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Abstract

This study describes the morphological evolution of gold grains in a lateritic weathering profile in an equatorial rainforest climate.
Primary sources of gold are quartz veins associated with shallow granophyric intrusion. Gold grains were found in fresh ore, saprolite,
transition zones, ferruginous duricrust, red latosol, and yellow latosol. Irregularly shaped grains predominate, with smaller proportions
of dendritic and prismatic forms. Gold grains are weathered in the uppermost 10 m of the regolith. Mean gold grain size is maximum in
the duricrust (>125 um) and decreases progressively upward into the yellow latosol (<90 pm). Voids and corrosion pits appear on grain
surfaces, and progressive rounding is observed from the bottom of the profile to the top. Gold grains can be classified as either homo-
geneous or zoned with respect to their chemical composition. Homogeneous grains contain 2-15% Ag (mean 8.3%). Zoned grains have
more variable Ag contents; grain cores have means of approximately 10% or 23% Ag, with Ag-poor zones of approximately 3.7% Ag
along internal discontinuities and/or outer rims. Formation of Ag-poor rims is due to preferential depletion of silver. Processes responsible
for duricrust formation may preserve some grains as large aggregates, but subsequent transformation into latosol further modifies them.
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1. Introduction

The supergene mobility of gold in weathering profiles
has been well documented in different parts of the world
(e.g., Boyle, 1979; Mann, 1984; Wilson, 1984; Webster
and Mann, 1984; Davy and El-Ansary, 1986; Michel,
1987; Freyssinet and Butt, 1988; Colin et al., 1989a,b;
Freyssinet et al., 1987; Grimm and Friedrich, 1990; Colin
and Vieillard, 1991; de Oliveira and Campos, 1991; San-
tosh and Omana, 1991; Vasconcelos and Kyle, 1991; Edou
Minko et al., 1992; Bowell, 1992; Freyssinet, 1993; Law-
rance and Griffin, 1994; Sergeev et al., 1994; Porto and
Hale, 1996; de Oliveira and de Oliveira, 2000). Evidence
of gold dissolution includes the decreasing size of gold
grains from the bottom to the top of weathering profiles
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and the presence of corrosion features on the surface of pri-
mary crystals (Colin et al., 1989a,b; Colin and Vieillard,
1991; Porto and Hale, 1996). Gold precipitation is demon-
strated by the formation of secondary crystals of high fine-
ness and characteristic morphology (Angélica et al., 1995;
Freyssinet et al., 1987; Grimm and Friedrich, 1990; Bowell,
1992; Lawrance and Griffin, 1994) and gold nuggets enclos-
ing neoformed goethite (Machairas, 1963; Wilson, 1984;
Vasconcelos and Kyle, 1991; Santosh and Omana, 1991;
de Oliveira and Campos, 1991; Zang and Fyfe, 1993). Fur-
ther data supporting gold mobility in the supergene envi-
ronment include elevated gold concentrations in stream
waters draining auriferous zones (Benedetti and Boulege,
1991; Andrade et al., 1991) and grain growth in stream sed-
iments (Eyles, 1990; Groen et al.,, 1990; Craw, 1992;
Youngson and Craw, 1995; McCready et al., 2003). The
objective of this study is to provide some data on the
morphology and composition of gold in a well-preserved
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lateritic profile derived from a quartz (+pyrite) vein system
in the Tapajds region.

2. Description of the area
2.1. Climate

The Fazenda Pison “Garimpo’ (artisinal mine working)
is located in northern Brazil, near the Tapajos River, about
600 km SE of Manaus, Amazonas State (Fig. 1). The area
has a warm to hot humid rainforest climate, with mean
minimum temperature of 17 °C (February), mean maxi-
mum temperature of 38 °C (July), and mean annual rainfall
of 2750 mm. The relief is of the “half-orange” type, at ele-
vations of 140-200 m above sea level.

2.2. Geology

The Garimpo is located in the Tapajoés Province
(Almeida et al., 1981), Tapajos Mineral Province (Santos
et al., 2001). Felsic volcanic rocks (Iriri Group, Andrade
et al., 1978; CPRM, 1999) occur where shallow granitic
intrusions (Maloquinha Intrusive Suite; Santos et al.,
1997) are emplaced along brittle shear zones.

Primary mineralization at Fazenda Pison follows a
third-order brittle shear zone (N20E) hosted by fine
granophyric rock. The mineralized veins are dislocated
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Fig. 1. Area localization and geological sketch modified from RTDM
(1995).

by late sinistral brittle faults (ENE). A hydrothermal
alteration envelope follows the host structure and is
expressed by mineralogical zoning around the mineralized
quartz veins:

Central zone: gold, quartz, white mica, epidote, pyrite,
hematite, and magnetite;

Intermediate zone: minor gold, quartz, white mica, epi-
dote, fluorite, and magnetite; and

Distal zone: minor gold, quartz, white mica, chlorite,
and magnetite.

At the top of the saprolite, a meter-wide stockwork zone
is visible adjacent to the quartz veins. The lode is subverti-
cal, with an overall width, including the alteration zone, of
20 m. Rounded, decimeter-sized, quartz-rich zones can be
observed within the stockwork zone.

The Amazon region is characterized by a deep lateritic
regolith, and at Fazenda Pison, the weathering profile is
20-30 m deep. The studied profile is located in a hillslope.
Six main units can be recognized in a fully preserved later-
itic profile (Fig. 2):

1. Saprolite: >20 m thick, light red, with well-preserved
primary fabrics and structures. Primary white micas can
be recognized, but feldspars, chlorite, fluorite, and sulp-
hides cannot (boxwork texture is present). Quartz, white
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Fig. 2. Weathering profile and sampling sites.
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mica, kaolinite, and hematite (+little goethite) are the most
abundant minerals present. The contact with lower transi-
tionzoneis gradational and centimetric; saprolite fragments
decrease in size and are immersed in a clay-rich matrix.

