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Figure 6.33: Copper, Ni and Co distributions at Jacomynspan (after Tordiffe et al. 1989).
A) Element distributions about the ore body.

B) Selected element concentrations in calcrete across mineralisation.

The latter are presumed to have formed by earlier weathering event(s) under more humid conditions
prior to calcrete formation. In an earlier study, Vermaak (1984) found that metal concentrations in soil
(30-200 ppm Cu, 45-205 ppm Ni) and calcrete (40-1730 ppm Cu, 45-2330 ppm Ni) were greatly
reduced relative to mineralised schist (0.10-0.49% Cu, 0.15-2.30% Ni) (Table 6.3).

The results suggest that both soil and calcrete can be used to determine the location of the ore body.
Copper, Ni and Co concentrations are nearly always higher in the calcrete than in the soil. Tordiffe
and colleagues interpreted this as an indication that the elements are relatively immobile and precipitate
readily in the carbonate under high pH conditions. Another possibility is that metals are greatly
diluted in the soil by the presence of the acolian sand.
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Table 6.3: Element concentrations in different regolith materials from profiles
(written communication Tordiffe 2000; background data from Vermaak 1984).

Sab’l‘;'_"e Sa[\'l‘;'_"e cu | Ni | co| Po | zn
a1 C 131 [ 194 | 19 | 26 | ©
c 1731 | 2331 | 220 | 20 | 40

c+MS | 2745 | 4356 | 155 | 35 | 58

Ms+C | 4898 |23082| 1285 | 22 | 126

1 S 191 131 15 53 60
c 249 | 217 22 38 19
MS 1546 | 1543 | 151 40 45
2 S 199 | 133 20 50 58
c 241 349 29 35 32
MS 496 | 450 99 39 129
3 S 135 | 206 23 62 36
c 219 | 271 27 37 10
MS 361 642 81 54 74
21 S 81 109 9 59 89
c 121 192 10 47 16
MS 1045 | 1972 | 111 48 49
29 S 32 43 8 54 36

C+S 30 50 5 47 25 S Sail
MS 1360 | 2236 | 113 29 44 C Calcrete

30 S 51 71 1 54 35 | MS Mineralised schist
Cc 39 36 19 32 6
MS 1586 | 1815 | 141 52 62
Background C 80 114 7 34 1"

(132) Putsberg Copper Deposit, South Africa (Garnett et al. 1982)

The Putsberg Copper Deposit is located within the high-grade metamorphic terrain of the Namaqualand
Metamorphic Complex. It is found in supracrustal rocks of the Bushmanland sequence (quartzites,
ferruginous quartzites, aluminous schists, pink gneiss, amphibolite and calc-silicate rocks). Trenches
across the area revealed the stratigraphy and provided access for sampling the soils and underlying
material. At Putsberg, calcrete is commonly 2 to 7 m thick, but locally can extend to as much as 15 m
depth, and is developed on and within bedrock. The upper contact of the calcrete is well defined in
most cases, but the base is gradational. The ore zone itself is concealed by calcrete only 0.4 m thick.
Immediately upslope of the ore body, the calcrete consists mostly of boulders and nodules (up to 0.5 m
diameter), having calcareous silty cores and laminated carbonate skins, in a silty calcareous
groundmass, but this changes to both nodular and finer calcrete further upslope and downslope (Figure
6.34D). The calcrete horizon is abruptly overlain by a sandy soil that has residual, aeolian and
colluvial components. Over mineralisation, gossan fragments are present within calcrete nodules, soil
and surface lag. Both coarse (1-2 mm) and fine (75-180pm) soil and calcrete samples gave a response
over mineralisation (Figure 6.34A). The background values for Cu in the soil were considered to be
of the order of 25 ppm or less, with the upper part of the calcrete having slightly higher concentrations,
at about 60 ppm (coarse fraction) and 80 ppm (fine fraction). Near the ore zone, the strength of the
geochemical response was found to be significantly greater in the calcrete than in the soil, particularly
in the samples overlying the downslope section of the mineralisation (compare soil and calcrete graphs
in Figure 6.34A). However, the overall width of the anomaly was probably greatest in the fine
fraction of the soil. Thus, the mineralised zone was anomalous at 40 ppm, with scattered maxima
greater than 200 ppm. Nevertheless, Cu, Zn and Pb contents were still greatly depleted relative to
bedrock, and Cd and Ag were anomalous only in the coarse fraction.

Most of the decrease in base metal contents from saprolite to calcrete and calcrete to soil can be
explained by dilution of mineralised saprolite and derived gossanous fragments by carbonates and
quartz float, although some leaching may have occurred during calcrete formation. The association of
Cu and Zn with heavy minerals and ferruginous fragments at Putsberg and nearby Kantienpan was also
clearly demonstrated (Figure 6.34B and C). Garnett et al. (1982) and Vermaak (1984) both
recommended the upper part of the calcrete horizon for regional sampling, because of (i) the higher
metal content of the calcrete, and (ii) locally, the soil may either be absent or composed entirely of
transported material. Garnett et al. (1982) demonstrated that the Zn anomaly could be enhanced by
removal of the carbonate diluent using an acidic ammonium acetate leach and analysing the residue
(Figure 6.34A). This wet chemical technique may not, however, be practical for routine exploration.
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Figure 6.34: Copper and Zn distribution and regolith stratigraphy at Putsberg and Kantienpan (after Garnett et

al. 1982).

A) Concentrations of Zn and Cu in different sampling media across mineralisation.

