series, may
reflect inadequate mixing of the flux components,

A statistical analysis of the results indicated variations in
gold loss as a function of lead button weight were not signifieant at
the 99% confidence level. 1In the development of an optimum procedure
the trial having a lead button weight of 18 grams was chosen merely
because the gold loss was a minimum for this weight of lead,

The average gold loss for this study was thus found to be 0,.73%
s = 0.14, Since neither temperature or weight of lead button were
observed to have a significant effect upon the gold losses at the 99%
confidence level a statistical test of significant differences should
confirm this, The overall average gold loss of 0,76% s = 0,18 for the
temperature study when compared to the overall average loss for the
study under consideration indicated no significant differences between
the two trials., This would be the case even at the 95% confidence level,
4, Effect of Fusion Time on Gold Losses

The objective of this portion of the research was to determine
the shortest time required for the smallest gold losses. Fusion and
cupellation temperatures were 2100°F and 1800°F respectively, for all assays,
Samples were preparéd as previously deseribed with a charge as indicated at the
bottom of Table XVIII, Table XVII is a detailed record of the results
of the time study and Table XVIII is a summary of the same.

Since assays were done in groups of six, and since some samples



TABLE XVII

Effect of Fusion Time on

Gold Losses
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TABLE XVIII

Summary of Effect of Fusion Time on Gold Losses

Time Au Loss s n Ag:Au Weight Lead Button
{hrs) (%) (grams)
0.5 0.72 0.09 5 6.5:1,0 17.3
0.5 0.71 0.15 5 6.4:1,0 1707
1.0 0.61 0.05 6 6.4:1.0 17.2
1.0 0.62 0,08 &4 6.,4:1.0 18.3
1.5 0.54 0,06 5 6.3:1.0 17.9
1.5 0,57 0.01 5 6.4:1,0 19.3
2.0 0.58 0.08 6 6,4:1.0 18.6
2.5 0.65 0,06 6 6.6:1.0 17.7
2,5 0.63 0.14 6 6.5:1.0 18.0
3.5 0,70 0.10 5 6.3:1.0 16.9
3.5 0.69 0,09 5 6.4:1.0 15.7

' Charge used: 15.0 g, Si0,; 85.0 g, PbO; 21.1 g. NaZCO3; 4.5 g. Cal

23
1.0 g, flour
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had to be rejected on occasion it was decided that each assay should
be repeated by a duplicate trial. In this way some idea would also be
obtained of the reproducibility of the complete fire assa& process.
The results found in Table XVIII reflect this comparison and with the
exception of the 2 hour trial which was not repeated the difference
between any two repeat trials was never greater than 0.03%. Put in
another way, the reproducibility of gold recovery is of the order of

3 parts in 10,000,

A consideration of the results of Table XVII indicates a definite
trend in gold losses beginning with a maximum gold less of 0.72% for
a % hour fusion and losses of 0.61, 0.56, 0.58, 0.64 and 0,69% for
1.0, 1.5, 2.0, 2,5 and 3.5 hours respectively. A statistieal analysis
of the results indicates that the minimum gold loss which occurred for
a fusion time of 1.5 hours is significantly different from the 0.5
hour and 3.5 hour trials at the 99% confidence level and also differs
from the 2.5 hour trial at the 95% confidence level, The optimum time
of fusion would therefore seem to lie in the range of 1-2 hours with
iittle to chose between those limits,

It should of course be remembered that the gold of the samples
under consideration is not chemically bound, but merely a mixture, In
those cases where the ore involves a chemical combination the best
length of time for the fusion process may differ significantly. In
point of fact most gold in nature is in the elemental state and
conclusions reached here should be applicable provided the ore is finely
divided,

A consideration of Table XVIII alse indicates that the weight of
lead button may vary by as much as 1.5 g. under apparently identical

conditions without any significant effect on the gold loss. This fact
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is consistent with the conclusion of the related study considered
above, (Effect of Weight Lead Button)
5. Effect of Cupellation Temperature on Gold Losses

It will be recalled that claims are frequently made that the
temperature of cupellation is one of the most important variables
affecting gold loss. The cupellation loss reported in the literature
is often based on gold losses for a process which was earlier labelled
as a "simulated cupellation'. The losses determined here involve the
cupellation of a lead button containing the silver and gold in what
must be close to a homogeneous alloy of the metals involved. The
behaviour of gold in such a button, may differ significantly from the
pure gold and silver wrapped in lead foil of the same weights

The fusion temperature was maintained constant at 2100°F with a
charge identical to that used for the time study (bottom of Table
XVIII). Sample preparation was in the usual way., The cupellation
procedure involved an initial time of 5 minutes heating with the door
and draft clesed, a driving interval dependent on the size of the
largest lead button, and a 5 minute finishing period. The parting
procedure involved two acid treatments with 1:4 and 1:1 nitric (acid:
water) followed by three washings with hot water. The annealed bead
was weighed and then analyzed for silver by atomic absorption as usual.