2. Lower transition zone: <0.5 m thick, red, with numerous
weathered lithic fragments that preserve primary rock
fabrics immersed in a kaolinite-rich matrix containing
iron oxi-hydroxides (hematite/goethite). From saprolite
to the lower transition zone, there is an increase in
quartz content, decrease in white-mica content, and no
change in iron oxi-hydroxides and kaolinite contents.
The transition to the upper transition zone is grada-
tional; iron-rich pisoliths are formed and increase in size,
forming nodules in the top of the horizon.

3. Upper transition zone: 0.2 m thick, with ferruginous
pisoliths and nodules embedded in a ferruginous kaoli-
nite matrix. No primary fabric can be observed in this
material. From lower to the upper transition zone,
quartz and white-mica contents decrease, and an impor-
tant increase in iron oxi-hydroxides contents (specially
hematite) and kaolinite can be noted. The transition to
duricrust is gradational; iron-rich nodules become bigger
and more numerous and form an indurated duricrust.

4. Duricrust: (discontinuous ferruginous horizon) of vari-
able thickness (usually <1 m), with a high concentration
of hematite. From upper transition zone to duricrust, an
important decrease in quartz content and important
increase in hematite/goethite and kaolinite contents
occur. Contact with red latosol is sharp, but at the base,
it is possible to observe iron-rich pisoliths with yellow
cortexes immersed in the clay-rich matrix.
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5. Red latosol: clay-rich matrix (minor Fe) with nodules
and pisoliths derived from the duricrust. Thickness var-
ies from less than 1 m at the base of slopes to 6 m on hill
crests. From duricrust to red latosol occurs an increase
in quartz and kaolinite contents and important decrease
in iron oxi-hydroxides (especially hematite). The transi-
tion to yellow latosol is gradational; at the top horizon,
iron-rich pisoliths are not observed.

6. Yellow latosol: similar to red latosol, with lower con-
tents of iron oxi-hydroxides. From red to yellow latosol,
minor variations in quartz, kaolinite, and iron oxi-
hydroxides contents are observed. At the top of this
horizon rests a centimetric layer of a dark-brown
organic matter-rich material.

3. Methods

A schematic cross-section of the pit at the Fazenda Pison
Garimpo and the sampling sites are shown in Fig. 2. Samples
were collected from the mineralized zone and different hori-
zons of the regolith developed above it, as follows: One sam-
ple (0.94 kg) of primary ore was collected from a diamond
drill core and jaw-crushed to 5 mm, then ground in a disc mill
to 1.5 mm. It is not shown in Figs. 2 and 3.

Bulk samples of 50 kg each where taken from the rego-
lith as follows: (1) six samples of saprolite, specifically, four
samples from granophyre saprolite, at 10, 8, 7, and 4 m;
one sample from the stockwork zone; and one sample from
a quartz-rich zone; (2) two samples from the transition
zone, one from the upper and one from the lower; (3)
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Fig. 3. Characteristics of gold particles according to regolith unit (YL, yellow latosol; RL, red latosol; D, duricrust; TZt, transition zone-top; TZb,
transition zone-base; G4, saprolite, granophyre 4 m deep; QZ, saprolite, quartz-rich zone; SZ, saprolite stockwork zone; G7, saprolite; granophyre 7 m
deep; G8, saprolite, granophyre 8 m deep; G10, saprolite, granophyre 10 m deep). (A) Number of particles; (B) particle size (um); (C) particle shape (%),
where Prism, prismatic; Dendr., dendritic; Irreg., irregular; and (D) edge roundness (%), where V. Rounded, very rounded; S. Rounded, sub-rounded.
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one sample from the duricrust; (4) one sample from the red
latosol; and (5) one sample from the yellow latosol.
Samples were processed as follows:

1. Field: samples collected at the lateritic profile were
panned and dried in the field. Samples from primary
ore and duricrust were hand crushed before panning.

2. Laboratory preparation: samples were oven dried at 70 °C.
Magnetic minerals were separated using a hand magnet
and Frantz magnetic separator. Heavy minerals were sepa-
rated using heavy liquid (methylene iodide). Gold grains
were handpicked under a binocular microscope.

3. Optical examination: gold grains were mounted on glass
slides with double-sided adhesive tape and examined using
a binocular microscope. Grains were classified according
to their morphology; some were selected for further study.

4. Scanning electron microscopy (SEM): grain morphology
was examined by SEM, and the Ag content was determined
semi-quantitatively using an energy dispersive spectrometer.
Instruments used were a JEOL JSM-6400 and Electroscan
ESEM(S) E-3, Centre of Microscopy and Microanalysis,
University of Western Australia (CMM/UWA), operating
at 20-30 kV accelerating voltage, 3 x 10~'? A primary beam
current, and 9-20 mm working distance.

5. Polished section: selected grains were examined in pol-
ished section by SEM.

6. Electron microprobe (EPMA): fifty-four gold grains
(polished sections) were analysed for Au, Ag, As, Bi,
Cu, Fe, Hg, Pt, Sb, and Zn using a JEOL 6400 instru-
ment at CMM/UWA. Operating conditions and detec-
tion limits are given in Table 1.

Approximately 1850 gold grains were examined by opti-
cal microscopy, 300 representative gold grains by SEM,
and 54 grains by EPMA (Table 2).

The data discussed in this paper refer only to the grains
recovered and examined by these procedures. A high pro-
portion of grains smaller than 10 um were lost, with mod-
erate losses of those between 10 and 20 pm.