B) Concentration of Cu in heavy minerals and ironstone chips (ferruginous granules) at Putsberg.
C) Concentration of Zn in heavy minerals and ironstone chips (ferruginous granules) at

Kantienpan.
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(33 ) Bou Grine Lead-Zinc Deposit, Tunisia. (Leduc 1986, Guedria et al. 1989)

The Bou Grine Lead-Zinc Mine is located at the edge of the Lorbeus diapir about 150 km SW of Tunis,
Tunisia. The stratigraphy consists of Triassic claystone, gypsum and sandstone rocks overlain by
Cretaceous marls and limestones (Figure 6.35A). Three styles of mineralisation occur: (i) lenticular
sulphides (sphalerite, galena and pyrite) associated with celestite and barite at the contact between the
Triassic and Cretaceous rocks; (ii) disseminated sulphide mineralisation in Cretaceous limestones; and
(iii) a semi-massive sulphide body that cross-cuts the Cretaceous sediments and is characterised by
high Zn contents (> 20%). The reserves at 4% cut-off grade were estimated at 7.3 Mt @ 2.4% Pb and
9.7% Zn, and represent one of the largest base metal deposits in North Africa. Regional
geomorphology is characterised by gentle slopes descending from the diapirs. Mean altitude is 500 m,
the climate is semi-arid with an annual rainfall of 500 mm, and the natural vegetation consists of small
trees and shrubs that have been heavily grazed.

The regolith stratigraphy consists of five units (Figure 6.35B):

1) surficial horizon containing colluvial material composed of parent rock, disseminated quartz and
re-worked fragments of calcrete. Thickness increases downslope to 1 m. There is commonly
asharp contact between this unit and underlying units;

2) two 0.1-0.4 m thick calcrete sub-horizons consisting of thinly-bedded lamellae separated by friable
material resembling saprolite. The lower lamellar sub-horizon is of white to pinkish sub-horizontal
sheets that are about 2 cm thick, slightly indurated with carbonate, and alternating with thin beds of
saprolite. The upper indurated sub-horizon consists of calcareous material, is micro-grained
(micrite) and hard, and displays light and dark bands;

3) nodular calcrete 0.5-1 m thick consisting of calcareous nodules about 0.5 cm in diameter, weak to
medium hardness, white to pink, and a fine-grained texture. The nodules generally have a hard
core of saprolite;

4) thin saprolite (0.25 m) developed directly on Triassic or Cretaceous parent rocks.
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Figure 6.35: Geochemistry and stratigraphy of the Bou Grine Lead Zinc Mine, Tunisia (after
Goudria et al. 1989).
A) Local geology of the Bou Grine area showing profile and traverse locations.
B) Regolith detail and profile locations.
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Figure 6.35 (continued): Geochemistry and stratigraphy of the Bou Grine Lead Zinc Mine, Tunisia
(after Goudria et al. 1989).
C) Geochemical profiles and selective extraction studies.
D) Pb and Zn losses relative to bedrock as a function of carbonate content.

A petrological study indicated a progressive replacement and in-filling of cracks of the original parent
rock material by micrite (fine-grained carbonate). The replacement conserves structural and
geometrical features and volume, even though its constituents disappear. The geochemical and
petrological data suggest that during hard calcrete layer formation, assumed to have been derived from
re-working of the parent rock, absolute concentrations of metals such as Pb and Zn have decreased
compared with the parent rock (Figure 6.35D). Of the Pb and Zn in the calcrete, >95% is soluble in
dilute HCl. In samples that have lower carbonate contents, most Pb and Zn are not soluble but are
associated with Fe oxides (Figure 6.35C).

In conclusion, Guedria and colleagues suggest that hard calcretes are not an ideal sample medium to
use in base metal exploration but recommend that material beneath the calcrete is probably better even
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though this may still be partly calcareous. They suggest that anomaly contrasts decrease with
increasing age of the calcrete and repetition of periods of calcrete formation.

Leduc (1986) performed an orientation study over the Bou Grine Lead Zinc deposit comparing "humic"
soil with calcrete. In contrast to Guedria et al. (1989), Leduc found that there was little difference
between Pb and Zn contents of the soil compared with the calcrete, although metal contents in the
calcrete were slightly lower (Figure 6.36). Both sample media appeared to be capable of locating
mineralisation. A subsequent geochemical survey carried out on a 25x50 m grid established
anomalies that were later successfully drilled.

The different conclusions from the two studies are not easily explained from the given data. The
study of Leduc (1986) suggests that it is not necessary to avoid calcrete during sampling, whereas the
more detailed study by Guedria et al. (1989) clearly indicates that metal concentrations have been
reduced by absolute amounts during the process of calcrete formation presumably by a leaching
process.
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Figure 6.36: Geochemistry and stratigraphy over the Bou Grine Pb-Zn Mine (after Leduc 1986).

6.2.4.2 Transported overburden host (TypeT)

(34 ) Kadina, Yorke Peninsula, SA. (Mazzucchelli ef al. 1980, Butt 1992)