The individual entries from thisstudy are reported in Table XIX
and summarized in Table XX. For the four temperatures studied the
maximum difference between repeat trials occurred at the highest
temperature of 2000°F and corresponded to 6 parts per 10,000 with
the minimum difference of 3 parts in 10,000 occurring at the two lowest
temperatures of 1800°F and 1700°F. The minimum gold less oecurred at

1800°F, the usual temperature of cupellation used throughout this



TABLE XIX

Effect of Cupellation Temperature

On Gold Losses
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TABLE XX

Summary of Effect of Cupellation Temperature

On Gold Losses

Temperature Au Loss % s n Ag:Au Lead Weight
(°F) (grams)
2000 0.86 0.16 12 6.5 15.0
1900 0,67 0,10 12 6.4 14.0
1800 0.56 0,03 10 6.3 18,7

1700 0.62 0,09 10 6.4 15.3
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research, A cupellation temperature of 1800°F produces a gold loss
which is significantly different from all the other temperatures studied
at the 95% confidence level and differs significantly from the higher
temperatures at the 99% confidence level,

The above results verify in part the generalization that
increasing temperaturxe of cupellation increases gold losses. It is
in econtradiction to the generalization that the best temperature of
cupellation is the lowest temperature which prevents freezing of the
cupelling buttons,
6., Effect of A Cover

In order to test the effect of a cover,two trials, consisting of
a dozen samples each, were run; one trial with,and other without a
cover, The cover consisted of 25 grams of excess charge but not
salted with gold and silver. The results are summarized in Table XXI.
Since the results for the cupellation study had not been analyzed, the
temperature of cupellation was 1700°F, Sample preparation and remaining
aspects were the same as usual, with the charge the same as for the
time study. The average gold loss without a cover was 0.62% s = 0,09
while with a cover it was 0.61% s = 0.08. The virtual coincidence of
these results indicates that a cover is not worth the extra bother
involved,
7. Miscellaneous Considerations

While not strictly related to gold losses in fire assaying a few
points of interest to assaying are worthy of mention.
a, Effect of Temperature on Percentage Silver Retained by Gold Beads

Since all partings were performed on the same steam bath the

assumption was made that the temperature of the parting acid(s) was

essentially constant or at least did not involve significant variations,



TABLE XX1I
Effect of 25,0 g. Cover on Gold Losses of

Complete Fire Assay
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As more and more experiments were performed this did not prove to be

the case., Eventually an abrupt change in the percentage silver retained
by the parted beads was traced to a reduced steam flow rate through the
steam bath, On measuring the temperature for a series of partings,
variations as laxge as 25°C were observed over a period of time. Table
XXII1 represents a seleetion of three partings chosen from a larger
group. The reason for the selection of these trials was a common silver
to gold ratio of 6.6:1.0 approximately constant weight of gold, and

a common parting procedure. For the majority of the other partings

the temperature of the parting acid was not measured.

From the table it is evident that the percentage silver retained
increases in a pronounced manner as temperature decreased., Thus reports
in the literature that a specified percentage of silver is retained
by the gold beads are meaningless without stating the parting procedure
and the temperature of the parting acid, Unfortunately this effect
was not recognized at the time when the study of parting procedures was
made. The reduced steam flow rate which could be recognized audibly,
occurred because of a sudden drop in pressure in a central steam heat
system as outside temperatures dropped and placed a greater demand on
the heating system. Since the parting procedure study was begun in
July and finished in September of the same year variations in steam flow
rate were not recognized and temperature variations were probably of
no great effect, In any case the significant conclusions relate to the
gold losses which were not affected by these temperature variatioms.