4. Results
4.1. Size and morphology of gold grains

4.1.1. Classification
The number and morphological characteristics of gold
grains in the different regolith horizons are summarized

Table 1
Operating conditions and detection limits for EMPA

Instrument conditions

Primary beam
current = 2.8 x 10712 A

Accelerating voltage =25 kV

Au Ag As Bi Cu Fe
Detection limit (wt%) 0.131 0.033 0.031 0.092 0.018 0.017

Counting time (s) 25 25 25 25 25 25

Table 2
Number of gold grains analysed and number of analyses according to
sampling medium (EMPA)

Sampling Homogeneous Zoned grains
medium grains
Number Number Number Number of Number of
of of of analyses —  analyses —
grains analyses  grains core rim
Yellow 3 11 7 11 9
latosol
Red latosol 4 15 1 1 2
Duricrust 6 21 8 38 20
Transition None None 5 19 4
zone
Stockwork ~ None None 5 10 7
Granophyre None None 9 19 14
Fresh ore 4 9 2 2 2

in Fig. 3. The grains were classified in terms of location
of regolith material (Fig. 2); size, as (lengthxwidth)l/2
(Fig. 3B); habit, as to prismatic, when gold grains show
similar length in three dimensions and smooth/near
smooth faces (e.g., Figs. 4B, 7E, and 8B) or dendritic, when
one dimension is much more developed than the other two
(e.g., Figs. 6A, B, and 7F) or irregular, when gold grains do
not show smooth faces or one distinctive dimension (e.g.,
Figs. 5A, B, E, F, 7A-D, and 8A, E, F); and edges, in terms
of whether they are sharp (e.g., Figs. 4A, B, and 5A), sub-
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Fig. 4. Backscattered electron images (SEM) of primary gold grains.
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Fig. 5. Backscattered electron images (SEM) of gold grains recovered from saprolite. (A-D) Granophyre; (E) stockwork zone; and (F) quartz-rich zone.

rounded (e.g., Figs. 5C, E, F, and 6A), rounded (e.g., Figs.
5B and 6B), or very rounded (e.g., Fig. 8A and F).

4.1.2. Gold in primary mineralization

Primary gold is associated with pyritic quartz veins.
Only 12 gold grains were recovered from the fresh ore, with
a mean size of 56 ym. All grains are xenomorphic, with
very smooth faces that show the impression of the sur-
rounding quartz. There are two habits: irregular
(Fig. 4A) and prismatic (Fig. 4B).

4.2. Saprolite

Grains separated from saprolite are shown in Fig. 5. The
gold distribution in the granophyre saprolite is highly var-

iable, as reflected by the number of grains recovered at dif-
ferent horizons (Fig. 3). The mean grain size is 92 pm
(6 = 46). The majority of grains (Fig. 3C) are irregular in
shape (83%), with about 10% of the grains dendritic and
the remainder (7%) prismatic. Most grains have slightly
rounded edges (94%), with the remainder strongly rounded
or sharp.

More than 90% of the grains recovered from both stock-
work zones and quartz-rich zone are irregular (Fig. SE and
F); the remainder are dendritic. Most grains from quartz-
rich and stockwork zones show subrounded edges (85%
and 92%, respectively), and the rest show rounded edges.
Corrosion pits occur on most grains observed in the sapro-
lite materials (Fig. SA-F). Some grains show scratches
(tool marks).
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Fig. 6. Backscattered electron images (SEM) of gold grains recovered
from transition zone. (A) Bottom of transition zone showing subrounded
edges; (B) top of transition zone showing rounded edges.

4.3. Transition zone

Mean grain size is 108 um (o = 76) at the base and
81 um (¢ = 23) at the top of transition zone. Most grains
from the transition zone are irregular (86%), and the rest
are dendritic (8%) or prismatic (6%). There are more pris-
matic grains (12%) in the upper part of the zone than all
underlying horizons. Edges and faces of grains are cor-
roded and pitted (Fig. 6A and B). Some grains show
scratches (tool marks) and folded rims.

4.4. Duricrust

Gold grains in the duricrust have the greatest mean size
(124 um, o = 72; Fig. 3B). Nearly 80% of the grains are
irregular (Figs. 3C and 7A-D), with nearly equal propor-
tions of prismatic (Figs. 3C and 7E) and dendritic (Figs.
3C and 7F). Most grains have slightly rounded edges
(96%) and numerous corrosion pits; some grains show
scratches.

4.5. Latosol

In the red latosol, only 53% of the grains are irregular in
habit; some 40% are prismatic, a much higher proportion
than all underlying horizons, including the duricrust and

upper transition zone; and the remainder are dendritic
(Fig. 3C). Nearly 90% of the grains have very rounded
edges, all show numerous corrosion pits (Figs. 3D and
8A, B), and the mean grain size (105 um, ¢ = 63; Fig. 3B)
is smaller than the underlying duricrust.

In the yellow latosol (Figs. 3C, 8C-F), the proportion of
prismatic grains is approximately 6%, similar to that in the
saprolite; most grains (88%) are irregular, and 6% are den-
dritic. The mean grain size is less than in the red latosol
(86 um, ¢ =28). Most grains (65%) have very rounded
edges with well-developed corrosion pits; nevertheless, it
is possible to recognize the primary habit in many of the
gold particles.

The progressive decrease of mean grain size from the
duricrust to the yellow latosol, together with the increasing
number of corrosion pits and degree of rounding, implies
dissolution of gold. Gold is preferably dissolved from
prominent parts of grains, and dissolution seems more
active on dendritic and irregular grains than prismatic
grains. Some grains recovered from both latosols show tool
marks.

4.6. Chemical composition of gold grains

Chemical analysis of 54 gold particles was performed
by EPMA (Tables 1-4). Only Au, Ag, and Cu are present
in detectable amount in most grains; some also contain
As, Bi, and Fe. Silver is the only element, other than gold,
present in high concentrations. According to the silver
distribution, there are two groups of gold grains: homoge-
neous and zoned (Fig. 9). The 17 analysed homogeneous
grains (56 analyses) show a similar grey hue throughout
the hole-polished section under SEM backscattered mode
(Fig. 9A) and have Ag contents of 2.40-17.34% (mean
8.28%; Tables 3 and 4). The 37 analysed zoned grains
(54 rim and 104 core analyses) show variable silver con-
tent throughout the polished section under SEM back-
scattered mode (Fig. 9B), lower silver contents in the
outer rims, and internal discontinuities (0.02-14.09%,
mean 3.64% Ag) compared with the cores (3.84-31.10%,
mean 17.30% Ag; Tables 3 and 4). These internal varia-
tions are evident using SEM backscatter imaging and
can be quantified by EPMA analysis. Some homogeneous
and zoned grains show compositional variation within a
single grain, core, or rim. In zoned grains, the contact
between grain cores and silver-poor rims is commonly
sharp. Zoned gold grains from the fresh ore do not show
silver-poor rims; they show internal variations in Au and
Ag contents that cannot be characterized as rims or cores,
and they were not studied together with regolith zoned
gold grains.

