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Extended Abstracts 

Preface 
This volume of extended abstracts was prepared for the 17th International Geochemical Exploration 
Symposium (IGES), held in Townsville from the 15-19 May, 1995. The 17th IGES, with the theme 
"Exploring the Tropics", resulted from the collaborative efforts of the Association of Exploration 
Geochemists (AEG), and James Cook University's Economic Geology Research Unit (EGRU). It 
also marked the 25th anniversary of the AEG, a world-wide organisation which, through its 
publication the Journal of Geochemical Exploration, and regional and international meetings, 
promotes the advancement of techniques and applications in exploration geochemistry. Co-sponsor 
of the IGES, EGRU, an industry funded organisation founded in 1982, organises workshops, short 
courses and symposiums, provides facilities for training in economic geology, and produces 
publications covering topics relevant to economic geology. 

Orde:r of Abstracts 
Within this volume abstracts of keynote addresses are presented first, in alphabetical order of first 
author. Abstracts of oral and poster presentations follow, divided into the major themes of the 
symposium, and listed in alphabetical order of first author within each theme. Many abstracts could 
fit equally well into two or more themes, so a subject index has been provided and follows the 
author index at the back of the volume. The subject index is based on keywords listed by authors. 

Responsibility for Abstracts 
Authors are responsible for the contents of their abstracts. Abstracts were requested in camera
ready format and the majority have been reproduced directly from authors' original contributions. 
In some cases, however, contributions were not of a standard suitable for printing. Where this 
occurred abstracts were re-typed and formatted and, sometimes, lightly edited; edited abstracts were 
sent to authors for checking. Where abstracts have been re-typed, a great deal of care was taken 
to check for errors and we apologise to authors for any that we missed. 

Many authors had difficulty finalising travel to Townsville for the Symposium. Abstracts included 
in this volume represent papers that were intended to be presented at the time of going to press. 
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Genesis and classification of ferruginous regolith materials in the 
Yilgarn Craton: Implications for mineral exploration 
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Introduction 

Ferruginous regolith materials are abundant and widespread in the landscapes of the Yilgarn 
Craton. Many of these materials preserve geochemical dispersion patterns from concealed 
mineral deposits (Smith et al, 1992; Anand, 1993; Anand et aL, 1993). There is a wide variety 
of ferruginous materials and their geochemical response to mineralisation and bedrock differs 
according to their mode of origin. They occur as crusts, as lag, as a gravel component in soil, 
colluvium and alluvium, and as segregations and infusions in saprolite. Furthermore, several 
types may occur in a single weathering profile and have developed in different parent materials or 
substrates. Understanding these materials is important for selection of suitable sampling media 
and subsequent interpretation of geochemical data in mineral exploration. In addition, close 
study of the relationship of ferruginous materials to the landscape contributes to the general 
understanding of landscape evolution in the Yilgarn Craton. 

Classification and environments of formation 

The topographic relationships, position within the weathering profile, mineralogical, chemical 
and mesoscopic characteristics of ferruginous materials suggest four main environments for their 
formation. 

1. Lateritic residuum. Lateritic residuum is a collective term for lateritic duricrust and loose 
lateritic nodules and pisoliths. These are thought to have formed, during lateritic weathering, 
within the zone of water table fluctuation. Ferrous iron, released by breakdown of the primary 
minerals under relatively reducing conditions has been redistributed and precipitated as pisoliths 
and nodules under oxidising conditions of this zone. As a result, a ferruginous horizon typically 
develops in upper parts of the deeply weathered profile. Nodules and pisoliths commonly have 
thin (l mm) goethite- and kaolinite-rich cutans, that have developed by deposition of Fe and Al 
around a core. Pisoliths with multiple cutans are rare being found mainly at the base of palaeo
channel infiU. 

Major minerals are hematite, goethite, maghemite, kaolinite and gibbsite with some quartz and 
other resistant minerals. Maghemite is formed by heating of goethite during bush fires. Lateritic 
pisoliths and nodules contain highly Al-substituted goethites, indicating ample availability of 
aluminium during their formation. The major and trace element composition of these materials is 
largely lithodependent at a landscape scale; Fe and Al are largely derived from the underlying 
rocks. However. lateral accumulation of Fe and Al also occurs. 

Several types of lateritic duricrusts (massive, vermiform, fragmental, nodular and pisolitic) have 
been identified in Y ilgam Craton. Some are related to pisolitic-nodular lateritic residuum; others 
to ferruginous saprolite. 

2. Ferruginous saprolite and mottled zone. Ferruginous saprolite is commonly developed over 
mafic and ultramafic rocks by infusion of kaolinite- rich saprolite with goethite and is hard, 
massive to mottled. It occurs below the ferruginous zone and is younger than overlying pisoliths 
and nodules. Fragmentation and collapse of ferruginous saprolite may lead to the generation of 
nodules. Mottled zone is characterised by hematite-rich mottles in a kaolinite-rich matrix. 
Mottles may evolve into nodules and pisoliths. 

3. Iron segregations. These include stratabound and discordant to sub-horizontal Pe-rich bodies 
and lenses occurring dominantly in saprolite. They are dense, dark brown to black and rich in Fe, 
Mn, Zn, Cu and Co. They are non-magnetic and are dominated by low Al -substituted goethite 
( < 5 mole % ), with variable amounts of hematite and quartz; maghemite and kaolinite are absent. 



Iron segregations are the result of extreme ferruginisation, the Fe being derived from a variety of 
sources, including weathering of Fe-rich and/or sulphidic rocks, and by lateral enrichment by 
groundwater. Very low AI substitution in the goethites of iron segregations indicates that they 
must have developed in an environment that was very poor in AI. 

4. Ferruginous materials characteristic of sub-aqueous environments consist of Fe-oxides 
which have impregnated and indurated sediments of various ages and may overlie either 
complete or truncated profiles. The Fe is contributed by broad scale lateral movements so that 
there is no genetic relationship between these ferruginous materials and the underlying geology. 
Typical examples include bog iron ore, and mega-mottles in palaeo-channel sediments. These 
commonly mark former lakes, valley floors, swamps, rivers, streams and channels. Some now 
occupy low hills, due to relief inversion. 

ModiriCation and distribution 

These ferruginous materials were formed within the regolith but their present distribution in the 
landscape has been affected by later erosional and depositional processes . The distribution can 
thus best be described by establishing a framework and regolith-landform regimes (Anand and 
Smith, 1992; Anand, 1993). 

Lateritic duricrusts, lateritic gravels and lag of lateritic nodules and pisoliths outcrop in relict 
regimes, whereas outcrop and lag of hardened mottles and ferruginous saprolite occur in 
transitional to erosional regimes. Lateritic duricrusts, ferruginous saprolites and mottled zones 
are commonly present beneath colluvium and alluvium in depositional regimes that have not 
suffered post-lateritic erosion. 

Erosion of the upper saprolite has lead to exposure of bodies of iron segregations at the surface, 
where they disintegrated and contribute to a coarse lag in the erosional regimes. 

Where erosion has removed most of the pre-existing lateritic regolith, more recent weathering has 
led to the formation of indurated, goethite- and hematite-rich bedrock. This later weathering hns 
not been intense and weatherable primary minerals are retained as important components. 
Disintegration has formed a coarse lag of ferruginous, lithic fragments. 

Horizons of lateritic pisoliths and nodules are generally developed above, or laterally associated 
with, indurated, lateritic duricrust. This gravelly horizon commonly arises from in situ 
breakdown of pisolitic-nodular duricrust, followed by limited colluvial transport. However, if the 
lateritic residuum in upland areas is entirely dismantled, the resultant gravels may be deposited in 
flanking low lying areas. These gravels progressively lose their cutans on transport and arc 
incorporated, with other clasts of diverse origin, within colluvial-alluvial units or occur as 
gravelly lenses. These may be recemented by Fe-oxides and resemble the residual duricrusts 
from which they were derived. 

There are also regional trends in the distribution of ferruginous materials in the Yilgam Craton. 
For example, in the Leonora-Wiluna region, lateritic residuum and ferruginous saprolite form 
commonly extensive buried blankets whereas, in the Kalgoorlie region, they are much less 
widespread. Similarly, iron segregations are abundant in erosional regimes of the Leonora
Wiluna region but rare to absent in the Southern Yilgarn Craton, around Kalgoorlie. These 
differences may reflect contrasts in the tectonic history, geomorphology and /or weathering 
conditions between the two regions. Thus, it may be that neither lateritic residuum nor Fe 
segregations were ever extensively developed in the Kalgoorlie region or that subsequent 
weathering has caused their modification or destruction. 

Relief inversion 

There is no evidence of large scale relief inversion within the Yilgarn Craton despite reports to 
the contrary (Ollier et al., 1988). This is shown by a lack of any dendritic pattern in exposed or 
buried duricrust, and that the palaeo-drainage systems dominantly occupying lower parts of the 
present landscape. However, very localised relief inversion is indicated by small hills formed by 
detrital duricrusts and mega-mottled zones along edges of some lakes. 
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Geochronology 

The ferruginous materials are of varying ages but none has been dated precisely. However, 
stratigraphic relationships suggest that some pisoliths and nodules may date from at least the late 
Mesozoic. Transported maghemite-rich, pisolitic and nodular gravels occur in basal sediments of 
palaeo-channels that elsewhere contain late- Eocene lignites. The transported pisoliths were 
presumably derived by erosion of the earlier lateritic regoliths that predates incision of the 
palaeo-drainage. Eocene sediments themselves have been further weathered to form mega
mottles, probably during Oligocene and Miocene. 

Sampling strategies, :regolith mapping and identification of ferruginous materials 

Understanding the nature and distribution of ferruginous materials helps to develop geochemical 
sampling strategies for weathered terrain. This can be achieved by regolith-landform mapping 
and establishing regolith stratigraphy. When regolith-landform regimes are mapped in an area, it 
generally becomes clear which geochemical sampling media are the most appropriate (Anand, 
1993). 

Where preserved, lateritic residuum forms an ideal sampling medium to detect the widespread 
dispersion haloes from Au and base metal deposits. Lateritic nodules and pisoliths may be 
collected from the surface or near-surface in relict regimes or by drilling in depositional regimes 
(Smith et al., 1992; Anand et al., 1993). Mechanical dispersion of loose nodules and pisoliths (5-
50 m) is very common and thus results in wider anomaly than in underlying duricrust. There 
appears to be no special advantage in sampling magnetic nodules and pisoliths despite the greater 
homogeneity of the sample. On the contrary, some non-magnetic materials are more useful 
because both target and pathfinder elements are associated with goethite and hematite that can 
comprise either the core or cutans of nodules and pisoliths (Anand and Smith, 1992). 

In drilling to sample buried laterite, it is important to be able to recognise and distinguish 
transported lateritic debris from residual laterite. Nodules and pisoliths with yellowish-brown to 
olive green cutans are believed to be confined to residual laterite or those with minimal transport. 
Layers of well- sorted lateritic gravels and a large proportions of nodules and pisoliths with 
chipped cutans may indicate transported laterite. Similarly, layers of maghemite -rich gravels 
within clay-rich units are indicative of transported laterite. 

Where the profile has been truncated, ferruginous saprolite, mottles and iron segregations are 
suitable sampling media, although much closer sample intervals are necessary. Drilling is 
necessary in depositional regimes. Different thresholds must be applied for each sample type. 

Pisolitic and nodular lateritic residuum can be distinguished from ferruginous saprolite by loss of 
the primary fabric and by having abundant hematite and less kaolinite. Maghemite is typically 
absent in mottles and ferruginous saprolite. Ferruginous saprolite differs from iron segregations 
in that it has generally yellow-brown colour, less Fe and may have diffuse mottling and incipient 
nodular structures. 

Ferruginous materials formed in sub-aqueous environments may not be suitable sampling media 
because they are not genetically related to the underlying lithologies. Low Al-substituted 
goethite is the dominant Fe-oxide mineral in bog iron ore whereas hematite dominates mega
mottles of palaeo-channels. Hematite present in mega-mottles may reflect age differences; older 
materials are generally higher in hematite content than younger ones, and may reflect an ageing 
or warmer conditions during formation. Ferruginised wood fragments commonly occur in bog 
iron ore. 

In some situations, mottling has developed in younger transported horizons overlying older 
lateritic residuum, mottled zone or saprolite. Small manganese nodules may also occur at the 
base of such units. Transport is indicated by unconformable contacts. Where no obvious 
unconformity is present, mineralogical data may demonstrate different origins of units in which 
separate parts of weathering profiles have developed. 

Outlook 

Future research activities should include: 



1. Development of uniform and consistent terminology across Australia. 

2. Assesing Satellite and air craft scanner imagery for regolith mapping. 

3. Geochronology of ferruginous materials. 

4. Application of geophysical methods to delineate the distribution of buried lateritic residuum 
in the alluvial sump areas. 

5. Testing effectiveness (geochemical sampling media) of ferruginous materials developed in 
transported overburden. 

6. Establishing the geochemical expression in lateritic residuum of a Au or base metal deposits 
completely immersed within the hypersaline groundwater environment. 
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Methods and trends 
In order to attempt to summarize a meaningful portion of the current state of knowledge of 
supergene deposits and to use this as background to encompass fruitful new directions, long
term publication trends were constructed here using computer-based bibliographic search of 
the GeoRef data base (Fig. 1). As summarized by Sato (1992), systematic investigations in 
this field date as far back as Whitney's 1855 work on the Ducktown, Tennessee deposit, but 
it was not until the tum of the century that a continuous stream of seminal publications 
emerged (De Launay, 1893; Weed, 1901; Emmons, 1901; Van Hise, 1901; and Ransome, 
1910 and 1912). Initial development of large new ore deposits like Butte, Montana (Penrose, 
1894) and Broken Hill, N.S.W. (Jaquet, 1894) propelled these rapid advances. From field and 
microscopic studies, these authors recognized the fundamental paragenesis of ore deposits 
enriched by weathering, particularly the derivation of secondarily-enriched metals by oxidative 
leaching in the vadose zone, their downward aqueous transport and reprecipitation at or near 
the mine ground water table with the effects of enrichment diminishing with depth within 
"unaltered" primary ore. 
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Beginning with these papers published before the turn of the century which defined a 
productive new realm of research with immediate practical benefits in exploration, the total 
nwnber of papers on supergene enriched ore deposits grew only slowly at first, but accelerated 
rapidly into the 1970's as knowledge of supergene effects became an essential part of 
successful exploration strategies globally in arid as well as in tropical regions. As 
exploration geochemistry thrived, this same decade saw increasing diversification of the metal 
suites of interest which included U and Ni in addition to Cu-Mo-Au, Mn-Fe, Pb-Zn, Au-Ag, 
W-Sn, Cd-Hg and Al-Ti-V-Cr. 

Turning points 
1bat dramatic changes are afoot today is evident in the profile of publication over the past 20 
years compared with its peak activity in the 1970's which was clearly a turning point in this 
research field The significance of this precipitous downturn, the probability of recovery and 
its likely time-scale can only be appreciated in light of current trends affecting industry, 
academia and research agencies. Clearly evident in Fig. 1 are two trends reflecting major 
changes in research activity on supergene ore deposits. First, since the peak activity in the 
1970's, there is a rapidly-declining rate of publication to less than one half of the previous 
level. Second, gold emerged as the sole surviving metal of intense interest. This shift away 
from base metals was driven simply by the need to maintain industrial economic viability. 
Consequently, over the past 25 years, research on gold deposits has eclipsed, at least in 
number of papers, efforts focused on base metal and silver behavior from which had emerged 
many of the earlier advances in basic conceptual understanding. These earlier break-throughs 
included supergene differentiation itself, broad understanding of multi-element 
lithogeochemistry (eg. Le Long, et al, 1976), leached outcrop interpretation (Blanchard, 
1968) and the importance of geomorphic understanding (Fink.l, 1982). Although the diversity 
of metal investigations has therefore declined markedly, the recent focus on enriched gold 
deposits has nevertheless provided critical economic stability and has in fact contributed its 
own break-throughs in understanding. These advances include better appreciation of the 
complexities of exploration in lateritized terrains (Smith, 1983) in the cratonal regions of 
Australia, Africa and South America and clarifying supergene gold mobility (Mann, 1984; 
Webster and Mann, 1984) ultimately culminating in the discovery lateritic gold deposits 
(Davy and El-Ansary, 1986; Olson, et al, 1992). 

Objectives 
While these changes in focus and overall activity reflect some successes, they are dominated 
by the economic austerity of the past two decades especially the impact of industrial down
sizing and a shift in academia towards professional careers in environmental areas rather than 
in the previously-attractive fields of economic geology, geochemistry and petrology. 
Acknowledging the sobering implications and causes of the present research trends, the aim 
of this talk is threefold; (1) to review briefly the current state of knowledge of supergene 
enrichment in selected areas, (2) provide insight towards resolving an existing scientific 
controversy particularly lateritic bauxite genesis (Grubb, 1971; Brimhall et al, 1988, 1991, 
1992 and 1994), and (3) highlight exciting opportunities which are unique to surficial aspects 
of geochemistry which could help offset the present state of declining activity in this field. 

High-lighted advances 
Selected advances highlighted here will include: interpretation of leached outcrops and use of 
relict sulfides (Hunt, 1985); electro-chemistry and persistency-field Eh-pH diagrams of Sato 
(1992); ferrolysis (Mann, 1984); mass balance and dynamics of supergene enrichment 
(Brimhall et al., 1985; Alpers and Brimhall, 1988, 1989; Colin et al., 1992); gold 
enrichment mechanisms in laterites, level of exposure and paleoclimatic controls (Freyssinet 
et al, 1990ab; Gray et al, 1992; Zeegers and Butt, 1992); theoretical numerical modeling 
(Ague and Brimhall, 1989); geochronology of weathering systems and correlation's with 
global climates (Vasconcelos et al., 1992); and micro-scale supergene enrichment 
mechanisms (Danti and Brimhall, in progress). 