b. Surcharge

As indicated earlier the surcharge is the difference between the

weight of the parted bead and the weight of gold added or taken, It

is customary, especially in the assaying of high purity gold (gold



TABLE XX1IT
Effect of Temperature on Percentage Silver

Retained by Gold Beads
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Temperature Ag Retained® AgcAu Au Added
°c (%) (mg.)
84,0 0.43 6.5:1.0 21.684
94,0 6,70 6.4:1,0 23,200
94,0 0,58 6,7:1.0 23.254
24,0 0.48 5.7:1.,0 21.524
94,0 0,59 6.6:1,0 26.836
94,0 0,49 6,6:1,0 21,575
Average C.54 6,6:1.0 21,346
s 0,10 0.1
83.0 0,82 6,7:1,0 20,789
83.0 0.77 6.5:1.0 19,001
83.0 0,76 6.4:1,0 20.369
83.0 ¢, 80 6,8:1.0 25,428
83.0 1,88 6,8:1.0 23,928
83,0 0,83 6.5:1.0 24,363
Average .81 6.6:1,0 22.313
s 0,04 0,2
78,0 1.02 6,6:1.0 22,443
78.0 1.04 6,8:1.0 24,650
78,0 0.92 6.2:1.0 26,597
78.0 1,08 6.2:1.0 28,641
78.0 0,93 7.0:1.0 19,164
78.0 0,87 6.5:1.0 20,660
Averape .98 6,6:1.0 23.692
s 0,08 0.3

¥ Parting Procedure - The bead was treated with 10 ml. portions of
1:4 and 1:1 HNO3 for 15 minutes in each, The parting acid was poured

off and the bead washed three times with 5 ml. portions of hot water,



bullion) to determine the surcharge experimentally for each assay by
simul taneously assaying several standard samples with check gold,
According to the literature the weight of parted bead islusualty greater
than the weight of gold taken. This implies that the gain in weight
due to incomplete parting is greater than the gold losses(20’27), An
examination of even a few results (eg. Table I) indicates that under
the conditions of parting used in this research the magnitude of the
surcharge varys by as much as 0,400 mg. within a single parting.
(second page of Table I) If this particular parting is taken as an
example a random selection of any three samples would yield an average
surcharge ranging from 0.112 mg, to 0.296 mg. If the average weight
of gold taken is 24 mgs. then the two results one would obtain using
the extreme values of the surcharge indicated above, would vary by
about 0.8%. This is a considerably larger difference than ean be
tolerated in view of the reproducibility attainable in fire assaying,
While this particular example was chosen deliberately because of the
large variations, it does show up the limitations of simply applying
the surcharge as a correction factor to obtain the gold content,

It is true that a closer control of conditions such as temperature,
thickness, weight of gold, and silver to gold ratio reduces variations
of the surcharge, it also greatly increases the time required for
analysis, The determination of the silver content by atomic absorption
when set up on a routine basis should in fact reduce the time involved,

This was the practice throughout the present research,

V. Application and Extension of Optimum Assay Procedu;es'to Microgram
Sized Samples

Sin;e many economic ores have gold contents in the range of an
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ounce oxr less of gold per ton of ore it was thought desirable to test
the assaying of samples in which the concentration of gold was less
than 1 oz./ton of ore.,

In assaying, the concept of the assay ton has arisen, For
convenience an assay ton is defined as that weight whieh contains the
same number of milligrams as there are troy ounces in the avoirdupois
ton. Since there are 29,166 troy ounces in the avoirdupois ton. an
assay ton is 29.166 grams. Thus the number of milligrams of gold in
an assay ton of ore is also the number of ounces of gold per ton of
ore. In this research the ore was simulated by approximately % assay
ton of silica. Many gold ores are in fact silicate ores.

1. Standard Gold Samples

The preparation of the samples was a slight modification of that
used for milligram samples, with a difference in the procedure of
salting the charge with silver and gold, Instead of weighing out the
silver and gold, standard solutions of gold and silver were prepared.
Appropriate dilutions of these solutions yielded working solutions from
which varying volumes of gold were pipetted into a hollew in the
previously mixed flux constituents., In each case 2,0 ml. of the 1000
p.p.m. silver solution was also added. The salted flux was placed in
a oven at 65°C and allowed to dry overnight oy at least one hour for
every milliter of solution added. After drying the mixture was mixed
for 5 minutes in the polyethylene bags.,

The mixed samples were then placed back in their crucibles and
fused at 2100°F and cupelled at 1800°F as usual. The bead obtained
from cupellation was weighed and then aﬁalyzed directly for gold
without parting, using a procedure similar to that of Van Loon(ZS)°

