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Abstract-Experimental data are presented to show that humic acid can dissolve. complex and transport 
Au. As much as 330 ng Au/ml (ppb) were taken into solution from 0.07 to 0.15 mm Au particles 
by 500 pg/ml (ppm) solutions of humic acid during a 50 day period. Au was mobilised in ·electrophoresis 
experiments in the presence of humic acid. whereas Au alone remains immobile. The formation of 
a complex between Au and humic acid was indicated by the results of polarographic. solvent extraction 
and X-ray diffraction investigations. 

It is apparent that the formation of a humic acid complex of Au may be important in the mobilisation 
of element at the Earth's surface. 

INTRODUCfION 

THE MlGRATION of Au in the weathering cycle has 
bern the subject of many investigations. Conflicting 
vie",." and experimental evidence have been advanced 
fatouring both inorganic and organic processes for 
the solution and transport of Au. STOKES (1906) and 
others studied the solution of Au by inorganic sol
vents such as Fe2(S04h. which may occur in nature, 
and found that substantial solution occurred only in 
the presence of Cl-. KRAUSKOPF (1951, 1967) pres
ented experimental evidence and thermodynamic data 
for the dissolution of Au as AuG;. LAKIN et al. (1974) 
have suggested that HCN resulting from hydrolysis 
of naturally occurring cyanoglycosides, which are 
present in many plants, could be responsible for the 
mobility of Au in soils. 

Jt:UEN (1879) made a generalised proposal that 
. bumic acid was active in the precipitation of Au in 
anuvial deposits. FREISE (1931) drew attention to the 
fact that some of the Au of Brazilian alluvial deposits 
~ e.'tremely fine-grained and of high purity, in con
tras.t with detrital Au which contained Cu. The high 
PU~ty Au often carried a brown to black coating 
-..bich was found to be Fe humate. This 'black gold', 
~. h . 
n·

1t as been named by prospectors, occurs in many 
au' I 'la Au deposits and has been observed by the 

from the Lisle and Jane River Au deposits in 
ia. ONG and SWANSON (1969) have noted the 

....... un·"n.~~ of carbonaceous matter with Au in sedi

rocks from several regions including the 
u"'r"".>ro._~_ in South Africa and the Thuringian 

In Germany. It is possible that such carbona-
matter originated as a humate. _ 

(1931) also presented experimental evidence 
solubility of Au in humic acid and BAKER 

HA-I and HA-4 of BAKER (1973). The T has 
ded to specify Tasmanian samples. For all ex
solutions were aqueous preparations with con
expressed on a w/v basis. 
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(1973) confirmed this. The theoretical plausibility of 
the formation of a humic acid complex of Au was 
established by SHCHERBINA (1956). Contrary views 
have been expressed by FETZER (1934, 1946) and ONG 
and SWANSON (1969). The latter investigators pro
posed that Au is transported as a colloid, in a system 
in which humic acid acts as a reductor and as a pro
~ective colloid. KRAUSKOPF (1974) accepted this model 
but also suggested that Au is mobilised as AuCI;. 

Modern reviews of the transpcirtationof Au. such 
as that by KRAUSKOPF (1974), do not mention any 
evidence of the potential of humic acid to form a 
complex with Au. Such omissions have prompted a 
further and more thorough examination of the inter
action of Au with humic acid. involving solution. elec
trophoresis, polarographic, solvent extraction and 
X-ray diffraction investigations. 

EXPERIMENTAL STUDIES 

Au solubility studies 

It is important in solubility studies to use experimental 
conditions that are compatible with natural environments. 
The weathering of rock under moist conditions takes place 
at an irregular interface between soil and rock where the 
constituents of soil water react with solid mineral surfaces. 
The amount of humic substances in soil water is not well 
known. FOTlYEV (197!) gives a value of300pg/ml (ppm) 
of soluble humic substances in marsh water and. as soil 
water could be expected to exceed this. a concentration 
of 500 pg/ml (ppm) would appear reasonable for experi
mental studies. Simulation of slow movement of humic 
acid over Au particles was attempted by placing the reac
tants in horizontal tubes which were rotated at 100 rph. 