Conclusions and emerging opportunities 
If researchers and practitioners in this field appreciate the current dilemma, we could reverse 
the state of decline in this field of research. The impact of downsizing is not necessarily all 
negative. Obviously the intense and diversified activity of the 1970's could not be sustained 
under the pressures of shifting metal prices. Translating such inevitable effects into 
educational realities, I perceive a need to better match the orientation and output of new 
young scientists to the demands of the professional market place so that they wil1 be hirable, 

17th/GES, 15-19 May 1995, Townsville, Queensland 

6 



Extended Abstracts 

and sufficiently flexible to adapt to future changes and can remain competitive throughout 
their careers. The scientific mission and range of opportunities is distinct to reverse the 
declining trend and to seek a sustainable level of activity by developing a range of new and 
unprecedented opportunities. My interpretation of the immediate needs in this field is to 
oppose the trend towards over-specialization and instead, to significantly broaden the scope of 
geochemical studies. Make them more interdisciplinary by developing linkages to the rapidly 
emerging fields of paleoclimatology, low temperature isotope geochemistry, high-resolution 
micro beam geochronology, geomorphology, global change and soil genesis. The unique 
record of supergene activity can be best developed in this broad context and will become more 
widely-appreciated as an integral part of surficial process studies. Immediate applications 
emerge in environmental geochemistry, sulfide oxidation and acid mine water remediation 
(Alpers and Blowes, 1994). 

In the opposite direction of enormous global scales of interes~ the advent of new microbeam 
instrumentation appropriate to studies on the scale of microns is ripe for development The 
SHRIMP ion microprobe developed at the ANU by Compston and Williams offers exciting 
new ways to attack problems in surficial systems including establishing the identity of parent 
material and provenance of detrital minerals (Brimhall et al, 1994). Laser Ar/Ar dating 
provides the frrst direct means of establishing a quantitative framework for understanding 
chemical weathering and supergene processes (Vasconcelos, et al, 1992) in a much broader 
geological and paleoclimatic framework. 

By better integrating mineralized supergene systems into the global record of surficial 
processes, including sea level fluctuations and paleoclimates, the current practical necessity of 
proceeding from prospecting in exposed areas where surface indicator methods of exploration 
have been effective to confronting the intrinsically more difficult challenges of working in 
concealed ground (Woodall, 1993) may be eased. Better understanding of the age and origin 
of overlying regolith, its transport history and sites of redeposition can only help. The 
significance of unconformities and the origin of sedimentary sequences including lake bed 
deposits should be useful in evaluating aqueous complexing agents like chlorides. In order to 
more widely integrate ore deposits research with advances in other fields of earth sciences, a 
resurgence of interest in a wide array of base metals besides gold, especially those in types of 
ore deposits proven to be of large size and high grade such as porphyry Cu and Au, 
stratabound Pb-Zn and Cu-U is necessary. 

The broader issue is how can conceptual and technical break-throughs continue to be made 
and better utilized in three in different areas undergoing revolutionary change: (1) exploration 
(Adams, 1993), (2) basic earth science and (3) environmental geochemistry. Current 
revolution is not unique to earth sciences, but is being experienced in other physical sciences 
where restructuring is already underway (Langenberg, 1994). 
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An understanding of the evolution of regoliths and landscapes is a fundamental requirement for 
long-term exploration success, particularly in deeply weathered terrains. By this is meant an 
interpretation of the weathering history as it affects the physical and chemical geology of the upper 
few hundred metres of the Earth's crust, as a basis for planning geochemical and geophysical 
exploration programmes. That such an approach is either desirable or necessary has only become 
fully recognized in the last two decades, and it is only within the last five years that exploration 
procedures based on these precepts have been applied regularly, and then only in restricted areas. 
The purpose of this presentation is to demonstrate why this approach is both appropriate and 
necessary for cost- and technically-efficient, successful exploration. 

Initial mineral discoveries in regolith-dominated terrains, whether glaciated or deeply weathered, 
have generally been made in areas of outcrop, commonly where there is moderate relief, or where 
the commodity is either a weathering resistate or product (e.g. gold) that is readily identifiable. 
Development has then extended into adjacent concealed areas, although not necessarily to the 
extent of investigating features that would assist "green fields" exploration. It is when easily 
explored areas have been exhausted that is becomes necessary to develop a geological 
understanding of the terrain itself, including both the regolith and the landscape in which it occurs. 
Such an understanding requires a wide appreciation of the Phanerozoic history of a region, 
encompassing aspects of its tectonism, volcanism and sedimentology and their influence on, and 
interactions with, climate, weathering and erosion. The last three topics are ones that are not 
adequately covered in conventional geology or earth science courses, so that most exploration 
professionals are ill-equipped to adopt this approach. This neglect is understandable when the 
focus of attention is in regions of strong relief or in the high latitudes, but even in the latter, too 
little attention has been paid to glacial geology in conventional courses. In consequence, study of 
the earth surface is not regarded as truly part of geology, to the detriment of the exploration 
industry. Geologists are taught to recognise and map fresh rocks, even though, in practice, they 
will mostly only encounter weathered ones. Subjects such as geomorphology, weathering and 
regolith development have been studied largely by physical geographers, soil scientists and 
agriculturalists, with the priorities that those disciplines impose. For geological and, particularly, 
exploration geochemical purposes, the most important features are: 

1. the distribution and provenance of all regolith components; 
2. the physical and chemical processes involved in regolith formation and development; 
3. the conditions under which these processes operated, and their relative timing and 
significance. 

Knowledge of the evolution of the regolith and the landscape in which it occurs enables these 
features to be determined and provides the context within which the findings of other disciplines 
can be more readily applied to exploration. Thus, information about the climatic and tectonic 
history of a region may assist in determining the overall weathering and dispersion characteristics, 
including the potential for supergene mineral deposits. More locally, the geomorphology and soil 
distribution can provide information as to the potential usefulness of various regolith materials as 
sample media, and contribute to the interpretation of their geochemical and other characteristics. 

The stable, Precambrian cratons of the major continental landmasses have been dominantly 
emergent for most of the last 1 billion years and, in places, for much longer. They have therefore 
been subjected to sub-aerial conditions during this period, except where local downwarping has 
resulted in regions of mostly shallow sedimentation. In consequence, their land surfaces 



potentially retain evidence of successive cycles of weathering and erosion, with the products of 
these processes contributing to the sediments on the cratons or adjacent basins. Although it is 
arguable that geomorphological evidence of ancient landscapes may persist on most continents, 
ancient regoliths are best preserved on the continents of the present tropics and sub-tropics that 
escaped scouring during the last glaciation. Even here, regolith materials older than the Permian 
are rare and, in any case, dating of the preserved remnants remains problematical. The cratons 
and adjacent basins of South America, Africa, India and Australasia are characterized by 
regionally extensive, deeply weathered, residual and sedimentary regoliths. These regoliths have 
a number of organizational, geochemical and mineralogical properties that point to a similar origin, 
namely that they are the product of seasonally humid, warm to tropical climates, broadly similar 
to those of the present wetter savannas. Such conditions are generally considered to have been 
more widespread from the Cretaceous to the mid-Tertiary, later contracting to the present near
equatorial distribution. Palaeomagnetic data support the suggestion that much of South America, 
Africa and India were largely within the lower, warmer latitudes during this period. However, 
Australia was mostly at high latitudes where, although climates were more humid and warmer than 
at present, they may not have been tropical. Nevertheless, Australia shares the heritage of a deep, 
intensely weathered, leached and commonly lateritic regolith, and a landscape of generally low 
relief. Many geochemical, mineralogical and geomorphological characteristics are similar, 
indicating that the chemical and physical processes involved in their formation are also very 
similar. This seems to be more important, from an exploration viewpoint, than precise details of 
the climates, and particularly the temperatures, under which they occurred. The inherent 
properties of this regolith have a profound influence on the surface geochemical expression of 
mineralization, so much so that these remain dominant despite later modification influenced by 
more recent climatic and tectonic changes. Accordingly, recognition of the early phase(s) of deep 
weathering is paramount and is fundamental to geochemical dispersion and exploration models 
(Butt, 1987). A similar concept applies in areas of higher relief and greater tectonic activity, if 
chemical modification of the regolith is more rapid than destruction by erosion. 

Table 1: Modifications to lateritic regoliths due to changes in tectonic and climatic conditions 
(after Butt and Zeegers, 1992) 

A. Tectonic Activity 
Uplift: 

- increased erosion; 
- lowering of the water-table; 
- irreversible dehydration and hardening of ferruginous and siliceous horizons; 
-increased leaching of upper horizons under more oxidizing conditions. 

Down warping: 
- decreased erosion, increased sedimentation in valleys; 
-waterlogging of lower parts of the landscape and imposition of reducing conditions. 

B. Climatic Change 
To a more humid climate: 

- decreased erosion (due to thicker vegetation); 
- increased leaching and deeper soil development. 

To a less humid climate: 
- increased erosion (due to less vegetation); 
- lowering of the water-table; 
- irreversible dehydration and hardening of ferruginous and siliceous horizons; 
- decreased leaching. 

To a semi-arid or arid climate: 
-increased erosion from uplands, with sedimentation on plains and in valleys; 
- lowering of the water-table; 
-irreversible dehydration and hardening of ferruginous and siliceous horizons; 
-decreased leaching; 
- salinization of groundwater; 
- retention and precipitation of silica, alkaline earths and alkalis. 
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The effects on the regolith induced by change from a seasonally humid climate (whether tropical 
or temperate) and by tectonic uplift or downwarping are summarized in Table 1. These effects 
may lead to both physical and chemical modifications to the regolith; some of these are similar 
and the precise cause may be difficult to identify, particularly when the events are essentially 
contemporaneous. 

Physical modifications have a profound influence on the surface expression of 
mineralization, since they control whether the pre-existing, deeply weathered regolith is preserved, 
partly or wholly eroded, or buried. 

Chemical modifications alter the nature of the geochemical signature of mineralization in 
the regolith. They are induced by changes in drainage status due to tectonic events, or in water 
flux and quality due to climate change, and affect the composition of particular horizons or 
materials, and distributions of elements within the regolith as a whole. 

Efficient and successful exploration of an area is contingent on establishing the influence of these 
modifications. The degree of preservation of the regolith, and the distributions of critical horizons 
and units, is best achieved by regolith mapping, supplemented by drilling to test regolith 
'stratigraphy'. Geochemical modifications can be established by careful orientation studies, 
interpreted in the context of the climatic history of the region. The benefits and scope of the 
landscape-regolith evolution approach to exploration can be demonstrated for many supergene ore 
deposits (e.g. bauxite, lateritic Ni-Co, gold) and for primary deposits concealed beneath thick 
regolith. These are discussed with particular reference to conditions in Australia, where 
modifications are due largely to the imposition of arid conditions. 
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Extended Abstract 
The use of computers to archive geochemical data and its easy accessibility via corporate 
information systems neccessitates the use of data processing and manipulation techniques that can 
efficiently summarize and organize the analytical results into a form that the geochemist can digest 
- the process of turning geochemical data into information. Commonly, such data are multi
element in nature owing to the success of recent developments in multi-channel analysis. 
Exploration geochemists, especially, amass large amounts of geochemical data which have a 
spatial component such as that generated from a large regional geochemical survey. 

An important part of a geochemists work is to think of ways to represent these data so that they 
and others can understand what is going on. Reduction of multi-element data can be carried out 
utilising statistical and graphical techniques. Experience has shown that visual images greatly 
assist the geochemist to develop and share their insights and theories with co11eagues, by providing 
an effective way to pass along their mental images that arc the basis of their thoughts. Computer 
graphics are a very effective way to perform this task and when the relatively new capability of 
animation is applied to graphical representations, more insight into the data can be obtained. The 
presentation of existing data sets using interactive graphical analysis systems a11ows the geologist 
to assess new geochemical data quickly and in an intuitive way. Other techniques utilised in 
CRAE include automated classification systems that have been developed to assist geologists in 
assessing the results of gossan and ironstone sampling (Eggo, 19R3 ). These knowledge-based 
systems rely on the identification of multi-element geochemical "fingerprints" in samples using a 
base of geochemical data representing the surface expression of a large number of known ore 
deposits. 

Geotechnical computing in CRAE has matured to a stage where a significant proportion of data 
processing tasks arc now being performed using personal computers and scientific workstations, 
both in the field and the district offices. Historical geotechnical data, cartographic information 
(e.g. land ownership, tenement, infrastructure, etc.) and catalogue-type information such as 
reports, publications, plans, remote sensing scene purchases, geochemical sampling programme 
boundaries, etc., arc made freely available to all CRAE staff who rc4uirc it using CD-ROM 
technology. Accordingly, integration of geochemical data with other critical information gained 
from geological mapping, geophysical and topographical surveying and remote sensing is carried 
out increasingly by geologists using "desktop mapping" and "geographic information systems" 
(GIS). Recent developments in digital image analysis arc now being applied to the display and 
interpretation of geochemical data which has a spatial component. Continuous tone images allow 
for the recognition of spatial features inherent in geochemical data as the eye and brain can resolve 
pattern differences more easily than that provided by raw data or conventional methods of 
interpretation based on symbol plots (Bji)rklund & Gustavsson, 19R7; Eggo, 19X9). Methods 
which can be used to correct geochemical data for geological and secondary environmental 
processes further add value to the unprocessed geochemical data (Eggo, et. a!., 1995). 

The "added value" products can be merged and combined with second and third generation 
magnetic, gravity, topographic, and remote sensing imagery (Harding & Forrest, I 9X9; Wilford, 
et. al., 1995). Considerable new insight into geochemical processes can be provided by the 
application of these tools allowing the geologist to identify the critical blend of geological features 
characterising areas prospective for potential mineralisation. 

Future discovery of new ore deposits and extensions to existing ones will rely increasingly on the 
detection of mineralisation in areas that have already undergone intensive exploration (e.g. 
Century) or are concealed by thin surficial deposits which increase the noise component in 
geochemical data. Subtle geochemical signatures will need to be detected more reliably probably 
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using techniques which rely on the recognition of multi-element geochemical "signatures'' and 
aberrant patterns rather than detection of simply high geochemical concentrations. Integration of 
the geochemical data with other critical information contained in magnetic and topographic data 
using GIS will also increase the confidence in the interpretation. 
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Regional setting 
The region extends from Thailand and Indo-China, down the Malaysian Peninsula through the 
Indonesian archipelago to Papua New Guinea and the Solomon Islands. The equatorial core of 
the region is largely perhumid tropical rain forest having an annual rainfall in excess of 2000 
mm and a mean temperature above 18°C in the coolest month. (Whitmore, 1984). Drier, more 
seasonal climates are found in much of Thailand and Indo-China, and in a fragmented north
south zone through the centre of the Indonesian archipelago. Topographic relief varies from near 
flat planation surfaces and coastal lowlands, through hills of low to moderate relief, to the steep 
topography of the mountains, the highest peaks of which exceed 4000 m above sea level. As a 
result of active tectonism and volcanism, steep slopes, human activity and heavy rainfall, the 
rivers of the region deliver some of the highest yields of suspended sediment (from 500 to more 
than 1000 t.km·-2·yr-l) in the world to the surrounding seas (Milliman and Meade, 1983). 
(Although not strictly within the region, the island of Taiwan delivers roughly the same sediment 
load to the ocean as the entire conterminous United States!). Part of this suspended sediment is 
trapped in the fringing mangrove swamps. 

Soils 
The chemical and physical characteristics of soils of the humid tropics and the significance of 
their origin and properties to exploration geochemical surveys, will be considered in greater 
detail by other speakers. Nevertheless, it is important to note that generalized landscape models 
can be developed in which the soils (and the closely related forest formations) are related to 
altitude and parent material (Butt and Zeegers, 1992). Distinctive soils in such models include 
the gley soils of the mangrove swamps and floods plains; peat soils of the lowland freshwater 
swamps; heath soils developed on sandy coastal plains and montane sandstones; colluvial 
regosols on steep slopes; and montane peat soils (Burnham, I 984 ). However, the principal soils 
of the lowland and lower montane rain forests are red and yellow latosols (also know as ferrasols 
or oxisols) that grade into podzols (spodosols) at higher elevations. These soils, particularly at 
lower elevations, are developed on deeply weathered saprolites. Because of the very complete 
weathering the soils are usually rich in kaolinitic clays, and oxides and hydroxides of iron and 
aluminium. 

As described by Lecompte and Zeegers (1992) and Butt and Zeegers (1992) the residual or near
residuallatosolic regolith, even where deeply weathered, usually retains some of the geochemical 
signature of the local bedrock and therefore does not present major problems to exploration 
geochemistry (though there may be logistical problems of access, steep slopes and forest cover) 
provided downslope movement, differential mobility of clements, and presence of locally 
transported material are taken into account. An example from moderate to steep slopes in the 
lower montane forest of Malaysia exemplifies these characteristics (Fletcher et al, 1984 ). At an 
elevation of 960m and with a rainfall that exceeds 3600 mm per year, a podzolic soil has 
developed on a pallid granitic saprolite up to 2m thick. Primary mineralization (cassiterite, 
arsenopyrite, chalcopyrite, galena, sphalerite) in the granite is clearly reflected by soil 
geochemical anomalies. The Sn anomaly is enhanced in the surface horizons by preferential loss 
of fines whereas As and base metals are depleted by leaching and loss of fines. The anomalies 
can be traced back to, but are displaced downslope from the bedrock source. For Sn the degree 
of downslope movement increases with decreasing grain size- probably a consequence of greater 
movement of fine cassiterite by sheetwash. 
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Sediments 
Although heavy tropical rains can occur at any time of the year in the perhumid zone, they are 
most frequent in the two annual monsoon seasons when heavy rains often fall several times a 
week. For example, in West Malaysia during the November-January monsoon period there are, 
on average, three rainstorms per week of sufficient intensity to increase the discharge of the 
Sungai Petal and initiate bedload transport of sediment (Fletcher and Low, in prep.). Movement 
of sediment is thus much more frequent than in drier climates and fine sand, silt and clay are 
flushed from the stream bed to be carried downstream and deposited in and alongside low-lying 
alluvial channels, trapped in coastal mangrove swamps, or swept out to sea. Thus, in their 
natural state, streams in areas of even gentle to moderate relief have clean, sandy or gravel beds 
that typically contain less than 1% silt and clay. The texture of the clay-rich latosols and the 
sediments of the streams that drain them is thus very different. 

These relations have interesting consequences for the exploration geochemistry of elements 
associated with heavy minerals. If the heavy minerals are present as fine to sand-sized heavy 
mineral grains (e.g., cassiterite) there is commonly an inverse relation between the concentration 
of the associated element and the size distribution of the soil or sediment. Thus in soils the best 
geochemical contrast is obtained in the coarser fraction, whereas in sediments the elimination of 
clay, silt and fine sand leads to the finer fractions becoming enriched in heavies that "lag" behind 
during sediment transport. This lag effect counteracts downstream anomaly dilution and results 
in the finer fractions of the sediments having long anomalous dispersion trains that, even several 
kilometres from their source, can have anomalous values comparable to those in soils in 
proximity to the mineralization (Fletcher et al, 1987; Fletcher and Low, in prep.). It is therefore 
generally expected that use of the finer fractions ( -63 ~m) of the sediments will benefit 
geochemical drainage surveys for gold and other heavy minerals in the wet tropics. This 
contention is empirically supported by case histories throughout the region (e.g., Watters et al, 
1989; Carlile et al 1990; Nuchanong et al, 1991; van Leeuwen, 1994). Also in this context, the 
gold content of fine sediment from coastal mangrove swamp sediments has been successfully 
used as a guide to adjacent areas of gold mineralization in the Yap and Palau islands (Rytuba and 
Miller, 1990). 