To each bead was added 0.5 ml. of concentrated nitriec acid in order
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to leachkout the silver. The beads were heated at intervals until all
action stopped and then treated with sufficient concentrated hydrochloric
acid to make the final solution 50% by volume acid. Again the solution
was heated to dissolve all the gold. Failure to first leach the silver
with nitric acid results in the formation of a silver chloride coating
~on the bead which hinders dissolution, After cooling and bringing
the solution to volume in an appropriate volumetric, the gold content
was determined by atomic absorption spectrophotometry using the Perkin
Elmer 306 model. |

Two blank determinations were made on the flux containing the
usual amount of silver. In one case the litharge used was produced
by Anachemia and in the other by Baker. The corresponding blanks were
0.98 micrograms s = 0,37 and 1.12 micrograms s = 0,30, Each blank was
determined on 6 replicate samples,

The results of these experiments are recorded in Table XXIII.
For samples sizes of 490, 245, 98 and 24.5 micrograms the average gold
recoveries were 101% s = 0.7, 100% s = 0.6, 101% s = 1.5, 101% s = 1.8
respectively. Within experimental error these results indicate complete
recovery. Losses of gold are apparently less than can be observed by
atomic absorption ﬁith the number of samples examined. The iesults
reported here compare favourably with those feported by Van Loon(zg).
The latter study,involving a more difficult problem, in that the gold
was determined in the presence of platinum and palladium reported
recoveries ranging from 97% to 105% depending on the amount of other
noble metals,

Scale expansion techniques were used in those cases where the
absorbance was less than 0.2 and increased to this value. 'in this way

the absorbance reading could be obtained to the nearest part in 200,



TABLE XXIII
Application of Optimum Assay Procedures

to Micogram sized Samples
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Au Added Ag Added Sum Au Found % Recovery

H-grams MH-grams y-grans Mgrams

490 2000 2555 511% 104.3

490 2000 2501 498 101.6

490 2000 2539 494 100.8

490 2000 2541 503 102.7

490 2000 2525 491 100.2

490 2000 2538 491 100.2

490 2000 2559 493 100.6

490 2000 2517 494 100.8

490 2000 2578 496 101.2

490 © 2000 2522 494 100.8

490 2000 2520 491 100,2

490 2000 2539 494 100.8
Average 490 2000 2536 494 101

s 21 4 0.7

245 2000 2310 216 88.6%

245 2000 2295 249 101.6

245 2000 2301 244 99.6

245 2000 2302 246 100.4

245 2000 2287 246 100.4

245 2000 2296 246 100.4

245 2000 2288 244 99.6

245 2000 2277 244 99.6

245 2000 2313 244 99.6

245 2000 2325 244 99.6

245 2000 2303 246 100.4

245 2000 2382 246 100.4
Average 245 2000 2307 245 100

s 2 2 0.6

* rejected since a particle of gold had failed to dissolve
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Au Added Ag Added - Sum - Au Found % Recovery

H-grams H-8rams .grams M.grams
98 2000 2105 97.4 99.4
98 2000 2095 97.4 99.4
98 2000 2115 100.4 102.4
98 2000 2113 98,9 100,9
98 2000 2108 100,9 103.0 Q
98 2000 2133 99.9 101.9
98 2000 2145 101.4 103.5
98 2000 2127 98.9 100,9
98 2000 2174 99,8 101.8
98 2000 2099 97.9 99.9
98 2000 2127 96,9 98.9
98 12000 2086 98.9 100.9
Average 98 2000 2119 99.1 101
s 24 2 1.5
24,5 2000 2037 24.4 99.6
24,5 2000 2004 24,9 101.6
24,5 2000 2051 24,9 101.6
24,5 2000 2048 25.1 102.5
24,5 2000 2059 24,9 101.6
24.5 2000 2047 25,2 103.3
24,5 2000 2067 24,9 101.6
24,5 2000 2088 24.1 98.4
24,5 2000 2012 23.7 9.7
24.5 2000 2325% 24,9 101.6
24.5 2000 2007 24.7 100.8
, 24,5 2000 2065 24.3 99,2
Average 24,5 2000 2044 24,7 101
s 27 0.5 1.8

* rejected on statistical grounds
Charge used: 15.0 g. 5103, 85,0 g, PbO, 21.1 g. Nazco3, 4,5 g. Ca0,
1.0 g. flour, 1.0 g. polyethylene bag
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Gold standards were aspirated after every other unknown. Drift was of
no consequence over such short perilods, The aspirator used was a
corrosion resistant one since difficulties had been reported(36) in

the aspiration of hydrochloric acid solutions of gold. They found that
gold reduction occurred in a steel aspirator.