4.6.1. Homogeneous grains

Homogeneous gold grains were recovered from primary
mineralization (fresh ore), duricrust, and latosols. The
compositions of homogenecous particles vary between
82.25% and 98.20% Au and 2.40% and 17.34% Ag
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Fig. 7. Backscattered electron images (SEM) of gold grains recovered from duricrust. (A-D) Irregular particles; (E) prismatic particle; and (F) dendritic

particle.

(Fig. 10, Table 4), with minor variation in Au—-Ag contents
within the same grain (exception for one gold grain col-
lected in primary ore that shows variation of 6.94% Au).
The highest Cu contents were observed in gold grains
recovered from the fresh ore; high Ag contents are concen-
trated in yellow latosol grains; and high gold content is
concentrated in duricrust grains (Fig. 11). These differences
in composition between horizons may be a function of low,
non-representative number of samples.

4.6.2. Zoned grains

Zoned grains are present throughout the regolith, and
37 of them were analysed by EMPA (Tables 2 and 3).
Fig. 12A and B show the histograms of EMPA analyses

for all zoned gold grains; the composition of rims and
cores can be observed in black. Rims are composed of sil-
ver-poor gold (mean 3.64% Ag) and tend to be thinner in
the latosol horizons. Composition of cores is bimodal,
with cores containing less silver (mean 9.76% Ag) or more
silver (mean 22.60% Ag). Due to the small number of
grains analysed, it is not possible to correlate core and
rim composition. Copper contents are similar to those in
homogeneous grains. Grain cores contain <0.02-0.1%
Cu in most horizons, possibly richer (>0.04-0.09% Cu)
in the granophyre saprolite and poorer (<0.04% Cu) in
the transition zone. Rims have a similar range of compo-
sitions (<0.02-0.15% Cu) in all horizons, except the stock-
work (0.23-0.30% Cu).
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Fig. 8. Backscattered electron images (SEM) of gold grains recovered from latosols. (A-B) Particles from the red latosol, very rounded and subrounded,

respectively; (C-F) particles from yellow latosol, (D) is a detail from (C).

Some zoned grains show a thin, silver-enriched zone
between the core and rim and in discontinuities within a
single grain (Fig. 13).

5. Discussion and conclusions

Particulate gold in the Fazenda Pison Garimpo is asso-
ciated with quartz veins, situated in voids between quartz
grains, and enclosed by or filling fractures in pyrite. Gold
is also heterogeneously disseminated in the granophyre,
stockwork zone, and quartz-rich zone. A lateritic profile
composed of saprolite, transition zone, duricrust, red lato-
sol, and yellow latosol results from the weathering evolu-
tion of underlying mineralized granophyric rock.

Gold grain sizes range from <20 to >120 pm. Primary
grains are xenomorphic and irregularly distributed in the
mineralized zone; gold grains are irregular, dendritic or
prismatic in shape, and show smooth faces and sharp
edges. The effects of weathering are visible from the base
of the saprolite upward, with grains edges becoming
rounded and corrosion pits evident on grain surfaces.
Rounding increases slightly in the horizons of the base of
the profile and abruptly from duricrust to latosol. Tool
marks and folded edges likely are products of crushing
and panning processes; these features are found only in
some of the studied gold grains and not as a general rule.

The degrees of rounding and pitting are not homoge-
neous in gold grains, even those collected in the same



Table 3

Results of EMPA analyses of gold grains in polished sections
Particle Composition Au (%) Ag (%) Cu (%)
YLI1 Homogeous 88.52 11.95 0.03
YLI Homogeous 89.00 11.80 0.01
YLI1 Homogeous 88.10 12.20 0.05
YL1 Homogeous 87.37 11.83 0.02
YLI Homogeous 88.25 12.27 0.03
YL2 Homogeous 82.90 17.34 0.06
YL3 Homogeous 86.44 13.96 0.07
YL3 Homogeous 87.46 12.82 0.04
YL3 Homogeous 86.80 13.07 0.04
YL3 Homogeous 86.50 14.10 0.03
YL3 Homogeous 86.64 13.04 0.08
YL4 Zoned — rim 93.70 5.16 0.13
YLS Zoned — rim 88.60 12.06 0.06
YL6 Zoned — rim 100.00 0.35 0.04
YL6 Zoned — rim 99.70 1.02 0.06
YL6 Zoned — rim 99.00 0.18 0.04
YL7 Zoned — rim 99.60 0.85 0.01
YLS Zoned — rim 97.15 2.56 0.06
YL9 Zoned — rim 97.60 2.51 0.05
YL10 Zoned — rim 85.75 14.09 0.03
YL4 Zoned — core 92.36 7.40 0.10
YLS Zoned — core 85.75 14.09 0.03
YL6 Zoned — core 77.94 21.21 0.05
YL7 Zoned — core 75.06 25.57 0.01
YLS Zoned — core 73.34 26.87 0.04
YL8 Zoned — core 73.47 26.11 0.05
YL9 Zoned — core 74.36 24.42 0.03
YL9 Zoned — core 73.94 25.23 0.05
YL9 Zoned — core 74.56 24.68 0.03
YL9 Zoned — core 73.96 24.61 0.05
YL9 Zoned — core 74.67 24.49 0.04
YL9 Zoned — core 73.47 26.11 0.05
YL10 Zoned — core 71.25 28.64 0.07
RLI Homogeous 91.99 7.52 0.08
RL1 Homogeous 92.90 7.40 0.05
RLI Homogeous 91.66 7.60 0.09
RL1 Homogeous 92.07 7.61 0.08
RL2 Homogeous 91.76 8.20 0.03
RL2 Homogeous 91.72 8.21 0.05
RL3 Homogeous 90.36 9.74 0.07
RL3 Homogeous 90.07 9.56 0.13
RL3 Homogeous 90.17 9.24 0.07
RL3 Homogeous 91.20 8.78 0.05
RL3 Homogeous 91.10 8.09 0.06
RL3 Homogeous 90.96 8.53 0.05
RL4 Homogeous 89.53 9.77 0.09
RL4 Homogeous 88.83 10.80 0.09
RL4 Homogeous 88.03 11.79 0.10
RL5 Zoned — rim 92.18 7.76 0.05
RLS Zoned — rim 98.40 0.32 0.09
RLS5 Zoned — core 75.25 25.10 0.07
D1 Homogeous 97.80 2.69 0.14
D1 Homogeous 98.20 2.40 0.12
D1 Homogeous 97.65 243 0.12
D1 Homogeous 97.50 243 0.13
D2 Homogeous 96.90 3.32 0.12
D2 Homogeous 97.00 3.26 0.09
D2 Homogeous 96.48 3.22 0.14
D2 Homogeous 97.00 3.29 0.12
D2 Homogeous 96.90 3.26 0.12
D3 Homogeous 96.69 3.82 0.05
D3 Homogeous 96.13 2.59 0.20
D4 Homogeous 95.69 4.63 0.15
D4 Homogeous 95.95 4.36 0.07