With this experimental arrangement 2 g of Au having 
a particle size range of 0.07 to 0.15 mm were placed in 
each of three test tubes. and allowed to react with 20 ml 
of distilled H20, and 500 pg/ml (ppm) solutions of humic 
acid preparations THA-I * and THA-4 for a period of 50 
days. The initial pH and Eh values 'of the humic acid solu
tions were 3.7 and +340 mY for THA-I and 3.4 and 
+330 mY for THA-4. These values are compatible with 
those of natural solutions between' rain water and bog 
waters, as given by GARRELS (1960), and are probably 
representative of many soil waters. 



Table l. 

Run No. H2O/CO2 0.05% THA-1 0.05% THA-4 

1 B 200 300 
2 II 170 360 
3 10 210 320 

Av. 10 190 330 

At the completion of the 50 day reaction period the 
solutions were filtered through Whatman No. 42 paper 
and analysed by an atomic absorption carbon cup tech
nique (AACC) which allowed a precision of about ± 10 ng 
Aujml (Ppb). The results, given in Table 1 show average 
'yields of 10, 190 and 330 ng Aujml (Ppb) for distilled H20, 
THA-I and THA-4 respectively, which indicates consider
able mobilisation of Au in the presence of humic acid. 
There was no significant change in the pH and Eh values 
of the humic acid solutions as a result of their reaction 
with Au. 

Electrophoresis 

Electrophoresis has been used extensively to study com
plexes of humic acid with metals (e.g. MANSKAYA and 
DRozDOvA, 1968). To apply the technique in this study 
it was necessary to impregnate the electrophoresis mem
branes with a confined spot of Au. This was achieved by 
applying, in succession, 5J11 drops of solutions of 1% SnCll 
and I mg Ailjml as HAuCI4 (5 J1g Au) at equivalent points 
of four 100 x 20 mm membrane strips. After excess re
agents were leached away by leaving the membranes in 
a large volume of distilled H 20 for 24 hr there remained 
spots of precipitated Au. Blank membranes were treated 
in the same manner, with the omission of the HAuCl4 

application. Before use, the membranes were soaked in a 
borate buffer of 0.02 M Na2B407 adjusted to pH 8.6 with 
H 3B03• A 1% THA-I solution (PH 3.2) was applied as 
a 5 J11 drop (50 J1g THA-I) on the cathodic side of the Au 
spot on two of the membranes and in an equivalent pos
ition on the two blanks. An electrophoresis cell was set 
up with the borate buffer and the membranes carrying 
Au, THA-I and Au with THA-I were subjected to electro
phoresis at a poten tial of 300 V for 15 min. The runs were 
made in duplicate. One set of membranes was used for 
analytical purposes whilst the other was kept as a record 
of the e1ectrophoretograms which are illustrated in Fig. I. 
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Fig. I. EJectrophoretograms of (A) Au, (B) THA-I and (C) 
Au with THA,I including Au contents of sample mem

brane·sections. 

The comparative Au contents of the humic acid front 
and the equivalent site for .the Au run were determine~ 
by AACC analysis of I mm sections of the membranes. 
The analyses reveal that the front on the Au with THA-l 
membrane contains 550 ng Au, which is far in excess of 
the 10 ng Au in the equivalent position of the Au 
brane. A small amount of Au «5 ng), which is near 
detection limit, was found in the blank membrane and 
is believed to be a contaminant acquired during the 
ing of excess reagents from the membranes. The high 
tent of Au in the sample from the membrane carrying 
with THA-I suggests that Au has been mobilised as 
complex with humic acid. 

Polarography 

Polarographic analysis can be applied to the stUdy 
complexation of metals. Changes in the state of a metal 
from ionic to comple}(ed or from one complex to another 
will generally be reflected in a polarogram by a chan~ 
in the position of the half-wave potential for a partiCUlar 
reduction, and in the value of the diffusion current assOCi
ated with this event. The application of polarographic pro
cedures requires the use of supporting electrolytes of high 
ionic concentration. For studies with humic acid,electrO
lytes must be selected that will not cause precipitation. 
In the case of the polarographic study of the reduction 
of Au(III) this was achieved by the use of I M NaOli 

A study was made of the reduction of 10 J1g Au(III)/ml 
in I M NaOH in the absence and presence of 50 mg 
THA-I. Polarograms were rcorded using pulsed DC polar_ 
ography. The AU(OH)4 complex was stable in NaOH for 
several hours but eventually the formation of colloidal Au 
was indicated by the appearance of a red-blue colour in 
the solution. For this reason polarograms were recorded 
as soon as the solutions had been prepared and flushed 
with N2 and again after a period of 24 hr. The resulting 
polarograms are shown in Fig. 2. 