Proterozoic sulphide mineralisation (2% Cu) at Kadina, SA, is obscured by up to 70 m of Cainozoic
transported and residual overburden (Mazzucchelli et al. 1980). Nodular, powdery and massive
calcretes (0.6-2.0 m thick) developed within shallow clay loam soils overlie up to 40 m of transported
clays deposited on saprolite. A study of Cu distribution was conducted over an area with relatively
shallow overburden (5-10 m). The calcretes are alkaline (up to pH 9.5), whereas underlying units are
acid (pH 4.5-6.0). Copper is distributed in narrow zones (to 15 m wide) in saprolite with >1000 ppm
Cu surrounded by ~90 m wide dispersion haloes defined by the 250 ppm contour (Figure 6.37).
Analysis for cold-extractable (acid ammonium acetate) Cu gave a 'mushroom-shaped' anomaly, with
the strongest part immediately beneath the calcrete-clay interface. Low-order anomalies extended
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through the calcrete and were evident in the topmost samples at 1.5 m depth. The extractable-Cu
response at the calcrete-clay contact was similar in location and dimensions to that obtained by
saprolite sampling, but was more evenly distributed. Accordingly, shallower, more widely-spaced
drilling could have been used in the initial stages of exploration without appreciable risk of missing
significant anomalies. The extractable Cu pattern is considered to be due to continuing upward
migration of Cu in highly saline acidic groundwaters, with some lateral dispersion occurring prior to
fixation in the zone of high pH, represented by the calcrete.
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Figure 6.37: Regolith stratigraphy and Cu distribution at Kadina (after Mazzucchelli et al. 1980).

The distribution of Cu and Au was also examined in regolith profiles from the Poona pit at Moonta and
similar results were found. A peak of total Cu (up to 200 ppm) occurring at the base of a 2-3 m thick
calcrete horizon was found to be coincident with the occurrence of alunite in 6-10 m of transported
overburden (Hartley 2000); Au concentrations were commonly higher (>4 ppb), however, in the
calcrete horizon.

(35 ) Rocky Range Copper Deposit, Utah, USA. (Erickson and Marranzino 1960, Butt 1992)

A similar hydromorphic mechanism to that at Kadina is considered to have formed an epigenetic Cu
anomaly in calcrete coatings on pebbles in alluvium downslope from mineralisation at Rocky Range
Copper Deposit, Utah, (USA), although the dispersion is governed principally by gravity rather than
upwards migration of groundwater. A chalcopyrite-bearing skarn is overlain by 6-70 m of alluvium,
on a gently sloping (70) pediment footslope in the Rocky Range mountains (Erickson and Marranzino
1960). The Cu distribution and anomalies (>300 ppm), shown by the <180um fraction of the alluvial
soil, probably indicate detrital Cu minerals derived from old workings upslope, although a few isolated
high values were present above the buried mineralisation (Figure 6.38). In contrast, the Cu contents
of calcareous crusts scraped from pebbles were highest (200->400 ppm) close to mineralisation, and
the ratio Cu in calcrete/alluvium exceeded 1.5 at sites overlying or downslope from it. Thus, Cu
appears to have been liberated from the sulphide mineralisation under acid conditions and precipitated
preferentially in the neutral to alkaline environment of the calcrete. Dispersion is presumably further
augmented due to mechanical dispersion downslope.

( 36 ) Mt Gunson, Stuart Shelf, SA. (Lintern et al. 1998)

The Mt Gunson Copper deposits occur in the Neoproterozoic Stuart Shelf, overlying the eastern edge
of the Gawler Craton (Figure 6.39A). They lie 60 km W of the Torrens Hinge Zone, which separates
the Shelf from the Adelaide Geosyncline and coincide with a NNW-trending transcontinental gravity
lineament (the G2 corridor), which continues through the Olympic Dam Deposit (O'Driscoll 1986,
Preiss 1993). Mineralisation occurs in several units of the Adelaidian and pre-Adelaidian sequence,
but principally in the Pandurra Formation, Cattle Grid Breccia, Tapley Hill Formation and Whyalla
Sandstone. Two major styles of mineralisation are recognised at Mt Gunson and exemplified by the
two areas studied by Lintern et al. (1998) (Figure 6.39B). Firstly, in the Cattle Grid open cut mine,
mineralisation generally occurs at the interface between the Pandurra Formation and the Whyalla
Sandstone. According to Van Herk et al. (1975), the ore is flat-lying, stratiform and epigenetic, lying
beneath 15 to 35 m of Whyalla Sandstone and up to 10 m of Quaternary sand. The mineralised unit
(termed Cattle Grid Breccia) consists of a blanket of brecciated, silicified, red-bed Pandurra Formation
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sandstone, averaging 4.5 m in thickness (Williams and Tonkin 1985, Preiss 1987). Secondly, at the
Windabout Prospect, Cu mineralisation is much deeper and is largely confined to black calcareous
shales of the Tapley Hill Formation, which, in the area studied, occurs at depths between 65 m and 97
m depth, with a general thickness of 15 to 25 m. It is separated from the Quaternary units by
Tregolana Shale and Whyalla Sandstone. The richest Cu grades (average 1-3 % Cu) occur at the base
of the Tapley Hill Formation at about 70 m depth, and the indicated mineral resource is 18.7 Mt of Cu
at 1% and Co at 0.05%. No Cu data are available for the lower regolith above the Tapley Hill
Formation, although Cu concentrations in the Whyalla Sandstone immediately above the Tapley Hill
Formation are generally of 10 to 100 ppm (data derived from Pacminex Pty Ltd).
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Figure 6.38: Copper distribution at Rocky Range (after Erickson and Marranzino 1960).
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The area surrounding the local high point of Mt Gunson (259 m AHD, about 100 m above the
surrounding terrain) has relatively low topographic relief and is dominated by low rises related to
Proterozoic outcrop (Figure 6.39A). The Cu deposits are located just W of Pernatty Lagoon, which is
one of a number of large, rectilinear, and approximately N-S oriented dry salinas in this region.
Cainozoic sediments, in particular the Quaternary orange sand dunes and related sand spreads, mantle
the pre-Cainozoic land surface and impose a local and regional topographic pattern (about EW).
Aeolian dust as clay, silt, carbonate and gypsum, has been incorporated by illuviation and solution into
the otherwise sandy (also aeolian) Cainozoic sedimentary landforms.