Table 3 (continued)
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Particle Composition Au (%) Ag (%) Cu (%)
D4 Homogeous 95.68 4.50 0.06
D4 Homogeous 95.50 4.49 0.06
D5 Homogeous 90.47 9.66 0.08
D6 Homogeous 95.63 4.18 0.13
D6 Homogeous 93.11 5.95 0.08
D6 Homogeous 95.19 5.55 0.10
D6 Homogeous 94.88 5.22 0.08
D6 Homogeous 95.52 5.23 0.09
D7 Zoned — rim 96.30 3.75 0.08
D7 Zoned — rim 96.50 3.64 0.02
D7 Zoned — rim 96.30 3.61 0.09
D8 Zoned — rim 93.58 6.92 0.09
D8 Zoned — rim 93.52 7.14 0.13
D9 Zoned — rim 94.12 5.92 0.09
D9 Zoned — rim 95.20 4.84 0.02
D9 Zoned — rim 95.31 5.18 0.21
D10 Zoned — rim 96.40 3.73 0.02
D10 Zoned — rim 96.96 3.84 0.03
Dl11 Zoned — rim 97.60 2.37 0.04
Dl11 Zoned — rim 90.28 10.19 0.05
D12 Zoned — rim 99.70 0.69 0.04
D12 Zoned — rim 100.00 0.16 0.03
D13 Zoned — rim 100.00 0.29 0.03
D13 Zoned — rim 100.20 0.22 0.05
D14 Zoned — rim 100.30 0.15 0.07
D14 Zoned — rim 100.30 0.07 0.03
D7 Zoned — core 89.42 9.74 0.06
D7 Zoned — core 90.60 9.29 0.05
D7 Zoned — core 85.52 14.31 0.08
D7 Zoned — core 87.07 13.14 0.07
D8 Zoned — core 89.95 9.89 0.07
D8 Zoned — core 90.34 10.15 0.04
D8 Zoned — core 90.27 9.74 0.05
D8 Zoned — core 90.82 9.78 0.04
D8 Zoned — core 77.66 23.10 0.03
D8 Zoned — core 76.88 23.49 0.03
D8 Zoned — core 77.51 23.35 0.04
D9 Zoned — core 75.52 23.58 0.01
D9 Zoned — core 78.63 21.66 0.05
D9 Zoned — core 79.59 21.04 0.03
D9 Zoned — core 77.03 23.15 0.06
D9 Zoned — core 77.56 22.56 0.04
D10 Zoned — core 87.54 12.98 0.05
D10 Zoned — core 86.96 13.68 0.13
D10 Zoned — core 88.84 11.60 0.05
D10 Zoned — core 88.38 12.21 0.07
Dl11 Zoned — core 78.77 21.61 0.02
D11 Zoned — core 78.10 20.74 0.05
DI11 Zoned — core 80.73 20.11 0.05
D12 Zoned — core 76.59 24.08 0.05
D12 Zoned — core 90.46 9.33 0.04
D12 Zoned — core 88.95 11.02 0.05
D13 Zoned — core 78.18 21.70 0.01
D13 Zoned — core 78.66 21.89 0.01
D13 Zoned — core 78.72 21.93 0.01
D13 Zoned — core 78.84 21.20 0.02
D13 Zoned — core 70.15 30.33 0.02
D13 Zoned — core 88.92 11.76 0.08
D13 Zoned — core 87.36 12.96 0.09
D14 Zoned — core 89.88 10.19 0.10
D14 Zoned — core 91.91 8.23 0.07
D14 Zoned — core 91.98 7.76 0.05
D14 Zoned — core 90.35 9.71 0.06
TZ1 Zoned — rim 92.01 8.62 0.02
TZ2 Zoned — rim 91.48 9.08 0.05

(continued on next page)
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Table 3 (continued)

Particle Composition Au (%) Ag (%) Cu (%) Particle Composition Au (%) Ag (%) Cu (%)
D14 Zoned — core 87.38 12.61 0.06 G6 Zoned — core 92.54 7.62 0.08