2., Gold Ores 8

In this study two gold ores were chosen having a previously
determined gold content(24) of less than an ounce per ton, The sample
preparation was exactly as outlined in the previous section with two
modifications. Since the ore contained the gold the samples were only
salted with silver and no silica was taken for the ore blank but
rather 15 grams of the ore itself was taken,

Since the precision and accuracy obtained with any method depends
on the sampling procedure the procedure used in this research is oute
lined here. The sample received consisted of a previously crushed and
siaed ore. The entire ore passed thtough 100 mesh screen and 90-100%
passed through 200 mesh screen for both samples. Approximately 1-2
pounds of the ore was placed on a large cellophane sheet and rolled or
tumbled by 1ifting alternate corners of the sheet. The ore had been
previously inverted and shaken for about 20 minutes in its container.

" After approximately 30 minutes tnmbiing the sample was spread out evenly
on the cellophane and marked off into 1M squares. The sample was then
obtained by taking a small portion on a spatula, from each of the
squares. The spatula was extended down to the bottom each time, The
sample was weighed after each row of squares had been sampled. In this
way variations were kept to a minimum,

After weighing the sample accurately in a polyethylené bag the

flux constituents were added in the usual way. In each case 2 ml, of
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the standard silver solution (2 mg. silver) was added and the samples
were dried for at least two hours, The chunks which tended to develop
were broken up and the ore, fluz, and added silver were mixed for 5
minutes,

Fusion, cupellation and analysis of the samples was then achieved
as in the other microgram sized samples described above, The results
of this study are found in Table XXIV. Each assay of six samples was
repeated in duplicate in order to obtain some idea of the reproducibility
of the method. The gold content of the two ores examined was found to
be 0.313 oz./ton s = 0.034 for ore #305 and 0,470 oz./ton s = 0,012
for ore #294, The relative standard deviation for the two ores was
10.9% and 2.9% respectively as compared to 0.81% for a comparable
concentration of a standard gold sample, From this it is evident that
the precision of the method is a function not only of the sampling
method,but also the nature of the ore. If the precision were affected
by the sampling method only then the two ores should have approximately
equal relative standard deviations. In fact they differ by almost 300%.

Since the particular ore samples used had been previocusly
analyzed(za) a comparison of the results with those obtained here, was
possible. The previous study involved a prior parting of the silver
from the gold, collection of the gold on a filter, ashing the filter
paper, dissolution of the residue and determination of the gold content
by the bromaurate spectrophotometric method referred to earlier. By
virtue of the larger number of manipulations alone, increased deviations
and losses were to be expected., The results of duplicate trials consisting
of six samples each was for ore #294; Trial #1 0.440 oz./ton s = 0.014;
Trial #2 0.469 oz./ton s = 0,024 with a combined result of 0,455 oz./ton

s = 0,026 and for Ore #305 Trial #1 0.290 oz./ton s = 0.029; Trial #2



TABLE XX1IV
Application of Optimum Assay Procedures

To Gold Ores



Ore designation

Mine

Gold Concentration
(oz,/ton)

Average

S

Gold Concentyation
{(0z,/ton)

Average

S

mbined result s

Average

3
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#305

23 an e @

Trial 1

0.297
0,289
0,622%
0,306
0,376

0.356

0.325

0,038

Trial II
0,285
0,293
0,280
0,282
0,352

0.323

0.302

0,029

05.313

* rejected on statistical grounds

#2964
Buffale Amberlite

Trial I

0.457
0,462
0,457
0,475
0.474
0.485
0,468

¢,0L1

Trial II
0,473
0,469
0,463
0,464
0,467

C.498

0,472

0,013

0,470

0012

o
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0,259 oz./ton s = 0,025 with a combined result of 0,274 oz./ton s = 0,031,
While the actual gold content of an ore is unknown, the application of
the procedures developed in this research seems to have increased the
gold recovery by 3.2% and 14.2% for Ores #294 and #405 respectively.
The precision of the analysis of Ore #305 is essentially the same for
the two procedures while the precision for Ore #294 is increased
considerably as evidgnced by a standard deviation a little less than
one-half that of the earlier study. As evidenced by a larger standard
deviation, the analysis of Ore #305 was not very satisfactory, While |
the recovery was considerably increased, the separation of the lead
button and the slag was not clean and thig no doubt, contributed to
the increase in deviations, The difference between duplicate trials
was found to be 6.5% vs 0.85% (this study) for Ore #294, and 12,0% vs
7.6% (this study) for Ore #305,

In summary it would seem safe to conclude that the method of
analysis developed for microgram sized samples has a satisfactory
applicaﬁion to the analysis of gold bearing ores in the concentration
range of an ounce per ton and less.