For the base metals and other elements that tend to be leached and/or become associated with the 
finer fractions of the soils during weathering. both dilution and elimination of fines from the 
sediments suggests that stream sediment anomalies are likely to be weaker than in the soils and 
the anomalous dispersion trains relatively short compared to those of the heavy minerals. This 
appears to be the case in the S. Petal. In this situation use of the finer fractions of the sediment 
(to minimize effects of dilution by barren sand) or coarser. multi-mineralic (+ 180 ~m) fractions 
(to minimize the effects of weathering) should be evaluated. 

Anthropogenic effects 
Recent surveys estimate that the rate of removal of tropical rain forest in the region has averaged 
about l o/o annually between 1981 and 1990 (F AO, 1993). Primary forests have been substantially 
removed from some areas (e.g., Thailand) but are still very extensive in others (e.g., Papua New 
Guinea). Logging activity assists mineral exploration by facilitating access to otherwise remote 
regions. However, removal of the vegetation decreases infiltration of rain and increases overland 
flow and rates of erosion. For example, logging activity in lowland tropical rain forest in 
Malaysian Borneo was found to increase the sediment yield nearly twenty fold (Douglas et al, 
1992). Part of this increased yield is deposited in and alongside stream channels and takes at 
least several years to be flushed from the channel after logging has ceased. During this period it 
seems likely that heavy mineral anomalies in the fine fractions of the sediment will be diluted 
compared to nearby undisturbed catchments. 

In areas where the forest cover is completely removed and the land converted to agriculture, rates 
of erosion are likely to be more extreme and longer term. This is particularly the case if, as in 
northeast Thailand, the land is plowed prior to planting maize at the onset of the monsoon season 
(Paopongsawan and Fletcher, 1993). In this situation the catchment may have a much larger 
yield of clay-rich sediment than the stream is able to transport. This changes the texture of the 
sediments from a clean sandy-gravel to a sandy-gravel with large amounts of silt and clay. An 



important consequence is that gold anomalies in the sediments can be diluted below the detection 
limit (5 ppb) of conventional fire assay-atomic absorption methods (Paopongsawan and Fletcher, 
1993; Fletcher et al, in press). However, investigations by Sirinawin et al (1986) of a Sn anomaly 
in a mature rubber plantation in West Malaysia suggests that if a permanent cover of surface 
vegetation is reestablished, rates of soil erosion decline to the extent that Sn anomalies in 
drainage sediments are again enhanced in much the same manner as they are in undisturbed 
catchments. 

Conclusions 
In summary, the principle problems associated with geochemical surveys in the tropical rain 
forests of southeast Asia are likely to be logistical rather than geochemical: in general, the 
presence of bedrock mineralization should be detected in related soils and stream sediments. For 
elements transported in drainage sediments as the principal constituents of heavy minerals, both 
the contrast and length of anomalous dispersion trains are likely to be enhanced in the fine sand 
and silt fractions as a result of elimination of fines from the stream bed. This beneficial effect 
can, however, be offset by logging and land clearance that increases rates of soil erosion and the 
supply of fine sediment to the streams. 
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Should Exploration Geochemists be Involved in 
the Environment? 

Brian L. Gulson 

CSIRO Exploration and Mining, P 0 Box 136, North Ryde NSW 2113 

Keywords: geochemistry, environment, Pb isotope fingerprinting, human health, mining. 

With the cyclical nature of the mining industry and the concern for the future of mining in the 
U.S., Canada and Australia arising from litigation and native title claims, should exploration 
geochemists and geologists be involved in environmental issues? 

There has been some parry and thrust on this position in Explore and the SEG Newsletters with 
some correspondents taking the negative stance whereas the overall opinion seems to be on the 
positive side. Even though there has been discussion, neither Economic Geology nor Journal of 
Geochemical Exploration seem to have been inundated with environmental papers. 

For too long tertiary education courses directed to the environment have been the domain of the 
biologist, chemist or engineer. But the majority of environmental issues involve eanh sciences in 
some form or other and this applies especially to those concerned with mining. 

Unfortunately, in many instances the geologists and geochemists address only part of the 
environmental spectrum usually related to their own specialised area. However. it is criticJI that 
they address the full range of issues. This applies especially to implementation of abatemem and 
remediation measures and impact on human and animal health - not just the impact on. for 
example. the lithosphere. hydrosphere and atmosphere. 

One of the fundamental stumbling blocks in environmental issues related to mining activities is the 
suspicion :md lack .)f ..::~;-lJpcr::ttion 'Jet'xe:.::n :he comp:my .)r .::crnp:mies. :he c:m~munir:. jr:J ,m:. 
seif-imeresred parr:es. Cne community \\here this has been ')"ere) me !s n T:·~!l. Er:r;,,:, 
Columbia, but such co-operation appears rare. 

How do we rectify this problem? To begin with. we have to decide whether as g·.:olo~ists ~md 

geochemists we wish :o be involved in environmental issues, especially those re!at~J to rninin~ 
activities. Given the stare of play in )J'orth America centred on Superfund legislation. the potential 
for such litigation to proliferate elsewhere, and concerns expressed by leaders of minin~ 
companies in Australia about environmental (and Aboriginal) "constraints". it ">vould s~.:em 

imperative that geolng:isrs and geochemists become more involved. Funhcr1111>r~. gi·.c:1 th~.: 

sensitivity of environmental issues, earth scientists need to play a major role in environm~ntal 
impact studies. i.e. before mining starts. 

Examples 
It is becoming increasingly recognised within the earth sciences community that much of the Jata 
collected for geological/exploration outcomes provides a magnificent data base for regulatory 
purposes, for water/soil/dust guidelines, for standards of clean-up criteria all focused on the 
assessment and remediation of contaminated areas. A very recent example is the excellent 
compilation of Painter. Cameron, Allan and Rose in JGE. volume 51 ( 1 <)94 ). Also much of the 
work of the U.S. Geological Survey Branch of Geochemistry and the Geological Survey of 
Canada is directed towards the above objectives. 

Three examples of the application of geochemistry to solving environmental problems will be 
briet1y described, two dealing with mining problems and the other a social problem. 

Example 1: Sources of lead in Humans from tlte Broken Hill ,l-'lining Community 
Even though mining (and earlier on, smelting) has been carried out for more than I 00 years in this 
city of 25,000 inhabitants, lead as a public health issue was only recognised in 1991. The issue 
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arose from publicity over high lead (Pb) dust levels in ceilings of houses (up to 3.6o/o Pb), three 
children born with delayed visual maturation~ and later, a NSW Health Department survey .of 899 
children aged 1-4 years which identified about 59% of them having a Pb blood level of > 15 
mg/dL, the Centres for Disease Control level of intervention. As the city is built around mining 
dumps, they have been identified as the probable source of Pb in the children. 

To assist in recommendations for the most suitable lead abatement policies in Broken Hill, 
knowledge of the sources and pathways of the lead into humans is critical. We have approached 
these problems using the lead isotope fingerprinting method. combined with mineral speciation 
and "bioavailability" tests, approaches which have in the past been largely applied to mineral 
exploration. 

High precision lead isotope ratio measurements and lead contents were determined by thermal 
ionisation mass spectrometry on biological samples (blood, urine) and environmental samples 
from 27 families, encompassing 60 children, 41 female adults and 17 male adults. Environmental 
samples analysed (not from every household) included soils, gutter sweepings, ceiling dust, 
vacuum cleaner dust, long-term dust. surface dust wipes, external and internal air, food, water, and 
gasoline. 

Sources of lead have been identified in the blood of children, using lead isotopes, with dominant 
contributions from the Broken Hill orebody, but with individual cases having a dominant source 
of lead from gasoline or paint (fig. I). ~kvertheless. of 28 children with blood lead (PbB) > 15 
11g/dL, ~30°'0 have more than 50°'o of their PbS from sources other than the orebody. Female 
adults generally have low PbS. <I 0 11g/dL and the source of their lead is attributed to air 
(gasoline, orebody), food and \Vater. The sourc:; of lead in male adults can be usually correlated 
with their 
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occupation, depending on whether it is related to high-risk activities such as mining (dominantly 
orebody lead) or service stations (gasoline lead) or "non-exposed". Knowledge of the occupation 
and lead isotope composition in the father's blood is an important indicator of lead pathways. 
Other potential sources of lead such as food and water have lead contents too low to be significant 
contributors to PbB in most children. 

Scanning Electron Microscopy (EDX analyses) identified the most common lead species in soils 
and dusts in houses close to the central mining activity to be composed of as a complex Pb Fe Mn 
Ca AI Si 0 material with rare galena. These lead complexes are quite different from other mining 
communities, such as found in the U.S., where the lead may be in less soluble forms such as 
pyromorphite. or encapsulated in less soluble anglesire, pyrite or quanz. Approximations of 
"bioavailability" (more correctly, solubility) were made by leaching, with 0.1 M HCl for 2 hours at 
37°C, bulk both unsized and a 'critical' size fraction of -537 38 )lM. The 0.1 M HCl extracts 33 -
61% (mean 47;10%, N=7) of the total leachable lead from gutter sweepings, from -1-1- 84% (mean 
60;10%, N=IO) from soils, and 17- >100% (mean 47;38~'0, N=5) from vacuum cleaner dusts. 
Thus a Broken Hill child ingesting soil C dirt') and dust at the currently suggested amounts of~ 100 
mg/day, can readily account for the elevated PbB's compared with many other mining 
communities. Based on these investigations it is possible to construct a flow sheet of sources and 
pathways for the lead into humans at Broken Hill on which to base correct remedial actions 
(Figure 1) 

Example 2 . .lJonitoring leakage around a uranium tailings dum 
Ranger uranium mine in the Nonhem T crritory of Australia has been operating for I ; years. 
Waste from the milling of the ore is stored in a dam covering about II 0 hectares. Any potential 
leakage from the dam could contaminate the groundwatcrs and the environment:J.lly scnsiti\'r: 
Kakadu National Park and is therefore ver; carefully monirored. 
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Lead isotopes in uranium ores have a characteristic fingerprint with 206Pb/204Pb values often 
> 10,000 and low amounts of the thorium,..derived 208Pb. For this study, Pb isotopes ~d Pb 
contents were compared in water and particulates tiltered from the water from the tailings dam and 
from monitoring bores around the dam (Fig. 2.). 

The 206Pb/204Pb value in the tailings water is >I 0.000 whereas that in the 'background' bores is 
generally from 17 to 20. Particulates (0.45 mm+) generally give an enhanced 'signal' compared 
with the waters of any leakage from the tailings dam as shown in Figure 2. It is possible, using Pb 
isotopes in the particulates, to observe isotopic differences in different aquifer systems and 
therefore ascertain whether there is leakage from the tailings dam or other sources. 

Example 3. Journey through a bottle of wine 
Food authorities in many countries have moved to reduce the dietary intake of lead. In this 
context, wine with a lead content of 0.1 mg/kg is a significant dietary source of lead for a person 
who consumes moderate amounts of wine daily; e.g. consumption of 250 ml daily, would 
constitute about 6% of lhe provisional tolerable weekly intake for an adult as recommended by 
FAO/WHO. 

From recent studies it appears :hat the 'natural' lead content of wine falls in the range 0.05-0.100 
m~:kg. However. for many years a proportion of wines has been found to contain lead 
significantly in excess of this range. The data suggest that these wines are contaminated with the 
soluble corrosion products of the tin-lead capsule. either by migration of the corrosion products 
through or past the cork into the wine or during the pouring process. The corrosion products. 
which have been shown to consist of lead carbonate hydroxide and its hydrated form are 
considered to form from the reaction of the acidic wine with the capsule. 

The source of the le:J.d w:J.s determined using Pb isotopes based on the expectations that: 

I) the Pb capsules were manufactured from Pb from different mines and \Vould have a 
variable Pb isotope signature different from that of the wine. and 

:= l bec;w:::;; 1:!" :he llnv Pb concenrr~uion in the wine t usually ...:50 ppb }, any Pb draw·n back 
thmu~h :he ..:;Jr!-;. .vould be ~)b\·ious1y it.kntified b: both the Pb content and isotopic value of 
the Cl)rk. 

Wines. cork. capsules and corrosion products were analysed from >50 bottles of Australian and 
sumc G~nnan wines. including bottles with :J.nd without capsules. the former with varying states of 
corrosion. The Pb isotopic composition of the wine was the same for bottles with and without lead 
capsules even though the \Vine le:1ked out through the cork and reacted with the capsules. 
Furthermore. Ill) Pb cDnccntr:Jtions or Pb isotopic gradients were discernible from analyses of 
di ITert:nt "egments ,)f ...:mks - except for the top l-2 mm. However. for bottles with con-oding Pb 
capsules. Pb can be introduced into the wine either by pouring. during \vhich the wine dissolves 
the soluble Pb compounds Lm the neck of the bottle. or by entrainment of Pb through the cork if 
the bottom of the cork is pierced during its removal. 

In conclusion 
There needs to be ::1 concerted effort on the part of educators, societies such as the AEG, and 
individuals to take a leading role in environmental issues, especially dealing with mining 
activities. We also need to convince the community that we can give objective advice even if we 
work for a mining company or in an organisation \Vhere the focus is on exploration and mining. 



Progress in hydrogeochemical surveys, from the great white north. 

Gwendy E.M.HALL 

Geological Survey of Canada, 601 Booth St., Ottawa, Ont., Canada KlA OE8. 

The Analytical Method Development Section at the Geological Survey of Canada has been active in 
both designing and applying methodologies to determine, precisely and accurately, trace elements in 
surface waters at their 'natural' ppb and ppt (ng 1-1

) levels. Both lake and stream waters and their 
corresponding sediments are collected routinely under the National Geochemical Reconnaissance 
Program of Canada; the data and maps thus produced are then used for both exploration and 
environmentally oriented objectives. While the sediments are analysed commercially for a large suite 
of elements (>50), the high cost of of determining a wide range of elements to adequate detection 
limits in waters has precluded such broad analysis. The progress of ICP mass spectrometry (ICP-MS) 
from the research/pioneering stage to routine use has altered that situation. The analytical methods now 
designed are divided into 'packages' of compatible elements, all based on the technique of ICP-MS 
but grouped according to different pretreatments and sample introduction mechanisms. The packages 
discussed in this paper comprise: 

(1) pneumatic nebulisation ICP-MS; 

(2) ultra-sonic nebulisation ICP-MS; 

(3) fully automated chelation ICP-MS for the rare-earth and transition elements; and 

(4) hydride generation ICP-MS for Se, Sb, Te, and Bi. 

The complementary role of ICP-MS in water analysis with other techniques such as ICP emission 
spectrometry and ion chromatography is also discussed in this paper. Other concerns such as sample 
preservation for species analysis, the introduction of filtration artifacts and cross contamination will 
be addressed. 

Application of these methods in hydrogeochemical surveys conducted in different geological terrains 
in Newfoundland and Nova Scotia will be presented. Specific objectives of these surveys were to: 

(1) establish a database of elemental concentrations in stream and lake waters largely 
unaffected by anthropogenic input, particularly for parameters (e.g., REEs) hitherto 
unmeasured due to analytical limitations; 

(2) ascertain the factors (e.g., underlying geology, till cover, bulk water 
composition, sediment character) controlling the distribution of these elements in 
solute form; and 

(3) evaluate hydrogeochemistry as an exploration methodology. 

Terbium (and other REEs), for example, in the lakes of the Baie d'Espoir region delineates the 
bedrock geology clearly, even at the low and narrow range of 1-20 ppt. Subtle though definite 
anomalies in such gold pathfinder elements as Te and Bi are seen in streams collected in areas of high 
gold potential in Baie Verte. Daily variations in trace element composition of the surveys' 'control' 
streams have been found to be minimal, except during heavy rain events; the consequence of this 
'disturbance' will be examined within the context of the entire survey. 
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Overview of the lithogeochemical architecture 
of volcanic-hosted massive sulphide deposits 

Ross R. LARGE 

CODES Key Centre, University of Tasmania, GPO Box 252C, Hobart, Tas 7001 

Keywords: VHMS, alteration, lithogeochemistry, base metals 

Previous researchers in submarine volcanic terrains in Australia, Canada and Japan have 
documented the presence of various styles of mineralogical and geochemical alteration, some 
of which are related spatially and genetically to VHMS deposits. A summary diagram showing 
our current thinking on the spatial relationships of massive sulphides and alteration styles is 
given in figure 1. The major alteration facies outlined in this figure are discussed below. 

1. Footwall alteration pipes: are developed below most major mound style VHMS deposits 
and result from focussed upward flow of hydrothermal fluids to the seafloor. Previous studies 
(e.g. Riverin and Hodgson, 1980; Shirozu, 1974; Gemmell and Large, 1992) have resulted 
in a clear understanding of the mineralogy, geochemistry and zoning in the pipes. The pipes 
themselves are a direct vector to mineralisation. However, most Australia deposits do not 
have well defined alteration pipes. 

2. Stratabound footwall alteration: extensive zones of footwall alteration, up to 200m thick 
below the ore position, extend for several square kilometres around some deposits (e.g. 
Rosebery, Mt Chalmers, Que River). These may reflect zones of low-temperature regional 
fluid discharge onto the seafloor as documented by Rona (1988) for off-axis zones along 
the present mid-oceanic ridges. Little research has been conducted into the detailed 
characterisation of these stratabound zones in terms of mineralogy, geochemistry and vectors 
to ore. 
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Figure 1 - Current understanding of alteration architecture in VHMS systems. 



3. Hangingwall alteration: subtle alteration extending tens to hundreds of metres into post-ore 
volcanics has only been documented in a few Australian cases (e.g. Hellyer- Jack, 1989; 
Scuddles- Ashley et al., 1988; Mt Chalmers- Large, 1992). There is scope for further 
research on the mineralogy and geochemistry of hangingwall alteration associated with 
VHMS deposits in order to develop a more complete database and determine vectors to ore. 