TZ3 Zoned — rim 92.29 8.36 0.10 G6 Zoned — core 92.19 7.34 0.08

TZ4 Zoned — rim 91.05 8.78 0.04 G6 Zoned — core 92.21 7.66 0.09

TZ1 Zoned — core 87.72 13.00 0.01 G6 Zoned — core 92.56 7.27 0.07

TZ2 Zoned — core 78.60 21.23 0.02 G7 Zoned — core 94.76 5.28 0.07

TZ2 Zoned — core 79.08 19.90 0.01 G7 Zoned — core 94.98 4.94 0.04

TZ2 Zoned — core 79.15 20.81 0.04 G7 Zoned — core 94.70 5.34 0.04

TZ3 Zoned — core 80.07 20.63 0.03 G838 Zoned — core 95.68 4.79 0.09

TZ3 Zoned — core 80.62 19.24 0.02 G8 Zoned — core 96.28 4.29 0.07

TZ4 Zoned — core 79.23 20.34 0.01 G838 Zoned — core 96.08 3.84 0.08

TZ4 Zoned — core 79.15 20.32 0.01 G9 Zoned — core 93.68 7.05 0.05

TZ4 Zoned — core 79.30 20.69 0.01 FOl1 Homogeous 91.80 7.65 0.05

TZ4 Zoned — core 79.11 20.76 0.03 FOl1 Homogeous 91.27 8.16 0.08

TZ4 Zoned — core 79.19 20.46 0.04 FOl1 Homogeous 91.44 8.15 0.20

TZ4 Zoned — core 79.02 20.64 0.01 FO2 Homogeous 88.29 10.64 0.17

TZ4 Zoned — core 79.37 20.45 0.03 FO2 Homogeous 89.19 10.53 0.87

TZ4 Zoned — core 79.46 20.20 0.05 FO2 Homogeous 88.88 10.71 0.73

TZ4 Zoned — core 79.30 21.00 0.01 FO3 Homogeous 82.25 17.05 0.02

TZ5 Zoned — core 79.97 20.74 0.01 FO4 Homogeous 85.68 13.63 0.35

TZ5 Zoned — core 79.68 20.29 0.08 FO4 Homogeous 86.00 13.50 0.21

TZ5 Zoned — core 79.70 20.84 0.01 FO5 Zoned 96.30 3.49 0.19

TZ5 Zoned — core 79.67 20.70 0.01 FO5 Zoned 72.85 26.92 0.07

TZ5 Zoned — core 79.02 20.64 0.01 FO6 Zoned 96.69 3.62 0.17

TZ5 Zoned — core 79.37 20.45 0.03 FO6 Zoned 75.96 24.16 0.06

TZ5 Zoned — core 79.46 20.20 0.05

TZ5 Zoned — core 79.30 21.00 0.01

szl Zoned - rim 93.43 571 0.29 Table 4

SZ1 Zoned — rim 94.22 5.61 0.29 Summary statistics report for EMPA analyses of gold grains

SZ2 Zoned — rim 93.94 5.55 0.24

S7Z2 Zoned — rim 93.71 6.00 0.23 Variable Count Mean StdDev Min Max Range
SZ3 Zoned — rim 93.12 5.70 0.24 Homogeneous

Sz4 Zoned - rim 94.92 5.43 0.23 Au (%) 56 91.63 4.11 82.25 98.20 15.95
SZ5 Zoned — rim 92.40 7.52 0.05 Ag (%) 56 828 4.0 240 1734 1494
SZ1 Zoned — core 74.99 24.12 0.01 Cu (%) 56 0.12 0.15 0.01 0.87 0.86
SZ1 Zoned — core 76.34 2391 0.02 .

SZ1 Zoned — core 76.26 23.50 0.04 Zoned ~ rim

S72 Zoned — core 76.07 23.97 0.03 Au (%) 54 96.48 3.63 85.75 100.74 14.99
S72 Zoned — core 75.65 23.83 0.03 Ag (%) 54 3.64 3.60 0.02 14.09 14.07
Sz3 Zoned - core 76.78 23.76 0.02 Cu (%) o 0.08 007 0.01 029 028
SZ3 Zoned — core 77.47 23.16 0.04 Zoned — core

Sz4 Zoned — core 82.95 16.70 0.12 Au (%) 104 82.71 7.00 68.35 96.28  27.93
SZ5 Zoned — core 89.39 11.04 0.02 Ag (%) 104 1730 691 384 3110 27.26
SZ5 Zoned — core 87.98 12.00 0.05 Cu (%) 104 0.05 0.03 0.01 0.15 0.14
Gl Zoned — rim 94.85 5.82 0.04

G3 Zoned — rim 100.26 0.02 0.04

G4 Zoned — rim 100.74 0.02 0.05 regolith material. This difference is caused by differential
G4 Zoned - rim 100.48 0.02 0.07 exposition to weathering solutions. Whereas some grains
G5 Zoned — rim 100.45 0.02 0.08 . . .

G5 Zoned  rim 100.01 0.82 0.09 were totally free of surrounding primary minerals, others
G6 Zoned — rim 98.96 1.02 0.15 were partially or totally encapsulated by quartz or other
G6 Zoned — rim 99.53 0.61 0.07 minerals. Therefore, (1) in a single grain, it is possible to
G7 Zoned — rim 99.89 0.16 0.09 observe smooth surfaces and sharp edges in one area and
G7 Zoned — rim 100.02 0.06 0.08 rounded edges and corrosion pits in another; (2) gold
G7 Zoned — rim 100.04 0.02 0.04 . . . .

Gs Zoned — rim 98.92 130 0.04 grains show different degrees of weathering in the same reg-
GS Zoned — rim 99.04 0.44 0.05 olith horizon; and (3) gold grains in upper horizons show
G9 Zoned — rim 99.85 0.23 0.01 less weathering than some of those found below in the lat-
Gl Zoned — core 68.35 31.10 0.07 eritic profile. It is also possible to observe that, as a general
G2 Zoned — core 75.07 24.70 0.09 rule, rounding and pitting increase upward in the profile,
G3 Zoned — core 86.07 13.03 0.15 . . . .
Ga Zoned — core 2803 11.79 0.07 and the mean grain size decreases progressively from duri-
G4 Zoned — core 88.48 10.55 0.09 crust upward as corrosion and dissolution continue.