The available mine pits provide an excellent window into the regolith, which is otherwise poorly
exposed in this area. Tertiary and Quaternary weathering and concomitant cementing processes have
modified the regolith. Crystalline gypsum veining is common within the Quaternary sand spreads and
appears to pre-date the calcrete influx and normally underlies it. Large (cm scale) individual euhedral
gypsum crystals are also found in the red-mottled gley clays that overlie the Stuart Shelf sediments at
Windabout. These gley clays are probably either mid to late Tertiary or early to mid-Quaternary in
age and may represent slow deposition under water-logged conditions. Carbonate occurs as silt, sand,
earthy coatings and segregations, or as more indurated forms of calcrete-grain cement/coatings,
pisoliths and nodules. Calcrete is generally present throughout the Quaternary sands in the Cattle
Grid area but, at Windabout, it is restricted to near the surface and to the base of the sands (16-17 m
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Figure 6.39: Element distribution and regolith at the Mt Gunson Copper Deposits. A) Local geology showing
location of regolith profiles. B) Cartoon of geological section showing two styles of mineralisation.
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Figure 6.39 (continued): Element distribution and regolith at the Mt Gunson Copper Deposits.
C) Cartoon of regolith profile. D) Distribution of Co and Cu in regolith profiles.

depth), just 2 m above the gley clays. Manganese-rich materials are present as cutans, gypcrete
coatings or inclusions, and occur low in the Cainozoic sand profile (>6 m). A distinct narrow zone of
dark Mn-rich material was observed in two profiles at Cattle Grid (Figure 6.39C).

Three reagents were sequentially used on an aliquot of pulverised sample to examine the solubility of
selected metals (Ca, Mg, Fe, Ag, As, Au, Bi, Co, Cr, Cu, Ni, Pb, Th, U and Zn) in three different phases
in the regolith (Chao, 1984): (i) pH 5 acetate solution (for the carbonate and surface adsorbed metals
phase), (ii) 0.1 M hydroxylamine (Mn oxides-oxyhydroxides phase) and (iii) 0.25 M hydroxylamine
(amorphous Fe oxides phase). A separate aliquot of sample was dissolved using a triple acid digest to
enable calculation of a fourth "insoluble" phase.

At Cattle Grid, anomalous total concentrations of Co, Cu, Ni and Zn were found sporadically, but not
consistently, in the soils (Figure 6.39D). Manganese oxide staining is common throughout the soils,
but only in three profiles (2, 5 and 6) is Mn sufficiently concentrated to be clearly visible on the pit face.
Here, it was found that highly anomalous concentrations of Cu (and other metals) were associated with
Mn oxides, which occur as grains, flakes, fragments and coatings on sand grains and larger sandstone
clasts.
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The Windabout profiles showed generally poorer surface soil responses for most base metals and
chalcophiles (Cu, Ni, Pb and Zn) compared to Cattle Grid, perhaps reflecting the greater depth of
sediment (70 m compared with 30 m) or the different style of mineralisation. In contrast, Co appears
to be anomalous at Windabout in the top 20 cm and appears to be associated with Mn in
theacetate-extractable (calcareous) fraction. The gypseous horizon immediately beneath has generally
lower concentrations of Co and Cu.

The reagents dissolved only minor proportions of the total Fe, with the greatest dissolution for 0.25 M
hydroxylamine. In general, extractable Mn is 50% or more of the total Mn, with most dissolved Mn
in the pH 5 acetate solution, possibly representing trace Mn substitution in the calcrete either in calcite
or, as the separate phase, rhodochrosite. At Windabout, the limited data suggests that for Cu, Zn and
Pb, at least, no significant concentrations can be found in the upper regolith, even though these
elements are associated with the Tapley Hill-style of mineralisation (Johns 1974, Rattigan et al. 1977).
However, there are clear enrichments of these and other elements with Mn-rich materials, although
additional sampling is required to test the exploration utility of such materials. The situation for Co is
less clear, with significantly high concentrations found in surficial materials and apparent associations
of Co with higher Mn in the calcareous horizon.

6.2.5 Platinum case studies

( 37 ) Plat Reef, Bushveld Complex, South Africa (Frick 1985)

A study of the regolith in the Plat Reef area of the central Transvaal indicated that in most areas a thick
colluvium is present. The colluvium is derived from material that has been moved considerable
distances. As a result, a study of volatile elements such as Hg, As and S as geochemical indicators of
underlying mineralisation was undertaken. The behaviour of these elements was compared with
elements such as Ni, Co, Cu and Fe that were considered to be non-volatile and have moved laterally
with the soil. Ferruginous material is common in the area, whereas calcrete is present in only limited
amounts.

The Plat Reef consists of a stratified horizon in the Bushveld Complex with appreciable amounts of
sulphides, copper sulphides and PGEs (Figure 6.40A). Four traverses crossing mineralisation were
investigated and results suggested to Frick (1985) that, where colluvium is thin (1-2 m), all the
elements used could locate mineralisation (Figure 6.40B). Where colluvium is thicker (>4 m), only
Hg yields anomalies (directly above mineralisation), whereas other elements gave erratic results.
Mercury concentrations also appeared to be higher above faults that intersect the ore body and were
related to the depth of the ore body. Arsenic gave erratic results probably because it can become
adsorbed on other components in the soil such as Fe oxides. Frick (1985) considers this to be the
result of the reaction between arsenious acid and calcite to form minerals of the weilite group
(CaH(AsO4).nH,0) (Figure 6.40C). It also appears that As and Hg may be flushed from the soil by
rain; subsequent replenishment seems to confirm the active nature of the dispersion.
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Figure 6.40: Arsenic distribution at Plat Reef (after Frick 1985). A) Regional geology.
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Figure 6.40 (continued): Arsenic distribution at Plat Reef (after Frick 1985).
C) Arsenic versus CO, (calcrete) for traverse H samples.