4. Alteration around porphyritic subvolcanic domes: alteration with associated low grade base 
metal mineralisation has been recorded around the margins of felsic porphyritic domes, for 
example at Elliott Bay in the Mt Read Volcanics, Tasmania (MRV) (Large et al., 1987) and 
in the vicinity of Thalanga in the Mt Windsor Volcanics, Queensland (MWV). Such alter
ation zones may be unrelated to VHMS deposits and yet their characterisation is important 
in order to prevent excessive exploration expenditure on "false" targets. 

5. Alteration associated with syn-volcanic granitoids: Syn-volcanic granitoids occurring as 
sill-like bodies at depth in the volcanic pile may have acted as heat engines and/or metal 
sources for VHMS mineralisation. Polya et al. (1987) considered the Murchison granite in 
the MRV to be the heat engine for circulating seawater which ultimately produced the 
Rosebery ore deposit. The Flavrian pluton and Beidleman Bay pluton are also considered to 
be heat engines for VHMS mineralisation in the Noranda and Sturgeon Lake camps (e.g. 
Cathles, 1993; Galley et al., 1993). Our recent research in the MRV indicates that a semi
continuous sill of granite intruded deep into the footwall volcanic pile extends over 40 km 
from the Murchison Gorge to Mt Darwin. Complex alteration patterns of K-feldspar, chlorite 
and sericite associated with magnetite-pyrite-copper mineralisation are related to the granite 
sill (Eastoe et al., 1987; Hunns, 1990; Doyle, 1991; Payne, 1992; Jones, 1993). Our current 
research indicates a relationship between the granitoid sill, K-feldspar chlorite
magnetite±apatite alteration and the Mt Lyell Cu-Au deposits (Raymond, 1992; Large et 
al., 1994). 

6. Deep semi-conformable regional alteration: Extensive zones of stratabound alteration have 
been mapped in some of the Archean VHMS districts in Canada (Galley et al., 1993). These 
zones which include epidote, albite, amphibole and silica alteration occur at depths of greater 
than 1 km below the seafloor massive sulphides. They are considered to represent zones of 
high temperature lateral fluid flow which are an integral part of the sub-volcanic fluid 
convection system. Similar alteration zones have not been recorded in Australian VHMS 
belts; however, this may be due to lack of recognition rather than absence of the zones. 

7. Alteration related to downgoing seawater: the seawater convection model for VHMS genesis 
requires seawater flow downwards along structurally controlled zones. These downgoing 
(or input) zones should be characterised by relatively low temperature alteration assemblages, 
possibly involving Ca and Mg metasomatism. 

In addition to these seven facies of alteration there are two other processes that cause 
mineralogical change in submarine volcanic rocks, and may be confused with hydrothermal 
alteration processes. 

• diagenetic alteration (e.g. devitrification of volcanic glass) related to cooling and 
ageing of volcanic rocks 

• metamorphic re-equilibration that generates new mineral assemblages related to 
deformation and/or later igneous intrusive events. 

Use of alteration geochemistyry to determine vectors to ore 
Alteration zones in volcanic piles are commonly several orders of magnitude larger that the 
related ore deposit (e.g. fig. 1). Consequently the recognition of mineralogical, chemical or 
isotopic zonation within areas of alteration may provide a basis for developing vectors to the 
ore deposit. Some alteration zones have no related ore deposit, and therefore the recognition of 
discriminators between fertile and barren alteration zones is also very important for exploration. 
Research in VHMS districts world-wide has led to definition of the following alteration vectors 
to ore: 
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1. Sodium depletion: it has long been recognised that Na
2
0 decreases with intensity of 

hydrothermal alteration in proximity to VHMS deposits, due to replacement of plagioclase 
by sericite and chlorite. Although this factor is successfully used to define the boundary of 
strong alteration zones, it is of little use as a direct vector to ore. 

2. Alteration index: AI = f MgO +Kz:O J x 100 
Mg0+~0+N~O+Ca0 

increases from about 10 to 100 with increasing intensity of alteration. This index was 
developed by Ishikawa et al. (1976) for Kuroko Deposits and remains the best available 
geochemical vector to ore for VHMS systems. It has been used most successfully in studies 
on the intensity of footwall alteration, but also has application to defining hangingwall 
alteration (e.g. Large, 1992). However, barren alteration systems also show positive AI 
anomalies that are unrelated to ore, and we therefore need to develop other criteria that can 
be used to discriminate barren from fertile AI trends. 

3. Whole-rock oxygen isotopes: research on whole-rock oxygen isotope fractionation in VHMS 
districts (e.g. Green, et al., 1983; Green & Taheri, 1992; Cathles, 1993) demonstrates that 
prospective alteration zones can be defined by the use of detailed isotope mapping. This 
work has shown that zones of 180 depletion correspond to regions of footwall alteration 
associated with the major massive sulphide deposits. Cathles (1993) has also demonstrated 
that 180 depletion marks the margins of plutons that have driven sufficient hydrothermal 
circulation to produce economic massive sulphide deposits up section. In this project there 
is scope for regional studies of oxygen isotope fraction patterns related to sub-volcanic 
intrusions and mineralisation both in the MRV and MWV. 

4. Sulphur isotope patterns: Previous studies in the MRV (e.g. Solomon et al., 1988) have 
shown that the VHMS deposits have a characteristic sulphur isotope signature that relates 
to the mixing of contributions from reduced seawater and primary volcanic rock sulphur. 
Gemmell and Large (1992) and Jack (1989) have recorded variations in 834S values away 
from the centre of the hydrothermal system both in the footwall and hangingwall alteration 
zones at Hellyer that provide a basis for developing S-isotope vectors to mineralisation. 

The challenge for the next decade is to develop a series of integrated mineralogical, geochemical 
and isotopic vectors that relate to hydrothermal fluid flow and massive sulphide mineralisation 
within the context of both the volcanic facies architecture and the seven facies of regional and 
local alteration depicted in figure 1. 
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Introduction 
Fluid/rock geochemistry and structural traps are familiar essential components of primary 
metallogenic ore genesis. Similarly, supergene gold ore genesis requires physio-chemical 
transport, concentration and deposition. But, under most supergene conditions of temperature, 
pressure and geochemistry, metallic gold is essentially inert. However, with the exception of gold 
locked in resistant primary oxides, supergene gold is commonly displaced, typically into thin sub
horizontal enrichment/dispersion zones within the regolith, and shows ubiquitous evidence of 
chemical reworking, such as unique morphologies and modified chemical composition, from its 
primary derivative (Lawrance, 1988; 1991; Lawrance and Griffin, 1994). Clearly the processes of 
supergene gold ore genesis are highly specialised and efficient. 

Gold Geochemistry 
On oxidation, gold forms Au+ and Au3+ species. As unassociated ions, these gold cations are 
strongly redox affected and have negligible solubility, but in the presence of particular ligand 
species and suitable Eh and pH conditions, they fonn soluble low charged anionic organic and 
inorganic complexes (Table 1). These complexes have limited stability in the weathered 
environment being highly soluble only under very specific conditions of Eh, pH and fluid 
composition. The supergene gold product precipitc1.ted shows distinctive composition and 
morphology indicative of tlle dissolution mechanism. 

Regolith. Geoclaemistry 
Iron is also strongly redox affected and is an important indicator of geochemical environments in 
the regolith. Under reducing conditions, iron is mobile as an unassociated ferrous ion (Fe2+). 
With access of sufficient oxygen., Fe2+ is unstable and is oxidised to ferric ion (Fe3+). The Fe3+ 
is insoluble, except at very low pH, and is hydrolysed and precipitated as visually distinct yellow
brown-red iron oxyhydroxides. Typically, Eh and pH increase towards the surface and t11e 
oxyhydroxides are precipitated at a sub-horizontc'll front in the regolith referred to as the redox front. 
This precipitation of iron oxyhydroxides releases hydrogen ions, which result in acid conditions as 
low as pi l 2, just above tl1e redox front. These acid conditions promote weathering which causes 
<m increase in pi I in t11e upper profile away from tl1e reaction front. The dominant iron oxide 
produced under add conditions is goethite (Schwertmann, 1988). 

2 Fe2+ + l/2 0 2 + 3 H20 ~ 2 FeOOH + 4 J-I+ 
mobile ferrous ion goethite 

This redox reaction is rapid and of limited reversibility, except by specific organic processes. 
Therefore, iron oxides are largely stable lo further wcatl1ering and are inunobile unless transported 
as a colloidal sol. As such, they arc an indication of past and present weatl1ering intensities and of 
Eh-pl I conditions within the profile. A redox zone commonly develops just above a stable redox 
front over time due to an extraneous accumulation of iron oxides by Fe2+ diffusion to the redox 
front from below <md an intlux or colloidal iron oxides in groundwater from above. 

Aqueous conditions of tl1c regolith, and tl1erefore the depth of the redox front, are constantly 
changing with changes in climate and topography. Laterite and analogous ferruginous 
accumulations in tl1e ncar-surface fonn above high watertables under wet climates (rainfall > 
lm/yr), and arc generally the first fonned redox zones. The associated underlying mottled zone is a 
redox transition zone resulting from variable access of water and oxygen particularly with seasonal 
fluctuations in the watertable. The strongest acid zone occurs at the base of the laterite and upper 
mottled zone. It is unlikely under these wet conditions, that the acid produced at the redox front 
has a strong affect on groundwater pH. However, its local production results in enhanced 
weathering in tl1e laterite where tl1ere is a distinct change from partial isovolumetric weathering in 
the mottled zone to strong leaching and profile subsidence in the laterite. 



Table 1 Summary of chemical environments suitable for gold mobilisation by ligand species 
commonly found in the regolith (modified from Lawrance, 1988). 

Ligand 

Organic 

humic acid 

amino acid 

Cyanide 

eN-

Chemical environment 
for gold dissolution 

Dissolution reactions 

Oxidising 

neutral-acid 

biological activity 

Oxidising 

moderately acid

neutral-alkaline 

Au (electrum) +Organic Acid+ 0 2 + H+ 

=> Au(Organic)n+ + H20 

2Au (electrum) + 4CN- + 1/202 + 2H+ 

=> 2Au(CN)2- + H20 

presence of cyanide from biological activity 

Gold product 
on precipitation 

Fine-grained 

high fineness 

Fine-grained 

low fineness 

Halide Strongly oxidising 2Au (electrum) + 8Cr + 3/20z + 6H+ Coarse-grained 

Cr acid pH < 4 => 2AuC14- + 3H20 very high 

Br- high salinity fineness 
r [halide] > 1M 

Thiosulphate Reducing-neutral Au (electrum) + 2S2o32- => Au(S20 3)2
3- Fine-grained 

s2o3 2- mildly acid-neutral-mildly alkaline medium fineness 

weathering of sulphides 

Bisulphide 

Hs-

low-moderate carbonate 

Strongly 
reducing 

alkaline-neutral 

Au (electrum) + 2HS- => Au(HS)2- I :inc-grained 

medium-high 

fineness 

With the onset of dryer climates, weathering generally becomes less intense as the volume and 
activity of water is reduced and the salinity increased. l Iowever, the progressive movement of lhe 
acid redox front down through the mottled zone and saprolite with the watertable, causes local 
enhanced weathering and the overprinting of the upper saprolite with iron oxides. The iron oxides, 
predominantly goethite, are precipitated in voids throughout the upper saprolite above the 
descending redox front wil110ut the destruction of primary fabric. Some destruction of primary 
fabric may occur with standstills in the redox front and the formation of distinct saprolitic redox 
zones. Most regolith profiles have from one to three distinct redox zones, where I he lower most 
zone separates the upper and lower saprolite. Under extended arid conditions, dehydration and 
soluble salt accumulation leads to alkaline conditions in the upper profile resulting in the 
predominance of haematite, which characterises palaeo-redox zones. 

Supergene Gold Ore Genesis 
With the exception of placer deposits, supergene gold enrichment zones in most eli malic zones <md 
regolith situations, are generally flat-lying bodies associated with palaeo- and/or present iron redox 
zones within laterite, saprolite and/or transported horizons. These bodies arc commonly U1in (0.5-
5.0 m thick) and laterally extensive, in plan section up to 20 fold the sub-crop area of U1e primary 
mineralised body. As the position of the redox front in t11c regolith changes wit11 variations in 
climate, so does the site of vertical accumulation and lateral dispersion of gold above the redox 
front. 
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Wet profiles 
In seasonally humid tropical terrain, lateritic gold is concentrated at the base of the laterite and 
upper mottled zones above the redox front. The gold precipitate is commonly fine-grained and 
high fineness, consistent with dissolution and mobilisation by organic processes (Bowell, 1993). 
During this lateritisation process, acid conditions at the redox front may enhanced biological 
activity, and hence the dissoiution and lateral migration of gold in the laterite. Dispersion, 
controlled by topography, groundwater movement and the style of primary mineralisation, up to 
200 metres from the primary source is not uncommon. The limited stability of organic gold 
complexes prevent the gold from being completely leached from the profile. The formation of 
inorganic gold complexes in groundwater of low ionic strength (rainfall > lm/yr) is likely to be 
limited to local environments, such as in coastal profiles where sea salt spray contributes chloride 
to the groundwater. 

Secondary gold within the partially water-saturated, semi-reducing environments of the regolith 
beneath the redox front is fine-grained and low fineness and generally confined to the host unit 
1be percentage of secondary gold increases towards the redox front at the expense of primary gold. 
Dissolution near the base of the profile, under these reducing conditions, probably only occurs in 
the presence of weathering sulphides, locally by bisulphide complexes and, under slightly more 
oxidising conditions higher in the profile, by meta-stable thiosulphate complexes. Migration of 
gold here with limited groundwater through flow is a local semi-diffusion process. 

D1y profiles 
Saprolitic gold enrichment horizons, separated by depletion zones, are a common feature of arid 
auriferous profiles. The enriched gold is generally coarse-grained and very high fineness (contains 
no detectable silver). This gold probably accumulated due to the progressive dissolution of gold 
from the mottled zone and upper saprolite beneath the lateritic enrichment zone with overprinting 
of the profile by saline, acid oxidising groundwaters associated with the descending redox front. 
Gold electrum exposed to these solutions is soluble as a gold chloride complex and is laterally 
mobile just above the redox front. The dispersion distance from the primary source is commonly 
between 50 and 500 metres depending on topography, groundwater and style of primary 
mineralisation. However, when the chloride complex encounters tl1e alkaline conditions higher in 
t11e profile it is destabilised and gold is precipitated as high fineness crystals. The superior 
mobility of silver complexes separates gold and silver above the redox front and gold of increased 
purity is precipitated. The high porosity of the upper saprolite allows the uninhibited growth of 
gold crystals fonn a large volume of pore fluid. The strong affinity of gold for its own metal 
results in the growth of large crystals, particularly in hydrous profiles such as lake environments. 
This precipitation occurs independently of t11e accumulation of iron oxides. Altl10ugh Fe is a 
strong reducing agent, there is no conclusive evidence of its exclusive participation in the 
deposition of gold as (a) microscopically gold is not necessarily associated with iron oxides (b) 
gold deposition universally corresponds to a strong change in pH within the profile regardless of 
iron concentration and (c) large hexagonal plates and dodecahedrons characteristic of natural gold 
crysta ls can be produced synthetically from solutions without iron species. Apart from local 
mobilisation down along fractures, gold is not reprecipitated below the redox front. The secondary 
and primary gold distribution in the lower profile, beneath the redox front, is largely confined to 
the host uni t and shows similar chemistry to t11at produced under wet climates beneath the redox 
front, where the percentage of secondary gold increases towards the redox front at the expense of 
primary gold. 

Under ex tended arid conditions, the upper regolith dries out and is exposed to erosion. With 
erosion, lateritic gold is physically reworked and dispersed into the transported overburden. 
Wcall1ering processes overprint the modified profile and gold is continuously reworked in the upper 
profile. Depending on t11e development of tl1e redox front, with topography and available 
groundwater, t11e gold distribution may be modified. In topographically high regolith situations, 
previously developed saprolitic dispersion zones are largely maintained as limited groundwater in 
the profi le restricts gold mobility to local dissolution in pore fluids, with reprecipitation 
commonly being on the source grain. Repeated dissolution and reprecipitation results in increased 
grain size and rounding of the crystals into irregular masses of gold often with the incorporation of 
matrix materials, predominantly clay, iron oxides and quartz. The accumulation of regional 
groundwater in topographically low lake environments may reactivate redox processes. Where gold 
is exposed to these redox conditions, it is vertically concentrated and laterally dispersed above the 
redox front. 
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Implications for Exploration 
The enrichment and lateral dispersion of gold in the laterite above a near-surface redox front under 
wet climates, coupled with the ability of iron oxides, particularly goethite, to trap trace elements, 
makes laterite the premier sampling medium for exploration. In the absence of laterite, the 
dissolution, mobilisation and reprecipitation of gold from the upper saprolite into sub-horizontal 
saprolitic enrichment zones, in plan section up to twenty fold the area of primary subcrop, 
significantly increases the exploration target for buried mineralisation. These saprolitic dispersion 
zones are generally accessible by relatively shallow drilling of the regolith to less than 40 metres 
depth. Visual recognition of palaeo- and present redox zones in the profile as sites of potential 
gold enrichment allows the explorationist to interpret the regolith situation and make valued 
judgements on the extent of gold enrichment and dispersion in relation to climatic history, 
topography and primary mineralisation style and, importantly, to plan cost effect exploration 
strategies (e.g. sampling techniques, drill spacing and depth) to target these zones. 

Recent research suggests that redox processes not only affect gold mobility and deposition but also 
other ore elements which produce broader exploration targets. In addition, the structure and 
chemistry of goethite is ideal for element adsorption and, away from the active redox front, trace 
element anomalies are associated with the upper part of the redox zone. The subsequent conversion 
of goethite to haematite in the drier upper part of the profile, causes some element depletion as 
baematite is less capable of retaining trace elements. 