VI. Radiochemical Evaluation of Fire Assay for Gold
1. General Procedure

At this point it was decided that an attempt should be made to
obtain a direct measure of the gold losses with the help of a radicactive
tracer, The tracer used in this study was gold-195 which has a half-life
of 180 days. It was prepared by bombardment of platinum foil for 2
hours, by 25 m.e.v. protons in a cyclotron, The active gold was separated
by appropriate radiochemical procedures and left unused for more than
a year. |

At the time of use the total sample had an activity of approximately
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2 million counts per 50 second counting interval. The total sample
was diluted to 50 ml, and 3 ml. aliquots were taken for each sample
and counted in test tubes which fit exactly into the well of the Baird

sodium iodide scintillation counter., The background was determined

before and after each series of measurements over 15 counting intexvals.,
The activity of all samples was determined by counting for 5 counting
intervals;averaging, and correcting for background, Two aliquots of
the stock solution were retained throughout as calibration standards.

The preparation of the flux constituents and the carrier gold
of about 20 mg., was the same as usual., After thorough mixing the
active gold was added to a hollow formed in the charge with a spatula.
The samples were allowed to dry overnight at about 50°C, The test
tubes in which the active gold had been counted were counted again
and found to retain varying and significant amounts of activity. The
activity added to the sample was determined by difference.

After drying the samples, they were mixed once more for about
5 minutes and any chunks which formed were crushed. The samples were
placed in their appropriate crucibles, fused at 2100°F and poured into
the iron mold as usual. After cooling the slag and button were placed
in a polyethylene bag and gently tapped to separate the slag and button
dressing from the lead button. The lead button was weighed and
cupelled as usual at 1800°F, The slags and associated button dressing
were labelled and kept together for counting, The cruecibles from
the fusion were numbered and set aside for counting also.

When the cupelled beads had cooled each cupel was labelled and
set aside for counting. The gold-silver beads were not weighed but were
parted directly with a double acid treatment as outlined in Parting

Procedure VI, The parting acids were set aside for counting. The
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parted beads were then washed three times wirh hot water and the
washings were collected for each sample and set aside for counting.

The parted beads were then annealed and then directly placed
into the original test tubes used for counting. In the interim the
test tubes were cleaned with aqua regia and checked for activity. No
activity was retained. The beads were tﬁen dissolved in 3 ml. aqua
regla in the usual way and set aside for counting.
2. Counting Procedure and Results

fhe decay of the active gold was allowed for by measuring the
activity of the standards each day and in the case of the dissolved
beads, immediately after their measurement., The total activity
decreased by only 2% over the time used for the complete study. In
addition to the decay correction the presence of 20-30 mg. carrier gold
in the samples necessitated a correction for self-agbsorption. This
amounted to about 3% of the total count as detexmined from duplicate
evaluations,
a). Parted Beads

After dissolution as outlined above the beads containing more
than 99% of the gold were counted in the same volume (3 ml.) as the
standards and in the same containers, After correction for decay and
self-absorption these measurements should represent the gold recovered.
The average gold recovery (Table XXV) of 99.5% s = 0,3% agrees very well
with that obtained by direct weighing of the beads (see Table XIX 1800°F).
b). Crucibles

Initially the crucibles were counted whole. The crucible was
inverted over the counting well and counted for 5 intervals of 100
seconds each. The background based on the average of 15 counting

intervals before and 15 intervals after the crucible counts was 1010



TABLE XXV
Tracer Study of Gold Losses in The

Complete Fire Assay
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5 = 18, 1In view of the large size of the crucibles the 1id of the
counter could not be lowered and hence the high background, The back-
ground was determined with a previously used crucible which had
contained no active gold. The average count for all the crucibles used
with active gold ranged from 987-1045., The overall average of all
twelve exrucibles was actually lower (1006)3than the average background.