(38) Windimurra Complex, WA. (Harrison 1990, Butt 1992)

The Windimurra Complex is a weakly layered mafic-ultramafic complex located about 400 km NE of
Perth, WA. Mineralisation containing >2 ppm PGE is associated with narrow (0.8-2.0 m) bands of
disseminated and massive chromite, about 50 m apart. The mineralised sequence is covered by
shallow residual lithosols containing coarse fragments coated by calcrete (R.J. Perring, verb. comm. to
C.R.M. Butt 1990). The <180um fractions of these soils, collected at 5-30 cm depth at 10 m intervals
across strike, were analysed by fire assay fusion followed by ICP-MS. On the traverse illustrated by
Harrison (1990), mineralisation was indicated by an anomaly 130 m wide (maxima 43 ppb Pt, 37 ppb
Pd), defined by a threshold of 8 ppb compared to a background of 2 ppb, for both Pt and Pd. In
comparison, Cu and Ni gave apical anomalies of 230 ppm and 300 ppm respectively. Inspection of
the data suggested that soil anomaly was accurately reflecting mineralisation and a zone with
high-background PGE contents; the extent of the anomaly is such that a wider sample spacing (e.g.
20m) may have been adequate. The specific role, if any, of the soil carbonates in PGE dispersion was
not assessed. Mineralisation was also detectable in stream sediment samples (<180um fraction), using
the same threshold values.

6.2.6 Uranium case studies (summarised from Butt 1992)

6.2.6.1 Introduction

Epigenetic U enrichment in groundwater calcretes, carbonate-cemented sediments and overburden
during the late Cainozoic has resulted in potentially economic surficial deposits. Such deposits are
known in arid terrains in Africa, the Americas and Australia (IAEA 1984). They have formed by the
solution and transport of U from a dispersed source (usually weathering granitic rocks) followed by
concentration and precipitation in a relatively confined site, commonly as carnotite
(K»(UO,),V,04.3H,0). The deposits are classified as follows (Toens and Hambleton-Jones 1984):

1) Fluviatile: in palaeovalleys and drainages containing sediments with aeolian, colluvial, alluvial,
lacustrine or evaporitic components.

2) Lacustrine/playa: in dry or ephemeral lakes with evaporitic and fine-grained clastic sediments.

3) Pedogenic: in residual or transported regolith, associated with calcrete, dolocrete or gypcrete.

The only known deposits with economic significance are of the fluviatile type, with the carnotite
associated with non-pedogenic, groundwater calcretes (Australia and Somalia), and calcareous and/or
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gypsiferous sands and gravels (Namibia and South Africa). Exploration for these deposits has
depended upon radiometric surveys of favourable geological and geomorphological environments,
followed by reconnaissance drilling of the anomalies, which themselves constitute the deposits.  Soil
or regolith sampling to search for a dispersion halo has been unnecessary. Future exploration may
focus on concealed deposits that have formed as precipitates within undisturbed sediments, and those
that have no radiometric expression because either they are very recent (and have not reached
radiometric equilibrium) or differences in mobility have separated the daughter products from the
parent U. Conversely, strong anomalies may be due to the concentration and deposition of Ra either
distant from the U deposit, or where no U deposition has occurred at all. Consequently, understanding
the genesis of these deposits, which involves weathering and dispersion in the regolith, is important for
the interpretation of hydrogeochemical data in the exploration for buried and radiometrically blind
deposits.

6.2.6.2 Fluviatile, lacustrine and pedogenic deposits of uranium

A number of factors may be involved in the genesis of fluviatile and lacustrine deposits (Mann and
Deutscher 1978) but the most important, especially for those in Australia, are the evaporative
concentration of U, V and K in groundwaters and the redox control of V mobility; a lesser role is
ascribed to changes in pH and in CO, partial pressures that cause dissociation of uranyl carbonate
complexes. The cations (U, V, K) are all derived from weathered granitoids and transported in
groundwaters to the valley axis (Figure 6.41). Uranium is soluble as uranyl carbonate complexes and
V as a tetravalent cation. Precipitation of carnotite occurs where concentrations of U and K have been
elevated by evaporation and where V is oxidised to the pentavalent state. This may be where V has
diffused upwards from depth under a redox gradient or where a subsurface bar has caused upwelling of
groundwaters to relatively oxidising conditions, accompanying effects being mounding and spread of
calcrete. However, calcrete is not the only host to mineralisation and in many deposits carnotite is
precipitated in other sediments.
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Figure 6.41: Cartoon of U mineralisation in fluviatile and lacustrine carbonate deposits (after Deutscher et al. 1980).

Enrichment of U may occur in pedogenic calcrete and underlying carbonated weathered bedrock in the
upper 1 to 5 m of the profile. Such enrichment tends to overlie specific source rocks or occur a short
distance downslope from them. It is formed by the capillary rise or evaporative pumping of
groundwater above the water-table, so that activities of K+, V5+ and U6+ exceed the solubility product
of carnotite. Total U contents exceeding 1000 ppm have been recorded (e.g. Minindi Creek, Butt
1988) but, because the volume ratios of source to enrichment site are small, mineable tonnages are low
and the deposits are unlikely to be economic. Pedogenic concentration over source rocks having high
abundances (>5-10 ppm) of labile U may constitute false anomalies in exploration for concealed
primary deposits, the surface expression of which may arise by analogous processes. However,
anomalies derived from primary mineralisation would be expected to contain trace element signatures
in addition to K and V.
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6.3 Discussion

The case studies (summarised in Table 6.4) illustrate the importance of regolith classification in
determining the effectiveness of calcrete sampling when exploring for Au and other metals. For Type
A and Type B regolith regimes, the beneficial use of calcrete, as an exploration medium, is clear.