In Fig. 2A the polarographic reduction of Au(III) is seem 
to occur with a half-wave potential of -0.53 V (vs SCE) 
and a diffusion curren t of 8.2 J1A. The residual current in 
this case is near zero. Reduction in the presence of THA-lc, 
is shown in Fig. 2B which reveals. that for this system "g; 
the half-wave potential has moved to -0.75 V and the."· 
diffusion current has decreased to 3.6 J1A~ There is a smaJ . 
residual current due to the electrolytic properties of the 
humic acid. This change in wave characteristics is cJ~ 
evidence of the complexation of Au by humic acid. Tbe 
large shift of the half-wave potential of -0.22 V in the 
presence of THA-I indicates that the stability constant ci 
the humic acid complex of Au is much greater than tha 
of Au(OH)4' Figure 2C shbws the results of repeating the 
polarographic reduction of Au(III) in NaOH after 24 IlL 
The half-wave potential remains at -0.53 V although the 
presence of colloidal Au has caused a sharp increase im 
the residual current. Since the concentration of Au(III) h:Bs 
been decreased by the formation of colloidal Au, the diffu>
sion current has fallen to 3.2 J1A. The polarogram 
Au(III) in NaOH with THA-I, repeated after 24 hr, wz 
found to be identical with Fig. 2B. Thus in the presena 
of THA-I a complex with Au has formed which remaims 
stable and prevents the formation of colloidal Au. 

Solvent extractiqn 
SHCHERBINA (1956) suggested that the humic aciJi 

complex of Au is stronger than AuCli and possibly d ' 
similar strength to Au(SCN)i. This was investigated by, 
examining the extraction of 10 J1g Au/ml as AuCli ami! 
Au(SCN)i into amyl methyl ketone in the absence ami! 
presence of 50 mg THA-I. In the absence of THA-l, 9if~ 
of the AuCii aI]d 85% of the Au(SCN); were extractd 
in 2 min. With THA-l present the extraction of AuO'; 
decreased to 30% whereas that of Au(SCN); remained :!II 
85%. The lower extraction of AuCl; could be due to t'lt! 
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Fig. 2. Polarograms of Au (III) in I M NaOH. (A) Au(III) 
Within IS min of preparation. (B) Au(III) with THA-I both 
within IS min of, and 24 hr after, preparation. (C) Au(JII) 
24 hr after preparation. Et = half-wave potential; Id = dif-

fusion current; I, = residual current. 

displacement of Cl- by humic acid to yield a stronger 
non-extractable complex with Au. Alternatively since the 
oxidation potential of humic acid is less positive than that 
?f AuCI;, reduction to Au would also cause a decrease 
In the extraction. In the case of Au(SCN);, the fact that 
humic acid has no effect on the extraction is an indication 
that the complex of Au with humic acid has ~ stability 

the same order as that with thiocyanate. 

diffractioll 
ali association of Au with humic acid the metal may 
as a dispersed colloidal phase or as some form of 

Provided that the association contains sufficient 
detected by X-ray diffraction it should be possible 

between these two possibilities. It was found 
When 1 mg of colloidally dispersed Au was dried in 

~e presence of IOOmg of humic acid, the Au(l!I) planes 
Yielded a sharp diffraction peak. The results of the solution 

ment however, indicate that under conditions 
'''IJIJrn"." .1-.;' those in nature, the time required to produce 

high contents of Au in humic acid would be extremely 

PI" d concentrated association of Au with humic acid was 
o uced by mixing 2 mg Au as HAuCI 4 with 20 ml of 

Au (Ill) 

tA) (8) 

37° 40° 

Fig. 3. X-ray diffraction results for (A) I mg colloidal Au 
in physical admixture with lOOmg THA-l and (B) 1 mg 
Au as HAuCI4 reacted 24 hr with 10 mll% THA-I in pres-

ence of KMn04' 

1% THA-1. The solution was adjusted to pH = 5 with 
NH40H and 10 mg of KMn04 were added to ensure the 
dissolution of the Au. After shaking for 24 hr the humic 
acid was precipitated by the addition of AI2(S04h, separ
ated by centrifuging and dried. The Au content of the resi
dual solution was less than OJ ,ug/ml (ppm) whereas analy
sis of the dried humic acid revealed an Au content of 0.9%. 