G4 Zoned — core 89.59 10.86 0.08 In the duricrust, the presence of gold particles with cores
G5 Zoned — core 90.30 9.99 0.08 with different Ag content indicate that some aggregate
G5 Zoned — core 90.15 10.58 0.09

grains comprising several smaller particles formed (note
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Fig. 9. Backscattered electron image (SEM) of polished sections of gold
particles. (A) Homogeneous gold grain; (B) zoned gold grain.

different tones of grey in the particle shown in Fig. 14). The
cores of these individual small particles have different Au/
Ag compositions and were joined by zones of Ag-poor gold
between them. The largest gold grains (mean 124 pm) were
found in the duricrust; only smaller grains were observed in
the materials present below the duricrust, which suggests
that a process of gold grain development was active during
iron duricrust formation. Gold nugget formation in later-
itic profiles was reported previously, for example, by
Machairas (1963), Mann (1984), and Wilson (1984).
These aggregates were not found in the overlying red
and yellow latosols, which suggests that the process of duri-
crust transformation into latosol was accompanied by gold
dissolution and particle division. Silver-poor rims are thin-
ner in the latosols than in the duricrust, suggesting a pro-
gressive upward weathering in the profile. Gold grades
are higher in the latosol than in the duricrust (Larizzatti,
2002), despite the smaller size and number of gold particles
recovered from latosol, which also suggests gold was dis-
solved during the transformation of duricrust into latosol.
All gold grains observed in the regolith are interpreted
as residual relicts that survived weathering of the primary
mineralization. To support this hypothesis, we note (1)
the mushroom-type gold anomaly observed just above
mineralized quartz veins (Larizzatti, 2002); (2) that an
exploration survey performed in the area (geophysics, geo-
chemistry, drilling; RTDM, 1995) was unable to find other
known mineralization in the vicinities of the studied miner-

alized profile; (3) the presence of relict pisoliths of iron oxi-
hydroxides (fragments of duricrust) in the latosol (Larizz-
atti, 2002); and (4) the recognition, despite weathering pro-
cesses, of gold grain primary habits, similar to those
observed in the saprolite, in the latosols.

Grains of weathered primary gold with Ag-poor rims
and Ag-rich zones on internal grain boundaries have also
been observed at Gentio do Ouro in the semiarid northeast
of Brazil (Grimm and Friedrich, 1990) and have several
features similar to those seen at Fazenda Pison. Silver
enrichment always occurs at the contact between the pri-
mary core of the grain and the Ag-depleted rim or zone,
and there is an abrupt contact between silver-rich zones
and silver-poor rims. However, at Fazenda Pison, the con-
tacts between the Ag-rich zones and the core of primary
gold grains tend to be gradational, as shown in Fig. 14A
and B. Grimm and Friedrich (1990) suggest Ag-rich zones
“result from mobilization, separation, and rapid precipita-
tion of electrum by thiosulphate complex formation” dur-
ing weathering.

Webster and Mann (1984) stress the influence of climate,
rock composition, and geomorphological factors in gold
mobility. The supergene conditions prevailing in the Ama-
zon (one bar atmospheric pressure; temperatures of 20—
30 °C; excess free water), the presence of pyrite in the pri-
mary ore, the abundance of organic matter in the surface
soil, and the mushroom-shaped surface dispersion pattern
of gold at Fazenda Pison (Larizzatti, 2002) suggest the
metal could be complexed by a wide range of ligands and
is relatively soluble (Goleva, 1970; Roslyakov et al., 1971;
Baker, 1978; Plyusnin et al., 1981; Stoffregen, 1986; Web-
ster, 1986; Vlassopoulos and Wood, 1990; Bowell, 1993).

Evidence of gold dissolution includes the progressive
decrease in grain size upward in the lateritic profile (except
in the duricrust, where grains are aggregates of separate
individual small grains) and the presence of corrosion fea-
tures on grain surfaces, as observed by other authors (Colin
et al., 1989a,b; Colin and Vieillard, 1991; Porto and Hale,
1996). Rounding and pitting increase upward in the profile,
indicating dissolution of gold due to exposure to weather-
ing solutions. There is, however, no unequivocal evidence
of reprecipitation of secondary gold. In most weathering
environments, secondary gold is of very high fineness, con-
taining less than 1.0% Ag (e.g., Mann, 1984; Butt, 1989;
Freyssinet et al., 1987; Santosh and Omana, 1991; Gray
et al., 1992). All gold recovered at Fazenda Pison contain
silver, either throughout in homogeneous grains or in the
core in zoned grains; even the rims of most zoned grains
contain >1.0% Ag. No grains of pure gold were recovered,
though this may be a function of sample preparation, in
that few grains <10 um were recovered. The secondary
gold noted by Freyssinet et al. (1987) in Mali, for example,
is very fine grained, mostly <1 um, and fragile dendrites,
readily destroyed by panning. Freyssinet et al. (1987) and
Santosh and Omana (1991) also observe fine secondary
grains in cavities in gold grains, but these were not found
at Fazenda Pison.
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Fig. 10. Frequency diagrams for ““N”* analyses of Au, Ag, and Cu contents in 17 homogeneous gold particles and 37 zoned gold particles. All data shown

in outline, with results for each phase highlighted in black. (EPMA analyses.)

Silver (0.1-25%) and trace copper (0.02-0.9%) are the
only elements other than gold present in significant abun-
dance. Compositions generally vary from grain to grain
or even within the same grain, as noted by other authors
(e.g., Boyle, 1979; Desborough et al., 1971; Antweiler and
Campbell, 1977; Morrison et al., 1991; Knight et al.,
1999). The grains are either homogeneous (with minor vari-
ations in Au—Ag contents) or zoned, with silver-rich cores
and thin, silver-poor rims. Some of these silver-poor rims
are composed of essentially pure gold. Copper contents
show much less variation, with similar abundances in
homogeneous grains, cores, and rims. Gold from the stock-

work saprolite differs from that in the granophyre sapro-
lite, in that both cores and rims in grains from the
stockwork appear to be more silver rich, and rims are rel-
atively rich in copper.