Target elements appear to be present in other materials at the surface, e.g. lateritic residuum, mottles,
saprolite and quartz, prior to the accumulation of calcrete. Initially, the interaction of pre-existing
material with the gradual introduction of calcrete is one of dilution. Later, the carbonate serves to
displace, disrupt and replace pre-existing materials during the process of calcrete formation. Clasts of
the original host from the micro- to the macro-scale can become incorporated in the calcrete and these
may or may not contain target elements. Thus, the metal contents of calcrete may contain spuriously
high values (particularly Au), which are due to clastic materials incorporated within the material. In
situations where there have been recent additions to the soil profile of calcrete or other acolian material,
metal concentrations may be diluted; aeolian sand can be removed from calcrete by sieving. One
method by which "nugget effects" and diluents (e.g., acolian material) may be averaged for calcareous
soils to give less erratic data, is to take a composite sample of soil using an auger, as is commonly done
in the Eastern Goldfields, WA. This, of course, adds to the costs of sampling, but will provide more
reliable data than soil sampling alone in many circumstances. If aeolian material is particularly
prevalent, e.g. sand then selection of sieved coarse calcrete material should be considered, as has been
successfully used in parts of the Gawler Craton, SA.

Gold occurs in two different forms in the calcrete and, as a result, the selection of calcrete as a
"consistent" sample medium requires some caution:

1) Au may occur in clasts and become physically incorporated into the calcrete, either as a discrete

grain or incorporated within a host, e.g. ferruginous granule.
2) Au appears to have undergone a chemical transformation to a chemical species that allows it to
become concentrated within, rather than diluted by, the calcrete.

This is most clearly shown in profiles where only powdery, newly-formed, calcrete occurs (e.g. Bounty
and Panglo case studies) but it has undoubtedly occurred elsewhere where there is now great
thicknesses of older calcrete and the strong correlations have been lost by other pedogenic processes.
A theoretical physico-chemical process has been proposed for the manner in which Au and Ca become
closely associated in calcrete, but clearly more chemical speciation studies need to be undertaken
(Lintern 1989). Briefly, the process requires Au and Ca to be in the soil environment, i.e. particulate,
colloidal or chemical Au dispersed from host material such as laterite or saprolite and Ca as
wind-blown carbonate. It is proposed that Au is complexed with organic ligands produced by soil
flora and fauna, e.g. fungi, bacteria, algae, plant root exudates. After rain and soil moisture build-up,
the Au and Ca become relatively mobile and are re-distributed independently, albeit over distances of a
few microns, within the soil profile. Some Au and Ca will be adsorbed by plants and re-cycled to the
surface. As the soil moisture dries due to evaporation and transpiration processes, the solubility limits
of the Ca and Au complexes are reached and they are precipitated. Their close correlation in the soil
implies that the solubilities appear to be very similar. The cycle is repeated the next rainfall event,
and so on. Numerous (possibly hundreds or thousands) rainfall events will gradually cause some of
the Ca and Au to become normally (Gaussian) distributed (with respect to distance from the land
surface) in the soil. The distribution is likely to develop a skew to the surface if soil is eroded, or
skewed deeper if rainfall increases over a period of time and/or new material becomes deposited e.g.
sand.

Evidence in support of the process includes:

1) the strong association between Au and calcrete as shown by soil profiles in the case studies;

2) the strong relationship between Au and soil moisture in soil profiles from Argo and Zuleika
(Lintern and Gray 1995b, Lintern and Butt 1992);

3) the soluble nature of Au in laboratory studies (Gray et al. 1990);

4) the hypothetical presence of Au complexes in the near-surface environment (Gray 1998); and

5) the presence of Au in plants (e.g. Lintern 1989).

One of the factors that may influence calcrete as a sample medium is the depth at which it is found.

The depth at which it appears to be accumulating does not appear to be wholly related to, or predictable
from, the annual rainfall, as suggested by Jenny (1941) or Yaalon (1983 ). For example, the rainfall at
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Table 6.4: Case study summary. Locations are in WA unless stated. Mineralisation abbreviated to “min” and maybe secondary in some cases.