The Au humate and the colloidal dispersion of 1 mg 
Au in 100 mg THA-l were examin6d by X-ray diffraction. 
The resulting diffractograms are illustrated in Fig. 3. It 
is apparent from the strength of the diffraction by the 
(111) planes that the metal is present only in the physical 
mixture with THA-l. The reaction of Au with the humic 
acid solution produced an amorphous complex of Au. 

DISCUSSION 

The possible means of Au transport in the weather
ing cycle include ionic, colloidal and organic com
plexation. The low content of Au in river water, stated 
by FISCHER (1966) to be 0.002 ng/ml (Ppb), prevents 
direct assessment of these possibilities. Ionic and col- . 
loidal transport require that Au enters the hydro
sphere largely as AuCI4". KRAUSKOPF (1967) has 
shown that AuCI4" can be produced during weather
ing of an Au-bearing ore body. The conditions necess
ary for this to occur are that both H + and Cl- are 
present, with one of these in relatively high 'concen
tration and in addition an oxidising agent such as 
Mn02, must also be present. As KRAUSKOPF (1967) 
points out, such conditions occur rarely and result 
only locally in appreciable transport of Au. 

ONG and SWANSON (1969) have calculated the 
theoretical concentration of Au in river water from 
mean composition values (LIVINGSTONE, 1963) and 
equilbrium constant data for the various possible 
ionic Au species (MARTELL and SILLEN, 1964). The 
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maximum value obtained of 10- 10. 5 M (0.006 ppb) is 
compatible with the concentration given by FISCHER 
(\966). At pH4 the dominant species was found to 
be AuCIi' whereas at pH 9 it was AuOi'. This 
presents a problem at the lower pH since, as BAES 
and MESMER (1976) indicate, Au(III) produces more 
stable complexes than Au(I) and, in the presence of 
the latter valence state, disproportionation reactions 
of the type: 3AuXi' ¢AuX; + 2Auo + 2X- will 

occur. If the stable species is AuCi:;, then the theore
tically possible concentration of 10- 17 M, jiS calcu
lated by ONG and SWANSON (\969) indicates that th~ 
observed concentration cannot be explained in terms 
of this ion. BAES and MESMER (1976) have also noted 
the existence of the neutral complexes AuCI3, 

Au(OHh, Au(OH)CI2 and Au(OH);CI which, with 
solubilities of the order of 10- 5.5 M (0.6 ppmj, 
would more than ad~quately solve the concentration 
problem. However since AuCI3 is stable only at 
pH <2 and also, for· the reaction: 
Au (0 H h + 3'H + + 3 e - ¢ Au 0 + 3 H 2 0, 
IlG = -5.8 x 105 joule/mole (-l40kcal/mole), it is 
unlikely that these species would occur under natural 
conditions. The formation of the very stable Au(CN)i' 
ion by the action of cyanoglycosides could explain 
the Au uptake by plants but, as LAKIN et al. (1974) 
comment, Au(CN)i' would have limited mobility due 
to the rapid hydrolysis and enzymic destruction of 
the CN- ion in nature. Thus the mobility of Au in 
the weathering cycle does not appear to be adequately 
explained in terms of inorganic complexes of Au. 

There is no doubt that the molecular weight range 
of humic substances, estimated by DUBACH and 
MEHTA (1963) to be in the range of 2()()(}-300,OOO, 
demands that a large proportion of such molecules 
are of colloidal size. Colloidal phenomena have been 
observed by ONG and SWANSON (1969) in experiments 
with Au and humic acid. These investigators found 
that AuCl; was reduced to colloidal Au in the pres
ence of humic acid which was also found to act as 
a protective colloid for the Au sol so formed. As a 
result of such observations a colloidal model of Au 
mobilisation in the weathering cycle was proposed. 
Although the reducing groups of humic acid are cap
able of producing colloidal Au from AuCl; the prob
lem of concentration of this ion remains. Also, given 
sufficient residence time in an environment with an 
excess of humic acid, it is likely that the complexing 
groups of this material will react with colloidal Au 
to produce a humic acid complex. For environments 

. where organic activity is low, a colloidal model of 
transport is more Satisfactory than one basedpn inor
ganic complexes. 