Conclusions 
Iron redox processes associated with weathering, and controlled by the access of water and oxygen 
into the regolith, control supergene gold ore genesis. Lateritic and saprolitic ores are produced 
primarily as a function of changes in the depth of, and solution chemistry associated with the redox 
front with changing climates. Under wet climates, redox processes result in the concurrent 
formation of the laterite and promotion of gold dissolution and dispersion by organic species which 
result in the deposition of fine-grained, high fineness gold within the laterite and upper mottled 
zones. The most efficient process of gold enrichment occurs under dry climates, with the 
mobilisation of gold from the upper oxidised profile from beneath t11e laterite, above a descending 
redox front, and the formation of one or more saprolitic enrichment zones wit11 standstills in t11c 
redox front. Under t11ese conditions, gold is dissolved and tmnsported in saline, oxidising solutions, 
made acid above the redox front, as a by-product of the iron redox reaction, and precipitated as 
coarse-grained, high fineness gold. Beneath t11e redox front, reducing conditions limit gold 
dissolution to sulphide and thiosulphate species in the presence of weathering sulphides under 
alkaline conditions, and gold is generally confined to the host unit with minimal vertical 
displacement. In addition to the obvious exploration advantages of understanding the formation of 
supergene gold enrichment and dispersion in t11e regolith, t11c ncar-surface natural refining and 
enrichment of supergene gold by redox processes make supergene dcposiL~ economically attractive 
resources. 
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Introduction 
Partial extractions have a long history in geochemistry. Their use probably reached an hiatus in the 
1970s when the transition to full sample digestion with rapid tum-around through large laboratories 
became the standard method for exploration analysis. At that time, detection limits stood at the low 
ppm level for most elements. Since then, the lower detection limits for most elements, particularly 
those of economic interest, have decreased by three orders of magnitude, to the ppb level. This almost 
imperceptible 'revolution by stealth', whilst readily welcomed by most explorationists, has not been 
fully exploited. In addition to being able to carry out 'routine' geochemistry at lower levels, the new 
instrumentation has opened up new avenues in the methods of selecting sample material for analysis 
which will maximize the opportunity for detection of ore-bodies. Partial extraction is one technique 
which has benefited and will continue to benefit from that revolution. 

The aim of a partial digestion is to release some of the metal contained in a soil to solution. Mobile 
metal ions, are those which are released to solution from the use of very weak extractants- extractants 
which deliberately do not attack the substrate or matrix. A large percentage of mobile metal ions 
appears to be derived from metal-containing ore-bodies, and careful use of weak extractants and very 
low level chemical pre-concentration and analysis techniques can be used to obtain significant and 
reliable element signals to enable the anomaly patterns to be enhanced, resolved, and interpreted for 
the detection of blind ore-bodies. Whilst the exact mechanisms for release, transport, and 'fixation' of 
the metals are, in our case, the subject of sponsored research and confidential, the technique is of 
considerable importance to the exploration industry, because of its apparent ability to operate in 
deeply-weathered terrain, and in some cases through considerable thicknesses of overburden. Some 
7000 samples, involving over 50,000 individual analyses have now been subjected to the Mobile 
Metal Ion Process. 

The Mobile Metallon (MMI) Process® 
The following are the major steps in the process: 
-evaluation of background information, including existing geochemical data; 
- field inspection, programme design, and sampling; 
-digestion and extraction of metals; 
- analysis and QC (Cu, Pb, Zn, Ni, Cd, Au, Ag, Pt, and Pd); and 
-interpretation, recommendations, and report. 
A number of separate digestions is required, because no one digestant is capable of providing 
optimum extraction of all nine metals. Digestants, details of which must remain proprietary, have 
heen screened and selected for their ability to extract only the very weakly-attached (mobile) metals. 
Extractants used are multi-component mixtures of water soluble organic and inorganic chemicals. 
Following digestion and analysis, 'background' for each element is calculated to provide a 'Response 
Ratio' at each sample point for each element. All subsequent interpretation of data is based upon 
application of the appropriate thresholds to the Response Ratios. 

Case history results 
Over 70 case history and working studies have been carried out using the MMI Process in four 
continents. The following table gives an indication of the range of situations covered, and the relative 
succes...:.; achieved - Table 1. 

® MMI Process and Mobile Metal Ion Process are the Registered Business Names ofWamtech Pty. Ltd. 
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Table 1. Summary of case histories investigated by the Mobile Metal Ion Process. 

Style cases Range of Settings MMI Geochemistry 

Base Metals 24 VMS, Miss. Valley, massive Very sharp ore element 
Pb,Zn,Cu and disseminated. Very high anomalies directly above and/or 
(+/- Ag,Pd) to low rainfall. Some deeply up-dip. 

buried. 3 'Failures' 

Ni 9 Massive to disseminated Two levels, one distinguishes 
( +/- Cu,Pt,Pd) komatiitic Ni in ultramafics. U/m units, the other Ni within 

All arid zone, some in partly U/m units. 
transported material. 2 'Failures' on disseminated Ni. 

Au (+/-Ag) 37 Mainly Archaean qz vein Many with > 30 times 
style, some porphry. Most in background anomalies, sharper 
arid zones, but several in high than conventional geochemistry 
rainfall areas. Most on deeply - sharp enough to provide direct 
weathered profiles, some with drilling targets (50% holes with 
extensive sheetwash or dune >lg/t Au at this level). 5 
cov~r. 'Failures' on transported 

overburden. 
Sub-economic 4 Various settings & depths No 'Failures', i.e. no false 

anomalies. 

Two of these examples will be examined in some detail. Figure 1 shows the MMI Anomaly on a 
transect across strike of buried base metals mineralization. 

Response ratio 
_200 

150 

MMI response ratios 

Base Metals example case history 

100 

I Mineralization at 700 m depth 

50 

0 
900 650 500 375 150 

metres 

focu t~mPb BICd BIPd IIIZn/250 I 
Figure 1. MMI Response Ratios over a base metals deposit, at 700 m depth. 

In the above example, note that the zone of mineralization at a depth of 700 m, projects to surface at 
very closely the position of the very sharp, multi-element MMl anomaly (the Response Ratio for Zn 
has been divided by 250 to appear on the same scale). 

The second example, is from the Nepean nickel deposit near Coolgardie, Western Australia. The ore 
zone contains massive nickel sulphide, with sulphides of copper, lead, cobalt and minor gold, 
platinum, and palladium mineralization. Several factors are of interest in this particular study. Firstly, 
the nodular ferruginous material to the west of the mineralized zone, which shows high nickel 
responses by conventional analytical procedures, does not have a high MMI response. This is shown 
in Table 2. 
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Table 2. Ni responses over mineralized and 'ferruginized' barren ultramafic. 

Sample Soil Over MMI Response Total Ni 
NP11 Pale Red/brown 8.6m@2.75% 38600ppb 720ppm 
(975E 5100N) sandy clay Ni 75 timesB/G 6timesB/G 
NP15 Strongly ferrug. Barren 3000 ppb 800ppm 
(875E 5100N) red/brown soil with Ultramafic 6 timesB/G 7 times B/G 

ironstone 

This table highlights that two different MMI thresholds are appropriate in the case of nickel, one 
which distinguishes ultramafic rocks from rocks with lower nickel contents (e.g. mafics), and the 
second to distinguish potentially-mineralized areas within ultramafic sequences, from "barren" 
ultramafic. The MMI response over Ni mineralization is, in this case, 75 times background, whilst the 
MMI response over barren ultramafic is 6 times background. The data in Table 2 also show that in 
this case conventional geochemistry fails to provide a distinction between the Ni content of the 
ferruginized soil over barren ultramafic, and the Ni content in soil over mineralization, whereas the 
MMI partial extraction clearly does. 

At Nepean, the MMI response for Ni is at a maximum over the ore zones, and delineates several ore 
zone(s) with remarkable accuracy. As noted in the case of other base metals, there is the coincidence 
of several anomalies from individual elements contained in the mineralization, principally Pd and Cu. 
In many cases, there is an associated, but laterally-displaced, weak Au-Ag anomaly over the basal 

contact of the ultramafic unit with mafic units in the sequence. Several other previously-undetected, 
prospective zones are indicated by MMI Ni Response Ratios to the east of the mined ore zone, and to 
the east of a postulated fold axis (Kirkpatrick,1985). They may represent anomalies which are 
associated with a possible structural repeat of mineralization. 

Discussion 
1) Summary of essential features of MMI anomalies 
Our case history studies to date, lead us to the following conclusions: 

MMI anomalies exist, and can be used to detect buried mineralization; 
61 MMI anomalies are clearly different to conventional geochemical anomalies in their appearance, 

intensity, and potential application to exploration; 
• The mechanism of formation of MMI anomalies is almost certainly very different from that 

responsible for the formation of normal multi-element geochemical anomalies; 
Not all elements behave in exactly the same manner; and 

• MMI anomalies are sometimes 'swamped' in areas of recent, rapid transport. 
Some of the individual and relevant observations which lead us to these conclusions are: 
• MMI anomalies comprise only elements present in the mineralization in significant amounts. 

The anomalies are sharp, and in most cases directly overlay and define the extent of the surface 
projection of buried primary mineralized zones; 
When primary mineralization is of high grade, MMI anomalies are capable of penetrating 
significant thicknesses of overburden; and 
The incidence of false anomalies is very low, compared to normal geochemical methods. 

2) Relationship of MMI to other partial extraction geochemical methods 
One of the first reports of the 'geogas' phenomenon was by Malmqvist and Kristiansson (1984). In 
this report the primary gases detected were nitrogen, argon, oxygen, and methane over a massive 
sulphide deposit in Central Sweden. Subsequent variations of the technique utilize plastic collection 
strips and very sophisticated instrumentation to detect ultra-trace levels of metal ions on the collectors. 
Compared to other techniques, sample collection is not as robust, and the technique is very expensive, 
when applied on the scale required for exploration. 

The CHIM, MPF, and TMGM methods developed in the USSR (Antropove et al., 1992) during the 
nineteen eighties recently came under increasing scrutiny. The United States Geological Survey 
recently published their findings on this technique (Smith et al., 1993). The CIDM method is clearly 
very similar to the MMI technique, even to the use of carbon electrodes f<?r pre-concentration, and 
polarographic techniques for the low level analysis. The enzyme leach method (Clark, 1993), and the 



Gas Vapour Phase method (Magellan,1993) are other methods of accessing metal ions from soils, 
which differ from traditional partial extraction techniques. The traditional methods, have in many 
cases used special extractants to perform selective extraction - release of metals from specific 
substrates. These methods need to ensure that the extractant does not dissolve an excessive amount of 
the substrate, and release metal which contributes to 'background noise'. 

3) Possible mechanisms of formation of MMI anomalies 
The Geochemical Research Centre (GRC) at Technology Park Bentley, Western Australia, operates a 
research programme with the aim of providing participants with information on the mechanism of 
formation of mobile metal ion anomalies. The Centre is currently considering mechanisms involving 
vapour (aerosol) transport and chemical release of metals during weathering. The elucidation of the 
mechanism is not just concerned with the mode of transport, but also with the form of fixation of the 
metals in the soil regime. For this, The Centre is utilizing the study areas provided by participating 
companies to examine the effects of different regolith, mineralogical, climatic, and geomorphological 
situations on the presence, strength, and persistence of anomalies. 

Conclusions 
Due to the increasing need for exploration techniques to operate effectively in areas of deeply
weathered or transported overburden, this new geochemical technique has the potential to 
complement geophysical methods for the detection of 'blind' mineralization. Because of the very 
sharp, and coincident nature of the anomaly peak, it has the potential to significantly reduce drilling 
costs. As such, it is the total exploration budget which will be affected by the introduction of the 
technique into the exploration programme, and in some cases by reductions of up to 30%-50%. It is 
for this reason, and due to the fact that any partial digestion process is dependent on the correct, 
systematic and careful execution of a number of steps, that these methods cannot be easily translated 
to a rapid/routine analysis technique. As such, partial extractions of quality, will remain relatively 
expensive, compared to routine analys.is, and they must be implemented into exploration programs 
with due diligence and care. Another word of caution is also required. There is often a tendency, 
after the initial scepticism has abated, to regard any new geochemical technique as a universal 
panacea, and in some cases to misapply it. The Mobile Metal Ion technique will be no different; there 
is a practical limit to its usefulness, which we hasten to add is dependent upon future developments in 
analytical techniques and extractants. However, if carefully applied in an integrated and systematic 
manner it seems certain to make a large contribution to the detection of buried mineralization. 
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Soil geochemistry has been used to good effect throughout the 1980s and into the 1990s in 
exploration for gold in the Black Flag area, situated some 50 km north-west of Kalgoorlie in 
Western Australia. Since 1991, Mining Corporation of Australia Ltd (MCA) has conducted a 
systematic programme of soil geochemistry within a tenement area of some 400 square kilometres, 
much of which had been previously explored by many different operators using a variety of 
geochemical techniques. A GIS database incorporating over 30,000 samples, partly from MCA 
work, but also using data from previous exploration where appropriate, has been assembled. This 
compilation provides a good basis for evaluating the effectiveness of soil geochemistry under the 
range of conditions encountered, and allows a direct comparison between various sampling and 
analytical techniques. 

The MCA programme is based on the sampling of near-surface soils at depths of 10-20cm, and 
analysis of the < 2mm fraction (after pulverizing) for Au and As. Sampling grids vary from 400 
to 100 metres in reconnaissance work, to 40 by 40 metres for detailed delineation of anomalies 
prior to drilling. Each sample is described in terms of its mechanical (grain size) composition, 
distinguishing characteristics and likely origin during collection. These data are used in 
conjunction with a broad classification of geomorphological setting in the interpretation of results. 

The simple low cost sampling procedures adopted by MCA have proved robust and effective in 
delineating mineralization, even under extreme conditions of concealment. Mineralization located 
by recent work ranges from palaeochannel deposits covered by 30 metres of transported 
overburden to deeply weathered primary lodes under thin residual soil. Surface sampling has also 
been used in playa lake environments, where the most effective samples often consist of 
saprolitised bedrock. 

Many previous explorers collected "soil" samples at depths of 50-100cm using hand-held augers. 
In the Black Flag area, this technique was successful in locating the major Racetrack deposit, for 
which production and reserves total more than 4 million tonnes. However, geochemical data using 
this technique are noticeably more noisy than near-surface soils, due to the more localized 
influence of bedrock response. In areas where the lateritic weathering profile is preserved, 
response in auger samples can be amplified in both concentration and lateral extent. Under such 
conditions an appropriate sample density is required to ensure delineation of the bedrock source. 

Deeper bedrock sampling using rotary-air-blast drilling (RAB), which was popular in the 1980s, 
frequently sampled the most intensely leached saprolite horizon, and was thus ineffective. The 
ZsaZsa mineralization, located during follow-up of a strong and extensive gold anomaly in near
&urface soils, had been previously missed by such aRAB drilling programme. 

Several areas previously tested by the bulk cyanide leach (BCL or BLEG) method, showed 
essentially similar dispersion patterns to those using the simpler and much lower cost MCA 
techniques. There is no evidence that the BCL method provides any advantage, either in terms 
of enhanced anomaly contrast or reproducibility of anomalies. The homogeneous character of 
dispersion patterns based on the small (200g) MCA samples can be taken as evidence that most 
of the gold particles present in the soils are exceedingly fine (probably less than 10 microns), 
resulting from reconstitution during lateritic weathering. 



It will take several years to evaluate fully the significance of all the geochemical anomalies located 
in the Black Flag area. However, the evidence to date suggests that basic soil geochemistry based 
on near-surface sampling is an effective tool for locating gold mineralization, even in areas of 
transported cover. 
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Introduction 

Chemical weathering is particularly intense in present-day tropical humid areas covering one third 
of emerged lands in the world. Under such climates weathering mantles called laterites are wen 
developed and reach thicknesses of> 100 metres, especially on continental areas that have been 
tectonically stable over the last million years. Enormous volumes of igneous, metamorphic and 
sedimentary rocks forming the epidermic portion of exposed lands are weathered. 

This involves enormous solute transfers crucial for both chemical weathering and sediment 
formation. Therefore, understanding of mass transfers in weathering systems and their bulk 
chemical change are of g. paramount importance. To evaluate the degree of mass transfer of 
elements from and within a saprolitic profile (lower four-fiths of lateritic weathering profiles), 
whole-rock analyses were referred to a constant-volume frame (Millot and Bonifas 1955). But in 
recent work, Brimhall and Dietrich (1987) have instead referred analyses to an element which is 
assumed to be immobile and thus showing the occurence of strong volumetric deformation of 
saprolites. 

Nevertheless, there is a lot of empirical support for the isovolumetric preservation in saprolite. 

In part, the controversy arises from a failure in properly observing and understanding macro and 
microfabrics of saprolite. The aim of this work is (i) to identify field and petrographic evidence in 
extensive and stringent support of constant volume transformations in saprolite and (ii) to discuss 
genetic mechanisms for constant-volume mineral reactions. 

Petrographic evidence 

In open lateritic weathering systems, removal of mobile elements leads to residual saprolites the 
bulk dry density of which can reach as low values as< lg/cm3, consistent with high porosities of 
30 to 60%. Saprolite formation requires gross subtraction and addition of material. The crucial 
question is whether saprolite-forming minerals show strain or deformation. The same question has 
been raised for metasomatism by Carmichael (1986). 

Observation of many textures and structures of the parent rock can be used as "inert-marker 
reference frame" to assess whether the original rock volume is conserved in saprolites. Most parent 
rocks are Fe and/or AI bearing, and under lateritic weathering undergo preferential release of other 
elements. Fe and AI oxides and oxyhydroxides along with kaolinite make up a network of 
precipitated secondary minerals which replace parent minerals. This replacement is 
pseudomorphic : it preserves original grain outlines and/or cleavages. 

Whatever the orientation of thin sections, parent mineral grains are seen carved up by weathering 
pseudomorphic products into several fragments all of which remain in optical continuity : that 
means under cross nicols, the positions of extinction for each piece of a given original euhedral or 
anhedral parent grain, are identical. In addition for plagioclases and pyroxenes, twins and cleavages 



are uninflected across weathering front boundaries which separate each fragment of a given mineral. 
Boxworks and septa consist of rigid networks that ensure that the saprolite preserves the texture of 
the parent rock. Such and other evidence lead to the unavoidable, clear conclusion that in lateritic 
saprolite the pseudomorphic replacement by secondary products does not displace the reactant 
mineral remnants, and that deformation is absent. Toward the base of the saprolite the reactant
mineral remnants are therefore stationary relative to each other (Nahan 1991), and constitute an 
excellent reference frame for calculation of mass transfer. 

We have described above evidence for constant-volwne replacement during weathering regardless of 
why the bulk volume remains constant The reasons for this constancy are explained by Merino et 
al. (1993, 1994) and below. 