No. | Location Type Target Depth to Transported overburden Other information
mineralisation thickness
1 Kalgoorlie A Au Not known As (pathfinder) is diluted in calcrete
2 Mulline A Au <5 <1 Gold in both laterite and calcrete
3 Callion A Au <2 <l Highest Au in calcrete
4 Mararoa B Au 20 <1 Arsenic normalised from Fe oxides, Au over min.
5 Bounty B, T Au <5->10 <1-10 Strong evidence for hydromorphic Au
6 Runway B Au 50 m <1 Anomalous Au in calcrete
7 Lights of Israel B Au <2 <1 Gold in calcrete developed in mottled zone
8 Challenger B, T Au <2-20 <1-20 Au in calcrete — calcrete cementing quartz veins
9 Mt Pleasant T Au <5 <1-5 Probable anomalous Au in calcrete. Particulate Au
10 Granny Smith T Au 5-20 1-3 Mostly background Au in calcrete. Calcrete not in surface material
11 Wombola T Au 40 3-7 Anomalous Au in calcrete. Inconclusive.
12 | Apollo T Au 15 7 Background Au in calcrete
13 Argo T Au 20-30 7-60 Background Au in calcrete
14 Safari T Au 8 5-10 Anomalous Au in calcrete
15 Kanowna Belle T Au 50 5-10 Anomalous Au in calcrete, Fe granules
16 Matt Dam T Au 35 1-16 Anomalous Au in calcrete, Fe granules
17 | Golden Delicious | T Au 20 9-16 Background Au in calcrete
18 Deep South T Au 15 10-15 Anomalous Au in calcareous hardpan.
19 Panglo T,B Au 30 10 Anomalous Au in calcrete and in adjacent saprolite. Inconclusive study
20 Zuleika T,B Au 20 20 Anomalous Au in calcrete possibly unrelated to min.
21 Ghost Crab T Au 40 1-25 Anomalous Au in calcrete
22 | Marigold, USA T Au 30-100 20-100 ?Mobile metals above sulphides due to migration of acid (as H' or CO, gas)
23 Steinway T Au 35 30 Anomalous Au in calcrete, Fe granules
24 Kanowna QED T Au 30 30 Anomalous Au in calcrete. Inconclusive study
25 | Mulgarrie T,B Au 35 35 Inconclusive study
26 | Wollubar-Enigma | T Au 55 55 Background Au in calcrete
27 | Higginsville T,B Au <1-50 <1-50 Anomalous Au in calcrete, Fe granules
28 Kurnalpi T Au 60 60 Background Au in calcrete
29 Nevada, USA T Au/Ag Not known Not known Ag in calcrete used as regional tool for Au deposits
30 [ Pioneer B Ni-Cu <2 <2 Metals occur attached to Mn oxides within the calcrete.
31 Jacomynspan, SA | B Cu-Ni <3 <3 Metals occur attached to Fe oxides within the calcrete.
32 Putsberg SA B Cu 2-15 2-15 Anomalous Cu in ferruginous granules within the calcrete.
33 Bou Grine, Tun. B Pb-Zn 2 <2 Lead and Zn associated with carbonate in the calcrete and not Fe oxides.
34 Kadina T Cu Up to 70 Up to 40 Copper precipitated on calcrete by upward migration of groundwater
35 Rocky R., USA T Cu 6-70 6-70 Copper precipitated on calcrete coatings by downslope water percolation
36 | Mt Gunson T Cu 70 70 m Copper and Co associated with Mn oxides in/about calcrete horizons
37 Plat Reef, SA ABT | PGE Not known 1->4 Arsenic anomalous in calcrete
38 Windimurra B PGE Not known <2 Inconclusive study (insufficient detail)
39 | U Case Studies T U 1->10 1-10 m Valley calcretes anomalous in U to form deposits in their own right
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Laverton (about 220 mm) is slightly less than at Kalgoorlie (about 280 mm), yet the zone of carbonate
accumulation is variable occurring below 3 m and at least to 9 m. Clearly, other factors are important
for the depth at which carbonate (but not Au) accumulates, and may include the following inter-related
characteristics of the region:

1) Type (frequency and duration) of rainfall; rainfall is mostly cyclonic and commonly occurs in large
quantities over a short period during summer months. The high evaporation rates imply that soils
dry more rapidly than in the winter-rainfall areas. This, in turn, results in a shorter growing
season.

2) Hydrology; most rainfall does not percolate down through the soil profile but probably either flows
over the surface, or channels preferentially through macropores that occur in the hardpan; the
clay-rich calcareous soils that occur S of the Menzies Line, on the other hand, allow more general
permeation of water through micropores.

3) Type of vegetation; Acacia dominate the landscape rather than Eucalyptus which predominantly
occur S of the Menzies Line.

4) Low organic content and, presumably, biological activity in soils N of the Menzies Line.

5) Soils are acid becoming alkaline with depth, whereas in the southern Yilgarn, many soil types are
alkaline becoming acid with depth.

The depth of transported overburden is the most important factor in determining whether sampling
surficial calcrete is likely to be effective or not. For Au, there are no comprehensive case studies
demonstrating that calcrete sampling would convincingly lead to the discovery of buried mineralisation
where the depth of transported overburden exceeds 10 m. At some sites e.g. Wombola and Matt Dam,
Au appears to be unusually highly concentrated in the calcrete when compared with other sites e.g.
Zuleika, to be explained by simple upward movement of Au from a buried source. Even where the
depth of transported overburden is less than 10 m, there are many cases where calcrete sampling does
not locate mineralisation and/or where calcrete does not occur in significant quantities e.g Granny
Smith (N of the Menzies Line). Although a fairly detailed study was undertaken, Safari requires
further investigation to prove conclusively that calcrete sampling can be effective through overburden
thicknesses as great as 5-10 m. Here, a mechanism(s) for the accumulation has not been established
but progressive bioturbation, capillarity, soil gas, and vegetation may be involved. The reason for the
accumulation of Au in calcrete at Safari and not in other areas, such as Argo and Apollo where the
depth of transported material is less, is not easily explained but may be due to the possible differences
in age or type of sediments. Superficially, there are sites where anomalous Au in calcrete overlies
deeply buried mineralisation. However, there is strong evidence for the derivation of Au being from
upslope rather than vertically from underlying mineralisation, particularly when detailed studies have
been undertaken e.g., Higginsville and Steinway; these last two sites contrast with Zuleika where
shallowly buried mineralisation barely produces an anomaly at all. In cases where calcrete has been
acclaimed as a sample medium capable of discovering deeply buried mineralisation, unusually high
concentrations of Au in the calcrete e.g. greater than 100 ppb, should arouse suspicion and suggest
other causes. Although many studies may provide good examples of the use of calcrete in transported
overburden, they are often coupled with a paucity of data (e.g. regolith-landform maps, topography,
stratigraphy, detailed soil analysis) for a rigorous scientific appraisal to be made. Unfortunately, many
studies have helped to promote an overly optimistic outlook for the use of calcrete in transported
regolith: this may not be justified.