The results of experiments reported above clearly 
indicate the complexation of Au by humic acid. The 
Au solubility in the presence of 500 jig/ml (ppm) 
humic acid, which was up to 330 ng/ml (Ppb), is far 
in excess of that found in river water (0.002 ppb). An 
organic complexation model could thus readily 
explain the observed A u solubility in the hydrosphere. 

Although analytical restrictions made it necess3.fY to 
carry out experilJlental work at higher concentrations 
thdn those in nature, the results are believed to be 
applicable to the mobilisation of Au. In the experi
ments the concentration of humic acid was kept well 
in excess of Au, as is the case in the natural emir-on_ 
ment. Whereas the content of humic substances in 
river water is highly variable, a value of only 5p.g.'ml 
(ppm) would be in excess of Au by the order or 106• 

From a more general point of view, REUTER and 
PERDUE (1977) have shown that complexation or trace 
metals in river waters by humic substances C2iI1 be 
significant even in the presence of high exc:esstS" of 
major cations. 

The concept that Au cannot be complexodl by 
humic acid derives from the fact that such comp'J!xa
tion involves oxidation, and that humic acid has Deen 
generally considered a reducing agen t. AlthDugh 
reducing conditions occur in arc'as of peat foTID2rion, 
such conditions are not necessaI ;ly due the pr-=nce 
of humic acid nor do they apply universally to ilter
faces between soil and rock. The Eh values of the 
500 jig/ml (500 ppm) humic acid preparations.. ",hich 
are of the order of + 300 m V, indicate that thest are 
not strongly reducing in character. Waters Sllift as 
these, which contain atmospheric oxygen, wo::ili be 
relatively common in soil profiles where free d:-znage 
exists. SZILAGYI (1971) made a comprehensiv :: IDldy 
of the redox characteristics of suspensions of peat 
humic acid in H 2 0 and derived a value for !fa of 
+0.7 V. SHCHERBINA (1956) has noted that 1b:: Jedox 
potential of complexes of Au decreases with ::})ci- in~ 

creasing stability. Thus for reactions of th:: l:¥pe:. 
A uX; + 3e - ¢ Au 0 + 4X - where X is res;:e::fvely. 
CI-, Br - and SCN - the Eo values are + 1.0'".i .:;.{).86 
and +0.66 V. If the stability of the hUr:nJr: acid 

11'J? 

complex of Au is near that of Au (SCN);_ ~ sug-t 
gested by SHCHERBINA (1956) and supponed l:y th~: 
solvent extraction results, it is possible that cnjihtion~ 
of Au can occur under natural conditions. - f:JI 

DRAEGER and LAUER (1967) have noted tlu:: .ilinosU 
70% of the Earth's land surface is covered ~. fDrest:,~ 
or grassland. The sulphide deposits carrying . .£..n.frOIli~ 
which AuCl; may be readily generated, oc:::nn" ~ 
insignificant proportion of this surface. It ::fu..n:ef0if' 
seems plausible that a substantial amoun: zf Aut 
which has its origin as a trace element in in:: lith~! 
sphere, is mobilised by some process other :fum the ~ 

':fjf 
formation of AuCI;. Humic acid, originatinE :firoughr: 
microbial action in the products of degene:-.a:iim. o( 
the extensive vegetation cover, appears weIl NiiediO] 
such a role. Since it is present in soil wa1!:!T" froIli. 
the time of formation of the interface bcr~ soil 
and rock, it could generate a humic acid .:::rmplex 
of Au by reaction with traces of. the mcuC Stch:a 
complex of Au is not subject to the probleITl:'i .:Ustabi
lity and solubility, characteristic of ionic or .;::::iloidal 
Au, and it could migrate readily in the hyci-n'phere. 
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WILLIAMS ~f the Geological Survey of TasmHn~ .rod Dr 
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J. VAN 'l,l.OORT and Dr P. SMITH of the University of Tas
mania~ .:!iscussion of the material presented. The sugges
tions df::'Ills journal's reviewers, Dr V. E. SWANSON and 
Dr K. 6.. KRAUSKOPF, and the Associate Editor, Dr D. 
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