Replacement mechanism 

Imagine the plight of a growing grain, B, in a rigid rock. Space is scarce, and the growing grain 
soon abutts and presses against its neighbor grains, A, raising their free energy, solubility, and 
dissolution rate. The A grains dissolve as B pushes against them. But the stress also acts on B 
itself, making it grow less fast. The volumetric rate of A-dissolution increases while that of B
growth decreases, quickly becoming equal to each other. This is why replacement characteristically 
preserves volume. Since the growth of B and the dissolution of A take place in tiny, alternative 
(practically simultaneous) increments, the process can preserve internal details of the A grains, 
which accounts for the second crucial characteristic of pseudomorphic replacement 

Implications of replacement for modeling 

The stress-mediated genesis of replacement just described has two consequences for modeling of 
mass transfer and reactions in rocks (Merino et al., 1993; Wang et al., 1995): 

1. Replacement reactions need to be balanced on volume, which is what the eye sees. The 
resulting stoichiometry controls the coefficients on transport terms in the continuity equation. 

2. Rate laws for mineral reactions to be used in reaction-transport calculations in rocks should 
include a strong stress dependence ; see a tentative choice in Merino et al. (1993). (Rate laws 
currently in use -- see Steefel and Lasaga's 1994 review -- do not contain this dependence because 
they have been obtained in water-based experiments, where grains cannot press against each other). 
Not even the stress dependence of mineral solubilities is well known (but see Elias and Hajash, 
1992, a welcome exception), let alone that of rates. 

Replacement vs displacement : New kinetic-rheological feedback 

Two conditions for replacement are, as mentioned, limited space and a rigid rock. But the viscosity 
of a material is in general a nonlinear function of the rate at which the material is being strained 
(e.g., Verhoogen et al., 1970, p. 508). 

STRESS Non-Newtonian 

Newtonian 

STRAIN RATE 

Fig. 1- Newtonian and non-Newtonian behavior. The viscosity is the slope of the curves. 
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This is precisely what characterizes so-called non-Newtonian materials, of which there are two 
kinds (Fig. 1) -- those whose viscosity increases with increasing strain rate, and those whose 
viscosity decreases with increasing strain rate. In the stress-mediated feedback described above 
between A-dissolution and B-growth that, we think, leads to replacement, we assumed that, within 
the time scale of the replacement, the rock stays rigid or very viscous, which is tantamount to 
assuming that the rock's viscosity probably increases with strain rate. We now realize that the 
stress-mediated feedback is itself subsumed within another feedback, a kinetic-rheological feedback. 

The kinetic-rheological feedback we propose here (see Fig. 2) involves the two possible types of 
non-Newtonian materials. As soon as the growing B grain abutts against an adjacent A grain, it 
starts to strain it and its neighbors. As the strain rate increases, the viscosity may grow or decrease 
(Fig. 1). If it grows, then the rock will find it more difficult than before to flow viscously as B 
grows, the stress between A and B soars, A dissolves faster and B grows more slowly, and 
pseudomorphic replacement results. But if the local rock viscosity decreases, then it may be 
possible for A to flow viscously out ofB's way, producing physical displacement 

We need therefore to find out more about the viscoelastic behavior of rocks under appropriate 
conditions, and how their viscosity varies with strain rate. 

Fig. 2. proposed kinetic-rheological feedback. Grain B is growing in a rock at some rate. As it 
strains its neighbors, A, the evolution of local rock viscosity dictates whether the stress between 
A and B grows or decreases, which makes replacement or displacement more likely, respectively, 
and which modifies B's growth rate and A's dissolution rate. 

Conclusions 

Pseudomorphic replacement is extensive in the saprolitic portion of laterites. The evidence is 
petrographic. It implies that replacement reactions should be balanced on volume. If replacement 
results from a stress-mediated feedback between A- dissolution and B-growth, then replacement 
also implies that modelling of reaction-transport should include the stress-dependence of mineral 
rates. 

The stress-mediated feedback that produces replacement is subsumed within a new kinetic
rheological feedback that may account for two alternative behaviors of growing crystals in rocks -
pseudomorphic replacement, in which the growing crystals take the place of a preexisting grain by 
pressure dissolving it, and physical displacement, in which the growing crystals physically push 
their neighbors out of the way. Replacement is widespread in rocks of all kinds, but physical 
displacement appears to be less common. The feedback hinges on whether the non-Newtonian rock 
hardens or softens upon being subjected to crystal-growth-generated strain. If it softens, then it 
may flow plastically out of the way. If it hardens, then it becomes impossible for it to flow 
within the time scale of the growth, stress builds up at grain/grain contacts, and replacement 
follows via the stress-mediated feedback. 

Quantification of the kinetic-rheological feedback proposed and of its inclusion in models of 
reaction-transport is difficult Experiments and theory are needed on both the effect of stress on 
mineral reaction rates and on the visco-elastic properties of rocks. 
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Ancient Landscapes 

Parts of the Australian continent have been emergent for some 2 Ga, and many of the landscapes 
have their origins 300 Ma ago when break up of Gondwana began (Veevers, 1994). During this 
long history, the rock sequences that comprise the Australian landscape have been subjected to a 
wide range of climates, including glacial, humid temperate, tropical, and arid, and to tectonic 
events including uplift, continental breakup, tilting and warping of land surfaces. 

Major changes in the near-surface chemical environments, their hydrology and water quality, 
have intensively altered the exposed bedrock sequences to produce a thick weathered mantle. 
Accompanying these changes commonly are accumulations of sediments in local lowlands, 
particularly where the weathered mantle has undergone partial or extensive dismantling due to 
erosion. The resulting regoliths (soils, deeply weathered mantle and accumulated sediments) are 
complex in their stratigraphy and associated chemical and mineralogical properties. 

The purpose of this presentation is to review current regolith research, present the main issues 
that the exploration industry is facing, and to forecast important future trends in research in 
relation to exploration and, particularly, exploration geochemistry. 

Needs of the Australian Mineral Industry 

In order to replace ore deposits being mined, the mineral industry in Australia is vitally 
concerned with locating new mineral resources. Regolith-dominated terrains have become the 
main focus because generally they are little explored, many being essentially unexplored 
(Meiklejohn, 1995). In such terrain, the surface expressions of ore deposits are commonly altered 
beyond visual recognition, concealed beneath duricrusts, or buried beneath cover sequences. The 
strategic need for new discoveries is the driving force behind much of the regolith research in 
Australia. The next most important force is the need for knowledge and survey documentation as 
a framework for environmental studies. 

There are at least three approaches used for mineral exploration in regolith-dominated terrain and 
in the corresponding research. The approaches are: (i) understand ore systems and sequence 
stratigraphy and be able to work with isolated observations and data points provided by drilling; 
(ii) develop geophysical (Atkinson, 1994) or geochemical methods that see through the regolith 
cover; and (iii) understand the regolith environments and weathering processes and use these to 
advantage in exploration (Butt and Zeegers, 1992; Smith, 1989). Commonly, these approaches 
are used in combination. 

Some key issues facing the mineral exploration industry in Australia, listed below, are 
particularly focused on the search for gold, base metals, iron or diamond deposits. 

1. In exploring terrain having substantial transported overburden, do buried ore deposits 
have a surface or near-surface geological, geophysical or geochemical expression? 

2. What methods can be used in exploration through Phanerowic basin cover? Where the 
cover ranges from very thin, to about lOOm this issue merges with that of exploring 
through transported overburden. In cases where weathering has permeated the basin 
cover, the possibilities of using regolith geochemistry arise. Extensive research on this 
topic is underway. An experimental method with considerable promise is the use of 
isotope geochemistry on ground and formation waters, to provide vectoring methods for 
location of concealed ore deposits. 



3. Can large ore systems be recognised and distinguished from minor occurrences at the 
prospect stage? This is a general exploration issue yet it is particularly pertinent to 
exploration in regolith-dominated terrain because of the difficulty of obtaining sufficient 
data. 

4. What procedures can be employed to explore across heterogeneous terrain (mixtures of 
outcrops, transported cover, salt lakes, etc) unimpeded by terrain variation and terrain 
boundaries? 

These key issues will be discussed in terms of regolith research being carried out by the main 
research groups in Australia, as well as by some of the more specialised groups and individuals. 

Regolith Research 

The dominant development over the last decade in regolith research to do with mineral 
exploration in Australia is the emergence of well-focused interdisciplinary studies (AMIRA, 
1994). Studies have included substantial industry funding, mostly for pre-competitive research. 
Project groups and task forces have involved skills spanning geology, geomorphology, soil 
science, geochemistry and geophysics. This breadth is seen to be particularly wide when the 
subdisciplines are considered: petrology, mineralogy, remote sensing, sedimentology, isotope 
geochemistry including dating, palaeoclimatology, electrical geophysics (both ground and 
airborne), and hydrogeochemistry. 

Projects involving two or more organisations working in collaboration with industry are 
becoming the norm with scientists pooling resources and skills. 'By focusing activities on 
selected regions and well-defined problems, significant advances have been made with practical 
applications arising from the research leading to ore deposit discoveries. Examples in gold 
exploration are the use of laterite and ferruginous saprolite geochemistry, gold in carbonates, and 
the comprehensive use of regolith control for exploration geochemistry. 

In terms of regolith research some of the most prominent current issues are: providing a reliable 
time frame (age of weathering, exposure, burial, correlations across the continent); establishing 
the climatic history for key areas (original formation, variation and subsequent changes); methods 
of presenting regolith mapping at broad scales (eg 1:250,000 to 1:500,000); standardising regolith 
terminology (Anand, 1995); understanding calcretes and carbonates in the landscapes, including 
calcrete duricrusts (Arakel, 1994); reconciling the marine record with weathering history of the 
continent; and reconciling the record from sedimentary basins with the corresponding uplands. 

Exploration Geochemistry 

From the perspective of exploration geochemistry, fundamental questions to be answered in 
regolith research are: how do major and trace elements become dispersed in this slowly evolving 
environment; what are the speciation, transport and diffusion mechanisms; what are the kinetics 
of the reactions involved, how does the landscape as a whole respond and, how can such 
knowledge be used to predict three-dimensional haloes of dispersion of critical elements around 
as yet undetected ore bodies? A common practical issuct in exploration is the difficulty of being 
able to tell, from drill spoil, a buried weathered profile from the transported cover sequence. This 
is cRJcial to know when conducting downhole geochemistry. 

Findings related to those questions can be summarised into appropriate models. Research along 
these lines has been done in specific regions, the most extensive being in the Yilgarn Craton in 
Western Australia. A further question that then arises is: to what extent is it possible to transfer 
knowledge, such as dispersion models, from one regolith district or region to another? 

Extending from· research, there is growth in regolith ·mapping by government authorities, 
especially the Australian Geological Survey Organisation (AGSO), now being coupled with 
initiatives in geochemical mapping in Queensland (Cruikshank and Butrovski, 1994: Pain eta/., 
1994) and Western Australia (Kojan and Faulkner, 1994). 
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Outlook 

The most substantial new initiative in regolith research in Australia is the newly funded 
Cooperative Research Centre for Landscape Evolution and Mineral Exploration, CRC LE:ME. 
The Centre brings together the main research groups in regolith geology, geomorphology and 
exploration geochemistry, as well as involving industry and state geological surveys. The Centre 
thus brings research, development, applications, education and training together in a substantial 
way to provide a national focus. Core participants in the CRC are the regolith groups from 
Australian National University, University of Canberra, AGSO and the CSIRO Division of 
Exploration and Mining. 

In outlook two perspectives are presented: one for the next three to five years, the other for the 
next five to ten years. In terms of Australian regolith research, some topics that should be 
worked on but are not, will be discussed. For example, much needs to be done to translate ore 
systems, their isotopic characteristics and alteration haloes to specific regolith settings. 

Conclusion 

In Australia, regolith-landscape research is seen to be very much interdisciplinary in its 
characteristics. It is undergoing considerable growth, particularly in response to the needs of the 
mineral exploration industry and facilitated by recent successful applications. Growth is also in 
response to major environmental issues, such as rising salinity of irrigation and crop lands, and 
the rehabilitation of areas disturbed by mining. The regolith realm is now widely recognised as a 
major frontier, both nationally and internationally, one which is providing exciting careers and 
challenging scientific opportunities for new graduates and post-graduates. 
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The exploration for ore deposits in deeply weathered terrains requires sound understanding 
of the weathering and geomorphological history of target areas for proper interpretation 
of geochemical surveys. Cratonic areas in the Southern Hemisphere, currently intensely 
explored for concealed ore deposits, are covered by thick weathering blankets. Their 
surficial history during the Mesozoic and Cenozoic suggests a polycyclic evolution, with 
alternating weathering-prone and erosion-prone conditions. Interpretation of exploration 
geochemical surveys in these regions requires information on the relative roles of 
mechanical and chemical processes, and their relative and absolute chronology, in the 
genesis of the geochemical characteristics of the regolith. 

Until recently, chronology in weathering and landscape evolution was primarily 
established from field observations, and weathering surfaces were recognised based on 
their elevation, soils, stratigraphic and topographic relations, surface morphology, a:hd 
the nature of their duricrust or weathering profiles. This stratigraphic approach to 
landscape evolution was very useful when other means of measuring absolute and 
relative ages of soils, weathering profiles, and landforms were not available. However, 
stratigraphic geochronological studies have become insufficient to address current 
problems in geomorphology, exploration, and environmental geochemistry. Direct 
dating of minerals precipitated during weathering reactions may yield more accurate 
information about periods in the geologic past conducive to deep weathering, providing 
quantitative constraints to landscape evolution models. Unfortunately, the complexity 
of the mineralogy in weathering profiles, the close association between minerals 
precipitated during weathering reactions and unweathered primary minerals, the 
poorly crystalline character of many minerals found in weathering profiles, and 
uncertainties related to the stability and preservation of weathering minerals through 
time have prevented gathering of widespread information on geochronology of 
weathering processes. 

Weathering profiles are inherently open systems, resulting from interactions between 
the lithosphere, hydrosphere, atmosphere, and biosphere. The constant state of mass 
and energy flux through the profile may suggest that the system is in a permanent state 
of alteration, changing and reequilibrating with newly imposed geochemical conditions, 
which would imply that no information about ancient processes could be derived from 
weathered assemblages. Under these continuously reequilibrating conditions, the 
profiles would only record the most recent events, and any ancient geochemical record 
would be erased or significantly altered by more recent processes. Despite the "infinite" 
reservoir of reactants provided by the atmosphere, hydrosphere, and biosphere, field 
observation and thermodynamic and kinetic models predict that metastable equilibrium 
may be attained locally in weathering systems. The persistence of a state of metastable 
equilibrium is necessary if absolute dating of weathering reactions is to provide 
information about past surficial geological/ geochemical conditions. 

K-Ar dating of supergene alunite, jarosite, and hollandite-group minerals has been used 
to delimit ages of Cenozoic weathering processes. K-Ar analysis of various samples 
distributed at different depth-horizons within a single profile has also been used to 
date the advance of weathering fronts, indicating that minerals do persist metastably in 
weathering profiles and may reflect weathering conditions prevailing in a remote past. 
Moreover, the application of highly sensitive and fully automated laser-heating and 
resistance furnace 40Ar/39Ar systems has facilitated the analysis a large number of very 
small samples, contributing to the successful dating of the advance of weathering fronts. 
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Advantages of the application of the 40 Ar j39 Ar method in weathering studies are: 1) 
the large time-span datable by this method, which can be used to determine the age of 
supergene minerals as young as - 250,000 years and as old as the solar system; 2) the 
fine-scale resolution of the method, which allows the age determination of very fine
grained phases (50-100 ~grains can be dated); 3) the multiple-step analysis of single 
grains, which enables the determination of the Ar retention history of minerals, the 
presence of excess/inherited Ar, and the possibility of K and/or Ar loss; 4) the ease of 
automated analysis, which allows multiple age determinations for each profile, 
resulting in improved statistics and providing a comprehensive weathering history 
database. 

Expanding application of K-Ar and 40 Ar j39 Ar absolute dating of weathering minerals is 
increasing our ability to test geochemical and climatological models for the evolution of 
deep weathering profiles. In particular, absolute dating of weathering reactions by the 
methods above allows testing of the following hypothesis: 

• That weathering reactions lead to the precipitation of metastable minerals, such as 
K-bearing manganese oxides and sulfates, which remain impervious to 
recrystallisation/ exchange reactions after precipitation, thus recording weathering 
ages. 

• That deep weathering profiles and laterites common in Southern Hemisphere 
landscapes have resulted from a protracted and episodic history of weathering 
which might have initiated in the Mesozoic. 

• That the surficial Mesozoic and Cenozoic histories of Australia, Africa, and South 
America have been shaped by the alternation between weathering and erosion prone 
conditions, leading to the development of the distinct weathering surfaces that 
characterise the stepped landscape patterns in these regions. 

• That ore forming elements often assumed to be chemically inert in the surficial 
environment (precious metals, titanium, zirconium) may be relatively mobile when 
exposed to changing climatic conditions during a protracted weathering history. 

• That the migration and consequent dispersion or concentration of ore-forming 
elements depends on the paleoclimatic and paleohydrologic regimes prevailing in 
the past, and that these conditions might be drastically different from those 
existing today. 

Application of these absolute dating techniques to weathering profiles in Australia, 
Africa, and South America suggests that the Late Cretaceous/Early Paleocene, the 
Early Eocene, and the Miocene were periods conducive to strong weathering in the 
Southern Hemisphere. The strong weathering pulse in the Miocene, present in all three 
continents and also detected in North America, indicates that weathering conditions in 
the Miocene may have played a major role in the formation of supergene enrichment 
blankets in ore deposits. Identifying and locating areas exposed to pervasive 
weathering conditions in the past may be instrumental in locating attractive target 
areas for geochemical exploration. 
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Applying Geochemical Methods in the Wet Tropics: 
more Facts than Figures 

Introduction 
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The intense chemical weathering processes that occur in wet tropical environments, such as are 
found in a large part of Mrica and South America, result in drastic changes to the mineralogical 
and chemical compositions of the bedrock above the weathering front. The geochemical signals 
obtained from these altered sampling media can therefore be considered as coded and it is up to 
the exploration geochemist, aiming to trace primary mineralization and bedrock characteristics, 
to decode them correctly. The decoding, or interpreting, of geochemical data from wet tropical 
environments cannot rely on a purely quantitative statistical approach; the analytical results have 
to be weighted by parameters describing the sample itself and its position relative to both the 
landscape and the weathering profile. In other words, certain facts need to be observed if one is to 
obtain a good understanding of the analytical figures. 

As wet tropical environments cover a large variety of landscapes and correspond to distinct 
degrees of weathering intensity. and as the present situation at any locality is the result of a 
complex evolution under the influence of successive paleoclimates and tectonics, geochemical 
dispersion halos around mineralized bodies vary in shape and intensity from place to place. 
Moreover, the geochemical signatures obtained from a given country rock can show significant 
variations according to the intensity and local conditions of the weathering profile. 