For Cu and other metals, case studies have been insufficiently detailed or numerous to demonstrate
convincingly that the calcrete horizon, or material just beneath it, are effective sample media in areas of
transported overburden. Only where the overburden is relatively shallow (<10 m), does there appear
to be evidence of concentration of metal in calcrete as with Au, e.g. Kadina and Moonta, but whether
this is due to upwards movement of metal-enriched groundwater or down gradient groundwater flows
e.g. Rocky Range is not clear.

6.4 Recommendations for exploration

(1) The case studies indicate the importance of regolith characterisation before deciding on an
exploration programme for a particular area. At present, this can only be achieved with drilling
and regolith-landform mapping, but recent remote sensing techniques such as airborne EM,
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Landsat TM and radar altimetry may give some hope in being able to map large areas with relative
ease. ldeally, the regolith should be classified in terms of Type A, B or T. In terms of using
calcrete for exploration, regolith Types A and B (regolith developed within variably weathered
bedrock) appear to present fewer problems than Type T (regolith developed in transported material
over Types A or B). The deeper the transported overburden, the less effective is calcrete as an
exploration sample medium. The case studies suggest that where Type T regolith has transported
material exceeding 10 m in thickness, it is unlikely that any response in the calcrete can be directly
attributable to underlying mineralisation.

Calcrete appears to both replace and displace host material, whether it be laterite, saprolite or
sediment, and has a variable effect on the subsequent distribution of elements of interest within the
original material. Calcrete commonly acts as a diluent in soils for base metal exploration,
whereas Au appears to accumulate, or at least reside preferentially, within the calcareous horizons.
The presence of parent material containing high concentrations of metal within the calcrete, e.g., in
ferruginous granules, which may be a by-product of lateritic duricrust disintegration, may tend to
distort the apparent effectiveness of the calcrete itself.

The sampling procedure for calcrete depends on the type, depth and presence of other material.
Nodular or laminar calcretes can be beneficiated by sieving away the fine fraction (particularly
aeolian sand). These may be found at depth and can be sampled by digging small pits and
breaking indurated surface with, for example, a crowbar or a robust auger. Powdery calcretes are
best sampled by taking soil composites (e.g. 0-1 m) with an auger. This is particularly important
on a prospect scale where large variations in the metal content of the calcrete may be expected due
to inclusions. Loose nodular calcretes found on the surface should be avoided since (i) their
origin is unknown, and (ii) they may have been preferentially leached of metals of interest. A
sample size of 1 kg is sufficient for most samples.

The identification of calcrete is most important. Calcrete samples may artificially enhance (for
gold) or dilute (for base metals) the expected geochemical response and so it is important to be
able to compare (in a sampling batch) similar materials or at least be aware of potential
complications. The nature of the calcrete has already been mentioned in (2) above and so
“calcrete” samples could include anything from, for example, a pure calcite deposit consisting of
40% Ca to fresh rock coated with a carbonate skin with a Ca concentration of less than 1%; both
extremes will effervesce when acid is applied. Analysing the sample for, at least, Ca, Fe and
ore-associated elements is recommended for an exploration programme. The analysis of Ca and
field observation of effervescence will assist in estimating the amount of carbonate, although the
presence of gypsum and other Ca-bearing minerals can give falsely high Ca concentrations. Iron
concentrations will provide information on elements known to be scavenged, including pathfinders
for Au, such as As and base metals.

The use of partial or selective leaching techniques appears to be useful in some cases but the cost
of such a procedure may be prohibitive in routine exploration. Leaching is used to enhance a
geochemical response either by (i) removal of a perceived dilution effect caused by the carbonate,
or (ii) specifically analysing for the mobile phase of the metal occurring in the carbonate itself.
Sample spacing depends on many factors. As a guide, sample spacing that should be similar to a
normal soil sampling programme recommended for that area. Obviously, sample spacing may be
quite broadly spaced for initial regional work (1.6 km grid) but may be narrowly spaced for
defining drilling targets (10 m).

Sample preparation and analysis, data handling and interpretation rules apply to calcrete sampling
as they would for any other geochemical programme. Appropriate standards must be included in
submissions to analytical companies and preferably be of calcrete or similar material. Acid
digests of calcretes must be of sufficient strength to digest the carbonate and take up the analyte of
interest. Cyanide digests are recommended for Au dissolution when carbonate is present.
Appropriate detection limits must be used; as a guide, if there is a detection limit of 0.1 ppb
(recommended) then the minimum contoured gridded value should be not lower than 1 ppb, i.e 10
times the detection limit. Do not expect high correlations between Ca and Au from soil samples
(e.g. 0-0.1 m, 0-1 m) collected during a routine sampling programme; high correlations are only
observed in samples collected vertically down a soil profile.

The results indicate that whilst pedogenic calcrete is important for mineral exploration, the role of
groundwater calcretes has not been determined. Uranium is the exception since it may form
mineral deposits within groundwater calcretes in its own right. At Granny Smith, north of the
Menzies Line, calcretes possibly representing an intermediate form were investigated and shown to
be of little value when compared with other regolith materials.
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