In view of the fact that some of the crucibles had an average
count higher than background, it was thought that perhaps the effect
of geometry might be significant. The part of the crucible which
according to autoradiographs was the most likely to be active(23> was
the most remote from the counting well. As a result one crueible
was placed in a polyethylene bag and brxoken by hitting with a hard
object, 1t was possible to do this in such a way that no pieces were
larger than would fit under the lowered 1id of the ecounter. Each
piece was counted either alone or together,in the case of the smaller
pieces with one other piece. The fines and very small pieces were
counted together. In each case the side of the ecrucible which had been
wet by the charge was placed face down above the counting well, The
result was surprising. In each case the total activity was significant
and averaged 0.70% s = 0,09, of the original bead activity, It is
recognized, of course, that these results cannot be taken as exactly
quantitative since a geometric effect applies. The face of the counting
well on which the crucible pieces were counted, were several centimeters
from the bottom of the well where the standards were counted.
c). Slag

The slag remained in one large piece except for a small quantity
of button dressing. The whole slag pieces were counted along with the

button dressing. That part of the slag which had been in contact with
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the lead button was put face down on the counter well., The background
determined before and after the slag count, was obtained with a similar
piece of slag from a previous non-active trial, and averagedl28 per
50 second counting interval. The range of activity for the slags from
the Mactive™ run was 109-130 counts for the same time, with an average
activity of 122 counts., Within experimental sensitivity the activity
of the slag was considered to be insignificant. An activity of 7
counts per 50 second counting interval would represent 0,01% of the
total count for the average sample. As can be éeen from Table XXV
the amount of activity added was not exactly constant from sample to
sample.
d). Metal Mold

The mold into which the fused samples were poured were checked
for activity also. In order to obtain a background the mold was
placed over the counting well with the unused side facing down over
the well, This was repeated three times with varying positions of
the mold, The overall average was 552 counts per 50 second interval.
The counting was repeated over the same interval with three different
positions of the Mactive™ side face down. The result was an average
count of 540 counts, The standard deviation in both cases was 30
counts., It was concluded that no significant activity was lost to the
mold, The 1id of the counter was up throughout.
e)., Parting Solutions

The parting solutions were counted in test tubes placed directly
in the counting well., TFor the first parting acid (1:4 nitric) the
range of activity found corrected for background was 4-10 counts with
an overall average of 7 counts s = 2 per 50 second interval. For the

average sample this represents a loss of 0,01% gold. The second parting
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acidycounted in the same way gave an average count of only 2 eounts per

50 second interval. This represented a loss which could be ignored.
f)., Washing Solutions

The combined wash solutions for each sample were counted in 30 ml.
beakers placed directly over the counting well. Again the activity,
corrected for background was on the average only 1 count per 50 second
interval. Losses to the wash solution were considered negligible.

g). Cupels

The cupels were counted whole. According to autoradiographs,
cupel absorption was mainly a surface gffect with the maximum
penetration not more than about %", The cupels were hence inverted
over the counting well and counted for 5 replicate intervals of 50
seconds. The range of activity in this period corrected for background
was 32-53 with an overall average of 41 counts s = 7. This repreéented
a gold loss of only 0,030% s = 0,005,

3. Summary of Tracer Study

A consideration of Table XXV, which includes all the activity
measurements for those sources contributing more than 0.01% of the total
activity, indicates that the overall average recovery of the active
gold including losses was 100.27% s = 0.4, In view of the differing
counting techniques this must be considered as beingjat least partially o
fortuitous,

The significant conclusions are that the major source of gold loss
is undoubtedly not to cupel absorption but due te crucible losses.
While these conclusions were not entirely surprising they certainly
were contrary to findings based on what has here been described as
gimulated cupellations®., It would appear that the cupellation of gold

and silver powder encased in lead foil cannot be compared to the
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eupellation of the lead button customarily obtained at the end of a
fusion. The approximately equality of the gold losses to crucibles in
the complete assay, and the gold losses to cupels for the abbreviated
process, would appear to be fortuitous and misleading.

Suspicions that the above conclusions might be true, began to
grow when gold losses for the complete assay were reduced to the point
where they were less than had been found for a segment of the overall
process. In particular compare the average gold loss of 0.56% s = 0,03
recorded for optimum conditions in the cupellation temperature study .
(Table XIX) to a loss of 0.61% s = 0.08 the average gold loss for the
gimulated cupellation recorded in Table I. This difference represents
a significant difference at a confidence level somewhere between 95-997%
and closer to the latter.