Silver-poor rims have been observed on the surfaces of
primary gold grains in lateritic profiles and placer deposits
(Desborough, 1970; Mann, 1984; Giusti, 1986; Michel,
1987; Freyssinet et al., 1987; Freyssinet and Butt, 1988).
The presence of zoned grains in the regolith at Fazenda
Pison, silver-poor zones adjacent to internal fractures and
as rims to the grains, sharp internal contact between the
core and these zones, and high fineness of the rims are



J.H. Larizzatti et al. | Journal of South American Earth Sciences 25 (2008) 359-376 371

Gold (%)

(RS I - = N ]
I\J-ho\oco

Silver (%)

81.25 87.50 93.75 100

125 7.50 13.75 20

Copper (%)

NS S Lk

0 0375 0.750

Yellow latosol: 11 analyses in 3 particles

10

(IS A=A T ]

.

[ A ]

81.25 87.50 93.75 10

125 7.50 13.75 20

25
20
15
10
5

0 0375 0.750

Red latosol: 15 analyses in 4 particles

10

[SE I S ]

Yo S G

=

81.25 87.50 93.75 100

1.25 7.50 13.75 20

0 0375 0.750

Duricrust: 21 analyses in 6 particles

[Se]
vroes
]
]
|
]

81.25 87.50 93.75 100

1.25 7.50 13.75 20

25
2

—
(9]

0 0375 0.750

Fresh ore: 9 analyses in 4 particles

Fig. 11. Frequency diagrams for “N’” analyses of Au, Ag, and Cu contents in 17 homogeneous gold particles. All data shown in outline, with results for

each phase highlighted in black. (EPMA analyses.)

consistent with the rims being secondary features. The
results from Fazenda Pison provide more quantitative data
for silver and copper, which indicate a general relationship
between the silver contents of core and rim and that copper
contents are seemingly unchanged. These latter observa-
tions differ from other reports, which do not note any com-
positional relationships between core and rim, rather the
absence of both silver and copper. The presence of zones
of silver enrichment between the rim and core confirms
similar findings by Grimm and Friedrich (1990). Three
principal theories can be advanced regarding the formation
of silver-poor rims:

1. Precipitation (plating) of gold. The Ag-poor gold is
derived from higher levels in the regolith profile, topose-

quence or drainage, and precipitates on the surface of the
grain. Precipitation can be caused by changes in solution
chemistry, reaction with metal ions such as Fe and Mn that
break down complexing ligands (Conklin and Hoffmann,
1988), or catalysis by solids (Boyle, 1979), of which free
gold is one of the most effective. Plating by reprecipitated
gold is considered to have occurred in some placer deposits,
which may contain pristine, commonly fragile, discrete
grains of secondary gold, and zoned grains in which relict
primary gold has silver-poor rims exhibiting delicate struc-
tures and clear crystalline habits (e.g., Webster and Mann,
1984; Giusti, 1986; McCready et al., 2003). Such structures
have not been reported from weathering profiles; crystal-
line and other forms of secondary gold are described as dis-
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Fig. 12. Frequency diagrams for “N”” analyses of Au, Ag, and Cu contents in (A) rims and (B) cores of 37 zoned particles. All data shown in outline, with

results for each phase highlighted in black. (EPMA.)

crete grains, not continuous overgrowths on relict primary

nuities is difficult to explain by this mechanism.

2. Self-electrorefining. In this process, an Au-Ag alloy
grains. Furthermore, precipitation along internal disconti- dissolves electrochemically at the interface with a weather-
ing solution, and gold, the more inert metal, reprecipitates
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Fig 12. (continued)

onto the surface of the grain (Groen et al., 1990). The pro-
cess results in the formation of lobate overgrowths of rep-
recipitated Au, and silver is leached by the weathering
solution. The reaction is maintained by the difference in
electrical potential between the gold-rich areas and the pri-

mary gold-silver alloy. However, overgrowths that com-
pletely cover the primary grain core would restrict access
to the primary gold-silver alloy and interrupt the process.

3. Selective depletion of silver. Preferential silver deple-
tion from the primary grain by interaction with soil,
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Fig. 13. SEM images (backscattered electrons) of gold grains recovered
from saprolite (granophyre) showing silver-enriched zones (dark grey),
following discontinuities in gold grains filled by silver-poor gold (light
grey).

Fig. 14. Backscattered electron image (SEM) of a zoned aggregate grain
from duricrust, with silver-poor zones at the contact between individual
particles. Note different tones of grey in core zones.

ground, or drainage water is the most probable process in
the regolith, with the presence of silver-poor zones along
internal fractures as the most compelling evidence (Colin
and Vieillard, 1991; Gray et al., 1992). Silver depletion
develops from the outer rims and discontinuities (probably
crystal boundaries) within the grains, allowing weathering
solutions to interact from the surface to the centre of the
grains. According to Gray et al. (1992), the rims could be
a consequence of galvanic reactions on the grain surface
involving simultaneous solution of Ag" and Au™ ions.

Gold would reprecipitate immediately, whereas Ag would
be removed by the leaching solution. Retention of Cu in
the rims and zones of silver enrichment, noted in this study,
add weight to this conclusion.

The variations in morphology and composition of gold
grains in the regolith at the Fazenda Pison “Garimpo”
are products of processes that have caused the weathering
of the mineralized rocks to form saprolite, the formation of
the lateritic duricrust, the destruction of the duricrust, and
its transformation to latosol. Costa (1997) describes mature
and immature laterite profiles in the Amazon region as a
result of two distinct periods of laterite formation in differ-
ent climatic conditions. The observation that large, aggre-
gate grains occur only in the duricrust may be significant,
assuming it is not due to poor sampling statistics or a var-
iation in the primary mineralization. It is possible these are
remnants of primary polycrystalline grains, preserved by
the cementation of the duricrust. Similar grains would have
been present in the saprolite, but ongoing exposure to
weathering may have caused them to disaggregate or be
sufficiently weakened not to survive panning. Similarly,
aggregates released from duricrust during latosol forma-
tion may have been further weathered, so that none sur-
vived. The corrosion of silver-poor rims on grains in the
latosol is evidence for this latter weathering.
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