Applying geochemical methods to mineral exploration, geological mapping and environmental 
studies in such extreme environments can be very effective as long as their present limitations are 
clearly recognized. Improvement in this field still represents a major challenge for earth 
scientists. 

Mineral Explonution 
The usc of geochemical methods for precious- and base-metal exploration in the wet tropics 
brings distinct problems at each exploration stage. The major problem is always to find the best 
fit between the geochemical dispersion model and the sampling pattern with respect to the 
sampling and analytical procedures. Economic considerations also play a very important role, for 
although exploration costs should always be kept to a minimum, the cost of non-discovery must 
also be taken into consideration. 

As a general rule it can be said that regional geochemical exploration in the wet tropics will 
reveal few characteristics of the target mineralization, and the corresponding signature(s) will 
generally be of very low intensity and contrast. The dispersion model will depend on the balance 
between chemical and mechanical processes for a given element, i.e. on the morphoclimatic 
conditions. When selecting the methodology for a regional geochemical·survey, particularly the 
sampling density and type of analysis, account must also be taken of the high cost involved in 
following up poorly defined regional anomalies (planning and costing of an exploration program 
should be considered as a whole and not separately-according to the different stages). In the more 
detailed phases of the geochemical exploration program (semi-regional, follow up), the 
geochemical signature of the derived sampling media (stream-sediments, soils) will give a much 
better reflection of the target mineralization and gangue. The target can now be described by 
several quantitative and qualitative attributes, making it possible to assess its potential economic 
interest, and to proportion the effort required for further assessment. Nevertheless, even at the 
detailed phase, the procedure can be seriously hampered by the severe conditions prevailing in 
the weathering profile and their consequences on the geochemical behavior of target or pathfinder 
elements. 



For gold it has been shown that present climatic conditions in the tropics can result in a distinct 
behavior in the upper part of the weathering profile, with significant enrichment under rainforest 
conditions and a strong leaching under dryer savanna conditions (Zeegers and Freyssinet, 1993). 
Organic matter present in the topsoil of wet tropical areas is shown to play an important role on 
the mobility of gold (Freyssinet, 1995). Neglecting such information could result in 
overestimating the interest of prospects showing strong Au anomalies in soil samples (or 
underestimating others where Au at the surface is strongly leached and no longer reflects the Au 
grades at depth). 

For base metals, the weathering profile in the wet tropics represents nothing more than a full
scale chromatograph, where each element is transported over a certain distance before it (partly) 
reprecipitates or combines with amorphous minerals or organic matter. This is fairly well 
illustrated by an example from French Guiana (Butt and Zeegers, 1992) where Zn, which is 
dominant in the primary ore, is totally leached in ·the soil overlying the mineralization and can 
only be traced in the organic phase of stream-sediment samples downstream of the source. Pb 
however, which is a minor component of the primary ore, shows up as the main metal present in 
the overlying soil geochemical anomaly. 

Geological Mapping 
The scarcity and poor quality of outcrops in the wet tropics make reliable geological mapping 
difficult and expensive. Obviously stream-sediment multi-element geochemistry, combined with 
other techniques such as satellite imagery, side-looking radar and airborne geophysics, may 
considerably enhance the field geologist's work. Surprisingly, in deeply weathered environments 
such as are found in Gabon or French Guiana, active mechanical erosion along the minor 
drainage axes gives a mineral assemblage (and therefore a geochemical signature) in the stream 
sediments that is not so different from that of underlying bedrock, except for a few poorly 
resistant minerals; this is because, along the drainage axes only, quite strong erosion results in 
truncating most of the weathering profile, so that almost fresh bedrock material is mechanically 
dispersed in the streams. The geochemical data from such samples should no longer be 
considered as analytical figures, but as depicting minerals and, possibly, rocks. Obviously, an 
improved knowledge of regional geology through multielement geochemistry will enable regional 
exploration programs to be more reliable and selective, and also cheaper when one considers that 
fewer pporly defined targets will need to be followed up. 

Environmental Studies 
In temperate climates, the geochemical techniques developed for mineral exploration already play 
an important role in environmental studies. In the wet tropics the weathering profile represents a 
possible Non Saturated Zone having a thickness of between 20 and 100m (compared with 1-10m 
in temperate regions) and having a specific surface ranging from 20 to 120 g/m2 (compared with 
10-40 g/m2 in temperate zones). The weathering profile therefore represents an active interface 
between surface and groundwater, and tracing metallic contaminations and their possible 
confinement by natural processes is another challenge for geochemists. 

Challenges for the future 
Optimizing regional geochemical exploration techniques is still a priority for the future, this 
being one of the most effective ways for generating new targets in the wet tropics where bedrock 
is generally covered by a thick weathering profile. But 100 per cent exhaustiveness remains in the 
realm of wishful thinking rather than scientific reality. The surprisingly good geochemical 
response to lithology observed in stream sediments along drainage axes of strongly erosional 
zones in the wet tropics, although adequate for geological mapping purposes, is too restrictive 
from the exploration standpoint where the whole of the exploration area must be investigated; i.e. 
including the interfluves where most of the weathering profile is preserved and where mechanical 
erosion is far less active than chemical weathering. Even where mechanical erosion does occur in 
these interfluve areas, the upper horizons of the profile that are concerned arc severely leached 
and carry little information about fresh bedrock characteristics. Moreover, considering that the 
target metals can be easily solubilized and transported in solution, the question is to be able to 
decode the corresponding contribution to the total chemical composition as obtained by 
conventional geochemical analysis. It is of note that few major base-metal discoveries in the wet 
tropics are recorded in the literature as resulting from geochemical surveys; the exceptions 
correspond to large porphyry-type deposits. 
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I would like to suggest that the problem of exploring for massive sulfide mineralization in the wet 
tropics be reconsidered in view of the considerable experience gained, over the last 10-15 years, 
in geochemical exploration techniques and in our fundamental knowledge of weathering 
processes in these climatic zones. Modeling geochemical dispersion and designing innovative 
sampling and analytical procedures should improve the efficiency and reliability of geochemical 
techniques for base-metal exploration. 

We also face a major challenge in optimizing the Very Low Density geochemical approach for 
precious-metal exploration in the wet tropics. Can we reliably locate gold mineralization which is 
only a fraction of a km2 in size, sometimes hardly outcropping, by collecting samples in large 
catchment areas (> 10 km2)? And what is the most appropriate sampling and analytical 
procedure? What we lack at present are comparative studies over large areas, where the 
performances of different techniques (e.g. BLEG, heavy concentrates, partial dissolution) should 
be tested. Of course, modeling precious-metal dispersion over large distances should be a 
prerequisite. 

Conclusions 
Notwithstanding the major changes in the chemical composition of rocks and ores brought about 
by weathering conditions in the wet tropics, geoche.mical techniques have proved to be efficient in 
this environment when used for mineral exploration or geological mapping purposes. Their 
effective use for environmental purposes will certainly increase in the near future. Nevertheless, 
qualitative and quantitative data interpretation can only be achieved if careful account is taken of 
the regional and local parameters describing the morphology and weathering profile. Otherwise, 
misleading results may lead to wrong decisions in the mineral exploration process, with project 
overcast and/or failure as a consequence. 

At least two major problem areas relating to mineral exploration in the wet tropics need to be 
addressed by research during the coming years. The first is to improve the efficiency of regional 
geochemical techniques for base-metal exploration, and the second is to develop a reliable Very 
Low Density geochemical methodology for precious-metal exploration. 
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Introduction 
The humic substances are complex, essentially aromatic heteropolycondensates of high molecular weight 
that are produced by bacterial degradation and sy11thesis \\·ithin the decaying plant and animal matter of 
soils. They contain an abundance of reactive groups such as - COOH, - OH, and- NH., v.rhich are 
capable of complexing numerous metals. Since these metal complexes are concentrated-in the "A" 
horizon of the soil they provide an excellent source of geochemical information for exploration 
purposes. In climates where the soil is not subjected to cyclic drying events the metal humates enter the 
drainage ~yrstem and can be used to improve the reliability of hydrogeochemical exploration. 

The application of humic substances to soil based geochemical exploration 
The humic sustances are alkali soluble and numerous alkaline extractants may be used to recover them 
from soils. The degree of recovery varies \Yith the proportion of differing types of humic substance 
present in the soil and the t;11c of extractant. hut t<.)r soils in the one climatic regime reasonably constant 
recoveries can he achieved. In the TDR Laboratories the extractant used is 0.5 M NH40H which is 
ideally suited to subsequent A./\..S tlame detennination of the metal content. 

1\.s the depth of sampling of the soils rarcl~· exceeds 200 mm the operation results in insignifiant 
environmental disturbance. The soil samples arc ti-ecd as far as possible from residual root material and 
stored in scaled plastic hags to reduce drying. Processing of the humic sustances extracts is rendered 
dillicnlt by their high "molecular \Yeight" which C<m exceed l 00_000 and \Yhich results in an untilterable 
product. Tt) enable a sample preparation rak that is adequak for geochemical exploration it is advisable 
to tksign equipment capable nfhandling large mnnhers of samples and incorporating automatic volume 
measurement and dilution. The procedure in usc at the TDR Laboratories extracts the humic substances 
J.i·tHn 25 g. of soil \Yith SO mlof 0.5 M Nl li )l I and recovers the liquid by centrifuging. The volume 
recovered is measured tn alhm COITcction for the loss of extractant to absorbents in the soil. 

The extracts arc made up to a ,·olume of 50 ml which can he directly presented to an atomic absorbtion 
spcctophotomctcr lix the dctcnnination of Cu, Ph <md Zn by tlame MS. Aliquots of 10 ml each are taken 
I(H·l\uihcr processing to concentrate 1\.u and 1\.s h~· solvent extraction t(.)ll<..nved by graphite furnace AAS 
detennination of these clements. I\ dissolved organic carhtm analyser is used to give a measure of the 
humic sustam:cs content of the extract. 

The ratio or metal to carbon is the significant value 11-om the analytical dcte1minations and is generally 
c:--.:prcsscd as pg metal tog organic carbon (or ppm metal in the extractable humic substances of the 
soil). 1\n c:--.:amplc of a lead anomaly detected by this procedure is given in Figure 1 and a traverse 
shm\ ing anomalous gold is shown in Figure 2. 

l )iamoml drilling helm\ the anomaly shown in Figure l located a 25m zone of vein style sub-economic 
mineralisation at ~>om below suliacc. The veins varied in width from 0.2- 1.0 m and assayed up to 23% 
/,n, l ~Yx) Ph, (l.X% Cu, 4()0 g/t 1\.g and 5 g/t 1\.u. 

The application of humic substances to hydrogeochemical exploration . 
1\.s noted above the humic substances fom1cd in soil will, under suitable climatic conditions, migrate 
through the drainage system and he ultimately discharged to the sea. Within this climatic regime a large 
proportion of the the metals migrating do so as humic complexes. These complexes are ideal substances 
I( 1r usc as a sample medium in h:vdrogcochcmical exploration. Within any region of a size likely to be 
considered I( 1r mineral exploration the ti.mnation of humic substances is slow and relatively constant. In 
their dispersion through the drainage ::-.·ystem the variable tactor is the amount of raintall which when high 



ANOMALY DEFINITION 
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Figure 1. Anomaly definition (Pb ), Traverse 1 ()() S pro tiles and target location from the application of 
metal :carbon ratios in "A" horizon soil samples near Waratah, north-west Tasmania. 
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Figure 2. Distribution of Au as indicated by Au : C ratios across the I Ienty Fault zone, 
western Tasmania. 

20 METRES 

E 

will dilute the concentration by direct runoff that leaches little trom the soil. This situation applies also 
to the metals migrating through the drainage system. Since the efiect applies to both humic substances 
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and metals during their migration it can be allowed for by using the ratio between them in a manner 
similar to that used tor soils. Looked at from another direction the approach offers a solution to the water 
volume problem which arises where conventional methods need to compare results from creeks and 
major rivers. 

The analytical procedures tor drainage waters are to some extent more simple than those for soils. The 
determination of As, Cu and Pb can be carried out by direct application of graphite furnace AAS 
techniques whilst Zn can be determined by Harne AAS. The analysis for Au requires solvent extraction 
of this metal from a large volume of water prior to determination by graphite furnace AAS. In this 
procedure one of the less desirable traits of humic substances causes problems. When subjected to 
solvent extraction these substances invariably torm a crud layer at the solvent-water interface which ,in 
addition to intertering with the recovery of solvent , absorbs most of the Au extracted. The only solution 
to this problem found to date in the TDR Laboratories is to oxidise the humic substances prior to 
extraction. 

The results of applying this procedure to river and creek \Vaters along part of the south-west Tasmania 
coast are shown in Figure 3 and results for Au in part of the Wanderer River in Figure 4. 

Pb Cu Au 
M:C ppm ppm ppb 

JONES CK. 8 66 

EVANS CK. 27 348 

PARPEDER CK. 66 182 

POINT 
HIBBS 

PEGG CK. 8 118 

DALE CK. 66 

McGUIRE CK. 21 57 

EDWARDSON CK 27 78 

URQUART R. 6 146 
HIGH 

CYPRESS CK. 11 52 1.4 

MAINWARING R. 29 215 3.4 

COPPER CK 33 246 2.1 

SASSY CK. 25 52 0.2 
LEWIS R. 12 47 2.7 

LOW ROCKY POINT 
DRAKE CK. 15 104 1.6 

BARREL CK. 30 468 2.1 

LITTLE ROCKY R. 24 113 1.3 

LOWGERNOWN CK. 31 142 1.5 

h~mc ~- Metal :carbon ratios li.n· Ph, Cu and Au in rivers and creeks in south-west Tasmania. 

In Fi~ure 1 it can he seen that a high Au value occurs at the Mainwaring River and this river has 
produced alluvial gold. Further south Cu and Au appear in waters that are kllown to drain areas of 
Cambrian mineralisation. 



\ 

Figure 4. Au: C ratios for the Wanderer River and tributary creeks in south-west Tasmania. 

For the Wanderer River (Figure 4) two creeks entering from opposite sides carry anomalous Au which 
may be indicative of the presence of a mineralised zone in this area. 

Concluding Remarks 
The information given above demonstates that the humic substances provide a very useful medium on 
which to base geochemical exploration. Although TDR experience with the methods so far developed 
has been limited to a temperate climate it is likely they would he applicable in any region that supports 
sufficient vegetation to allow generation of humic sustances in the soil. II se of the methods deseihed, 
allow very cost effective sampling in terraines where heavy vegetative cover or adverse topography 
cause problems with transport of equipment required f<>r a conventional "C" horizon survey. The 
sampling procedures are environmentally friendly and with a little care the area under investigation can 
be left with less damage than the resident population of nocturnal marsupials cause during their overnight 
forays! 

17th/GES, 15-19 May 1995, Townsville, Queensland 

54 



Extended Abstracts 

Geochemical orientation for stream sediment and soil 
sampling at the Yandan gold deposit, Drummond Basin, 
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Extended Abstract 

The Yandan gold deposit is situated close to the junction of Yandan Creek with the 
Suttor River about 230 kilometres west of Mackay. The discovery of this deposit was 
the culmination of a systematic exploration program which commenced in 1985 and 
which was designed to locate epithermal gold mineralisation in this portion of the 
Drummond Basin (Sharpe, in prep.). A 34 ppb Au response in a -200f.J. stream 
sediment sample collected during 1986 led to field checking and further sampling in 
the anomalous catchment. This work resulted in the immediate discovery of 
outcropping gold mineralisation in both silicified sediments and altered volcanics. 

Yandan has a mineable ore reserve of 4.72 million tonnes of gold ore grading 2 gjt 
and an additional 3.44 million tonnes of heap leach gold ore grading 0.46 gjt (Maxey 
and Ryan, 1993). The gold mineralisation is low-sulphidation epithermal in character 
(adularia-sericite) and is disseminated within tuffaceous sediments of the St Anns 
Formation of Devono-Carboniferous age (Johnston, 1994 ). This formation is the 
basal unit of the Drummond Basin sequence on the west side of the Anakie Inlier 
(Hutton et al., 1991 ). Further details about the geological setting of the deposit are 
given by Goulevitch (1992). The Au in the Yandan deposit is generally very fine
grained, 50% being less than 4.5J..L in size and 90% less than 30J..L (Sharpe, in prep.). 
The general maximum size for the Au is 50J..L. This probably explains why the deposit 
was not found by prospectors, even though it outcrops well. The Au has a fineness 
of about 900. 

Although the gold mineralisation outcrops on a low hill and rock samples containing 
as much as 26 gjt Au can be collected at the surface, its expression in the stream 
sediment sample that led to its discovery is quite subtle. As a result geochemical 
orientation was undertaken in order to improve the sampling methodologies for both 
stream sediment and soil sampling in the Drummond Basin. Previous work 
(Chenoweth, 1989) has shown that the best pathfinder elements in stream sediments 
at Yandan are Au and As. 

A total of 19 stream sediment samples was collected around the Yandan deposit for 
the orientation survey. At each site 5 kilograms of -2 mm active sediment were 
collected for determining bulk leach extractable gold (BLEG). At the same locations 
3 kilograms of -6 mm active sediment also were collected for size fractionation and 
more conventional analysis. Possible trap sites in the streams were avoided as much 
as possible. The samples were sent to the laboratory where they were dried and 
sieved into the following nominal fractions: -6 +2mm, -2mm +400JJ., -400 +200JL, 
-200 +125J..L, -125 +75J..L, and -75JJ.. Each fraction was weighed, pulverised if coarser 
than 75JL, and then analysed for As and Au. For the Au analyses 30 grams of 
material were digested in aqua regia and, after solvent extraction, Au was determined 
by A.A.S. using a carbon furnace. The detection limit for Au is 1 ppb. For the As 



analyses 0.2 grams of material were digested in concentrated nitricjperchloric acid 
and, after leaching, As was determined by A.A.S. using hydride evolution. The 
detection limit for As is 1 ppm. The BLEG analyses were undertaken by CLASSIC 
COMLABS using their method "BLEG2" which requires 24 hours of leaching for each 
sample in dilute sodium cyanide solution. The quoted detection limit for BLEG is 
0.05 ppb. 