Losses to parting acids and wash solution were neglibible as expected,
since the beads remained nicely coherent under the conditions of parting.

It is to be expected that losses to slag in particular and
crucible wall to a lesser degree would vary, both with variations in
flux mixtures and hence in the nature of an ore. In the bulk of the
work reported on here the flux components were known almost exactly
(impurities excepted) and hence the losses reported on here,should be
viewed as characteristic of the conditions used and as an ideal situation

which one would aspire to in the more real conditions of assaying

oxes.
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E., Summary
In a recent review of neutyvon activation and tracer methods for

1(35) point out the

the determination of the noble metals,Beamish et a
lack of even a single adequate study of gold losses in the fire assay
method, *...despite the commercial significanceof the method and the /
many decades of its application.”™ They go on to say that a variety
of phenomena may be involved and that consideration of many factoré
will be required. This study has been an attempt to meet this need,

On the basis of the results of this study several genetalizations
would appear to be in order. With regards to the abbreviated fire
assay, (simulated cupellation) variations in the weight of lead foil,
in the silver to gold ratio, and in the size of cupel, did not produce
significant changes in the gold loss under the conditions studies.
No evidence was found for significant losses as a result of volatilization.
The cleaning of cupelled beads by removing the small quantity of
adhering cupel material, increased gold losses and is to be discouraged,
While reducing the thickness of the gold-silver beads prior to parting
reduces gold losses the time involved is hardly worth the effort,
Increasing acid strength also reduces gold losses in the parting process,
provided coherent beads are obtained. The conclusions regarding the
cleaning of cupelled beads and parting procedures should be valid for
beads obtained from the complete fire assay also. Both processes
(abbreviated and complete) produce a gold-silver bead free of essentially
all lead,

For the complete firé assay the weight of lead button between
the limits of 7-34 grams had no significant effect on gold losses.

Excess charge used as a cover was also of no effect. The use of poly-

ethylene bags for mixing of Ehe flux, silver and gold,on the other hand,
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greétly reduced gold losses., The length of time used for the fusien
process was important, with increased losses if either too short or

too long a fusion time was used. The optimum time for this phase of

the process was found to be 1% hours. Fusion and cupellation

temperature both were significant variables, in terms of their effect

on gold losses. For fusion, a maximum temperature of 2500°F was
indicated as the crucibles became porous to the slags at this temperature.
A lower limit of 2000°F is desirable and an optimum temperature of
2100°F is recommended to minimize gold losses., The effect of varying
cupellation temperature was not nearly as pronounced as expected from
some statements found in the literature. According Hillebrand and
Allen(?4) gold losses due to increasing temperature from front to

back of a gas fired furnace ranged from 0.5% to 4.0% due to a temperature
difference of about 100°C. 1In this study losses ranged from 0.56% to
0.86% for temperatures between 1700-2000°F,

The use of radicactive tracer permitted the determination of
gold losses directly in the various stages of assying. Losses of
about 0,70% to the crucible wall, 0.03% to the cupel, and 0.01% to the
parting acids were the major losses, Losses to the slag, the iron
mold, and the wash solutions were not detectable.

An atomic absorption - fire assay method applied to standard
microgram sized samples showed that losses were smaller than experimental
error. Within the precision of the method recovery was complete. The
same method applied to two different ores indicated a somewhat improved
method of analysis over a previous effort, The precision varied with
the nature of the ore and was dependent on the sampling procedure used,

Probably the most significant finding in the course of this study

was the conclusion that the major loss of gold occurs during fusion as
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gold is retained by the crucible wall. Taken together with theivery
low cupel losses it would appear th#t the cupeilation of a lead button
~as obtained from fusion is not a comparable process to the cupellation
of a mixture of gold and silver powders encased in lead foil.

While variations, in at least some of the conditions employed,
resulted in significant variations in gold losses, the overall
impression obtained was that the fire assay for gold is remarkagiy
insensitive to changes in the conditions of #ssaying. Furthermore
in-those cases where gold losses did vary significantly reproducible
assaying was possible even at conditions other than those which
minimized losses. Perhaps this is one of the reasons why the fire
assay for golé is considered to be, along with the gravimetric chloride,
one of the most reliable analytical methods known. Even though gold
losses of almost 1% may be involved the practise of determining these

losses from standard samples under the same conditions of analysis as

the unknowns makes accurate work possible.
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