It is found that the dominant fraction in the stream sediments is the -2mm +400 J.£ 
fraction and it comprises about 48% of the average sample by weight. The -75J.£ 
fraction only comprises about 0.3% of the average sample by weight. Because of the 
scarcity of the latter fraction some of the analytical data are incomplete. The method 
of Booth et al. (1988) has been used to calculate the enrichment/dilution (Fi) of each 
element in each size fraction relative to its content in the bulk sample. However, 
instead of calculating it on a sample by sample basis, I have calculated it for the 
average sample. I have found that this gives a good indication of which size fractions 
are best to use for routine exploration. The plots of Fi show quite conclusively that 
Au and As are most enriched in the -6 +2mm fraction. 

Dispersion trains have been plotted for the stream draining from the centre of the 
gold deposit at Yandan. For gold the contrast is highest for the -6 +2 mm fraction 
and the dispersion train extends as far as 1650 metres downstream. However, there 
is a marked drop in values at about 900 metres downstream. The dispersion train for 
BLEG is about 1100 metres long before background levels of Au are reached. For 
arsenic the contrast is highest for the -6 +2 mm fraction and the dispersion train only 
goes about 900 metres downstream before values drop to background levels. 

From this work it was decided that the -6 +2 mm fraction gives both an excellent 
contrast and the longest dispersion trains for the two main pathfinder elements, 
namely As and Au. It is also well represented in the average sample by weight. It 
offers ease of collection and small sample weights (about 1 kg is required) when 
compared with BLEG sampling. Analysis of this fraction also is significantly 
cheaper than analysis for BLEG. Although the statistics of taking such a coarse size 
fraction may seem doubtful, it is found that the analytical reproducibilty is quite 
good. This is due to the very fine-grained nature of the gold in the lithic and silica
rich fragments which dominate this size fraction. The gold in the fragments is 
protected from weathering by both silica and lithic encapsulation. On weathering and 
erosion the lithic and silica fragments become smaller, exposing some of the tiny gold 
grains. These tend to dissolve in water (when it is present) and are carried away. 
Rarely do they remain to be incorporated into the finer stream sediments as micro
nuggets of free gold. Thus there should be a progressive decrease in gold content 
from the coarse to fine fractions. However, the graph of Fi for Au shows an 
apparent enrichment in the very fine fractions, but this effect is caused by swamping 
of the lithic and silica fragments in the intermediate size fractions by barren quartz 
of sand size. 

Plots for the distribution of Au and As in the -6 +2mm fraction of the orientation 
stream sediments show that the Yandan deposit is delineated very well. The responses 
in the east relate to the mineralisation at East Hill (see Goulevitch, I 992 for more 
details about this mineralisation). 

There are two major soil types in the vicinity of the Yandan deposit. In areas of 
outcrop and sub-crop lithosols are present. These are characteristically quite thin and 
are very stony. The lithosols are generally light grey to buff in colour. In areas away 
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from outcrop there is extensive development of sandy to silty loams. These soils lack 
stony fragments and characteristically are deep red to deep brown in colour. These 
loams are very immature since new alluvium is deposited on them every time the 
Yandan Creek and/or Suttor River flood. 

In order to delimit the extent of the deposit soil sampling was undertaken using the-
2001-£ fraction of the soils. Samples were collected on a 100 x 10 metre pattern. 
There is relatively good match between Au >250 ppb in soil and the ore zone. 
Interestingly, As in soil forms a halo around the deposit. 

Orientation soil sampling was undertaken at 10 metre intervals along two lines across 
the deposit, namely 14300 and 14500 mE. A total of 120 samples was collected. 
These were sieved into the same size fractions as the stream sediments, weighed, and 
analysed in the same manner. No samples for BLEG analysis, however, were 
collected. 

It is found that the dominant fraction in the soil samples is the -2mm +400,u fraction 
and it comprises about 35% of the average soil sample by weight. AU other size 
fractions are well-represented, except the -751-£ fraction which comprises just 2% of 
the average sample by weight. Again the method of Booth et al. (1988) has been used 
to calculate the enrichment/dilution (Fi) of each element in each size fraction relative 
to its content in the bulk sample. The plot for Au shows that it is most enriched in 
the -751-£ fraction. It is also enriched in the -6 +2mm fraction. Unlike the stream 
sediments it is apparent that the fine-grained Au is accumulating as micro-nuggets 
in the soil as it is liberated from the lithic and. silica-rich fragments in the soil. This 
is probably due to the short times of contact between gold and water in the soils. The 
plot for As shows that As is best determined in the -6 +2mm fraction. It shows a 
progressive decrease in content from coarse to fine fractions. Again there is 
swamping of the middle size fractions by barren quartz which probably accumulates 
in the soil profile. 

From this work it was decided that the -6 +2mm fraction of the soil offers excellent 
contrasts for both Au and As. The size fraction is well-represented and sampling is 
easy. Even though this is a coarse fraction, the analytical reproducibility is good and 
profiles for the -6 +2mm fraction are essentially identical in shape to those for the 
finer size fractions. The profiles for the -6 +2mm fractions of the soils along lines 
14300 mE and 14500 mE show very strong and broad Au responses that closely relate 
to the ore zone. Peak values exceed 5000 ppb Au. On line 14300 mE, towards the 
west end of the main geochemical response, As and Au tend to correlate. On line 
14500 mE, which is close to the centre of the main geochemical response, there is a 
clear zoning pattern with As responses fringing the most intense Au response. The 
sharp cut-off along the south side of the main response is due to the transition from 
lithosols to alluvially-derived loams where soil sampling is ineffective for mineral 
exploration. 
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Introduction 
Misima Island is located in the Louisiade Archipelago some 670 km ESE of Port Moresby (Fig. 
1). Gold was first discovered at Misima in 1888. Almost all the early production coming from 
alluvial workings, with some 6,200 kg of gold produced up to 1911. Lode gold was discovered in 
1904 and exploited until 1951 at various prospects including Gold Mines in Papua, Umuna and 
Kulumalia (Fig. 2). Total recorded production from underground mining was 6,804 kg Au and 
20,412 Ag. 

Early work on the regional geology of Misima Island was carried out by E.R. Stanley who 
produced a comprehensive report on gold mineralisation and compiled a geological map (Stanley, 
1915). More recent work by the BMR- Davies (1958), De Keyser (1961) refined interpretations 
on regional geology and mineralisation. Misima Island has been mapped in detail more recently 
by the Geological Survey of Papua New Guinea (Williamson and Rogerson, 1983). 

Placer Exploration carried out extensive investigations on the main centre of historic mining, the 
Umuna Fault Zone (Fig. 2), and defined a mineable reserve of 55.9 Mt grading 1.38 g/t Au and 
21.0 g/t Ag at a cutoff grade of 0. 7 g/t Au equivalent. The Umuna deposit is a epithermal Au-Ag 
deposit located in a steep SW dipping fault zone with a strike length of 3 km and up to 300 
metres in width. Mineralisation is commonly associated with galena and sphalerite with trace 
chalcopyrite. Construction began in 1988 and the mine has been in operation since June of 1989, 
with over 1.5 million ounces of gold produced to date. Since 1989 exploration efforts have been 
divided into extensive exploration and drilling in the pit area, to fully identify the in-pit reserves, 
and more recently a greater emphasis on prospects away from the main Umuna Fault Zone. 

This paper outlines the geochemical exploration completed in the Quartz Mountain area located 
to the south west of the main Umuna deposit (Fig. 2). Replacement style mineralisation has been 
mined historically and recently by Misima Mines at the Quartz Mountain and Kobel pits located 
to the south e.ast of Quartz Mountain. Mineralisation is located at the eastern margins of a large 
2x5 km porphyry intrusive complex (Fig. 2) within a silicified marble unit called the Halibu 
Calc-silicate. 

I\1 ethodology 
Regional exploration in Misima has involved the use of stream sediment sampling and regional 
mapping. This work is aimed at defining drainages with anomalous Au ± Pb - Zn for more 
dctaikd examination by mapping, ridge and spur soil sampling, rock chip sampling and 
trenching. 

Drainages on Misima arc juvenile and steep with most major head waters within 5 km of the 
coastline. Programs involving BLEG (bulk leach extractable gold), -150 mesh and -80 mesh 
stream sediment sampling were used in the area to south and west of Quartz Mountain. 

The first work conducted in the Quartz Mountain area by Placer Exploration was late in 1987 
when detailed mapping and preliminary a -150 mesh stream sediment sampling program was 
completed in the drainages to the south and west of Quartz Mountain. Samples were collected 
from above creek junctions, dried, sieved and assayed for Au, Ag, Cu, Pb and Zn. 



As part of a regional assessment a program involving Bulk Leach (BLEG) stream sediment 
sampling was carried out on the eastern half of Misima Island during early 1989. Wet 2-3 kg -20 
mesh samples were collected near the mouths of main drainages and assayed for Au, Cu and Ag. 
A review of the earlier -150 mesh sampling indicated that the sample size required to obtain the 
required amount of sieved sediment was too large to be transported easily in the rugged terrain. A 
program involving -80 mesh stream sediment sampling was carried out and found to be suitable 
for detailed stream sampling in Misima. Samples consisted of approximately 2-3 kg of coarse 
sieved ( -4mm) sediment which was dried, sieved to -80 mesh and assayed for Au, Ag, Cu, Pb and 
Zn. All over size material was kept for panning. 

The soil profile at Misima is generally thin (20-25cm) and residual with very poorly developed A 
and B horizons on ridge tops. Soil sampling is used extensively as an exploration tool. The 
rugged terrain was also a factor in selecting ridge and spur soil sampling in preference to soil 
sampling on a regular grid when evaluating anomalous drainage basins. The ridge and spur soil 
sampling involved digging small pits, to 20-25 em deep, at Sm spacing for collection of 25m 
composite samples, which were dried and sieved to -80# and assayed for Au, Ag, Cu, Pb and Zn. 

Mapping, rock chip sampling and trenching were the next steps in the follow-up of soil 
anomalies. Due to the remoteness of the area trenching was all completed by hand and was aimed 
at relating soil geochemistry to the bedrock. Trenches ranged to 2 metres in depth and up to 170 
metres in length. These trenches were mapped in detail and channel sampled at 2 metre intervals. 

Results 
The -150 mesh stream sampling program recorded a large area of coincident Au-Pb-Zn 
anomalies and covering an area of 2 km2 

• Gold ranged up to 8.45 g/t with Ewatinona Creek, in 
the north west of the sampled area, recording 1.49 g/t Au, 175 ppm Pb and 395 ppm Zn, 
occurring at the edge of the defined anomaly. Mapping showed that the area of the anomaly is 
dominated by porphyry of the Boiou Microgranodiorite with minor greenschist and schist 

Results of the regional assessment programme confirmed anomalous streams were identified by 
all sampling methods. The Bulk Leach (BLEG) stream sediment sampling carried out during 
early 1989 showed that the Habalona drainage basin, which has an area of 3-4 km2

, has an 
anomalous BLEG gold value of 25.5 ppb in -20 mesh sediment. Maika Creek which drains the 
historic Quartz Mountain workings (which were subsequently mined in the Quartz Mountain and 
Kobel pits) contained a significant BLEG value of 85ppb. 

A detailed -80 mesh stream sediment sampling program was completed. This program located 
several anomalies including a broad anomaly with values of up to 3.7 g/t Au, with 1345 ppm Pb 
and 375 ppm Zn, in Ewatinona Creek in the head waters of Habalona Creek . 

An extensive regional ridge and spur soil sampling program, involving the collection of 507 
samples over 12.6 line km, was carried in the Quartz Mountain area in 1991. This program 
located a number of significant anomalies, with large areas of +0.2 g/t Au recorded. The best of 
the soil anomalies were selected for trenching with the aim of exposing bedrock and try and relate 
soil anomalies to a bedrock source. A total of 17 trenches for 1139 metres were completed in the 
Quartz Mountain area. These trenches revealed that mineralisation could generally be related to 
stockwork veined and brecciated porphyry which in most cases appeared to be of only limited 
extent. This was shown to be the case when reconnaissance drilling was completed in the last half 
of 1992. 

The last trench in the program was dug on what is now referred to as the Ewatinona Discovery 
Ridge , to test a significant soil anomaly of 75 metres at 1.05 g/t Au, 649 ppm Pb and 420 ppm 
Zn. This trench exposed a mixed porphyry and greenschist sequence including a gossanous vein 
up to 2 metres in width. Channel sampling of this trench returned assays of 8.44 g/t Au, 18.2 g/t 
Ag, 1.94% Zn over a 30 metre interval, including 6 metres at 52.5 g/t Au, 168 g/t Ag and 14.8% 
Pb over the cerussite gossan. In response to these results a more detailed soil sampling program 
was completed over the Ewatinona area. This program outlined a coincident Au-Pb-Zn (and 
weaker Cu) anomaly over an area of approximately 200x300 metres. 
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Rock chip sampling of creek exposures also located broad zones of mineralisation including 120 
m @ 1.00 g/t Au and 60 m @ 1.56 g/t Au. Access was established with all new tracks mapped 
and channel sampled. Several very encouraging zones of mineralisation were encountered in 
channel sampling near Discovery Ridge including 75 m @ 1.21 g/t Au, 60 m @ 3.20 g/t Au and 
145 m @ 1.27 g/t Au. All mineralisation was found to be associated with anomalous lead and 
zinc, with copper recording a more subdued anomaly. 

The first phase of drilling, completed between late 1992 and early 1993, was successful in 
intersecting significant mineralisation, including the discovery hole - QRC385 which recorded 60 
m at 2.25 g/t Au and 3.6 g/t Ag. A more extensive drill program was completed during 1993 and 
early 1994 and involved establishment of access tracks, mapping and channel sampling of all 
new access tracks, mapping and sampling of creek exposures. The extensive drill program 
completed early in 1994 has delineated a measured and indicated resource of 3.16 Mt at 1.49 g/t 
Au and 4.22 g/t Ag and an inferred resource of 0.96 Mt at 1.4 g/t Au. Mineralisation occurs as 
vein and cavity fill within brecciated porphyry on the western margins of a major 2x5 km pluton 
of Boiou Microgranodiorite. The Ewatinona breccia is irregular to roughly ovate in plan and in 
section forms an irregular cap over the granodiorite. The breccia is intensely phyllic (sericite
pyrite-leucoxene) altered and appears to be related to intrusion of the granodiorite stock. The 
hydrothermal system responsible for the intrusion prepared the ground for a later mineralising 
event which involved Au-Pb-Zn rich epithermal fluids localised along fault zones. 

Conclusions 
A systematic approach to geochemical sampling has been successful in the discovery of 
Ewatinona which represents a new ore body in an area which has been extensively prospected 
over the last 106 years. Stream sediment sampling, ridge and spur soil sampling, rock chip 
sampling and trenching have all been used to focus in on areas of anomalous geochemistry. 
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Surface weathering is a major handicap to exploration, as the weathering literally digests the upper 
part of the lithosphere. Geochemical exploration in the Birrimian greenstone soils of Guinea often 
results in false anomalies due to severe leaching. These false anomalies, called "allochthon 
anomalies", result from secondary enrichment unrelated to the underlying rocks. It is therefore 
necessary to dig control trenches before planning a drill program. 

Interpretation of the structural setting is also difficult, as supergene weathering masks not only the 
lithologies, but also the structures. 

In 1986-87 a program of geochemical sampling of lateritic cuirasse led to the discovery, at Lero, 
of highly anomalous gold mineralisation with a strike length of 300m. In the foil owing year, a 
trench dug on the anomaly cut 29m of highly anomalous mineralisation in saprolite, with an 
average grade of 10.4 g/t Au. As a result, in 1992-93, 40 core holes were drilled and confirmed 
the gold potential of the Lero prospect. 

The main mineralisation is located within the oxidised zone, and contains gold only. Gold is fine
grained and not visible with the naked eye ( < 60~-tm). High gold values (up to 175 g/t Au) occur 
near the surface. The mineralised material consists largely of clay, kaolin, silica, hematite and 
limonite. Gold is accompanied by trace amounts of Ag, Pb, As, Cu, and Zn. 

The form and limits of three units associated with the mineralisation have been defined; these 
consist of: 

• a few metres of horizontal lateritic cover (maroon surface); 
• a main mineralised oxidised body, trending east-west, and dipping 40 to 70° to the 
south (red surface). This body grades into sulphide mineralisation (green surface) below 
the level of oxidation which is located at a depth of about 80m; 
• an aureole within the weakly anomalous saprolite which broadens towards the surface 
in a funnel shape (yellow surface). 

The overall shape of the Lero gold mineralisation corresponds to a mushroom, the base of which 
is made up of the main mineralised body, the cap by lateritic cover, the ring laminae by the 
weakly anomalous saprolite. 

A mining development project was carried out between 1985 and 1988, in the Mandiana sector 
of eastern Guinea. Soil geochemistry was used to only a minor extent due to the degree of 
leaching, and exploration focussed on structural interpretation, and rock geochemistry at structural 
intersections. Soil and rock geochemistry resulted in the discovery of three locally mineralised 
targets in the Mandiana area (N'Zima, Tamana and Daoulen). 

At Daoulen, soil geochemical sampling over anomalous areas (200 x lOOm) on 25m x 25m grids, 
and rock geochemistry were used. All stockworks were systematically sampled. On the N'Zima 
lode, systematic sampling of 20-25kg of rock was carried out on a 5m grid. The results of this 
sam piing were combined with geophysical interpretation before trenching. In the Tamana target 
area, further drilling has been recommended in areas of coincident VLF and IP anomalies. 

Some regional structural targets have been identified. Geophysics has been recommended, in 
particular resistivity, tt\ help with structural interpretation. 

Exploration for gold mineralisation in the Birrimian areas of Guinea requires the complementary 
use of geochemistry and geophysics. 
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Introduction 
Regional drainage geochemical sampling over an area of 80,000km2 in the rugged mountainous 
areas of northern Pakistan commenced in January 1991, under the guidance of the authors, as a 
major component of a collaborative effort between the Australian International Development 
Assistant Bureau (AIDAB) and the Government of Pakistan - the Gold Exploration and Mineral 
Analysis Project (GEMAP). 

The principal objectives of GEMAP comprise:-
• initiation of exploration programs for gold and related minerals leading to the 

discovery of economic mineral deposits and ultimately to the development of profitable 
mining operations 

e provision of technical assistance and training to enable the recipient organisations to 
continue and funher develop systematic, cost-effective mineral exploration appropriate 
for local conditions on a basis ':iUstainable beyond the completion of GEMAP 
generation of sufficient relevant data to demonstrate the mineral potential of northern 
Pakistan and to facilitate private sector investment in the mineral exploration and 
mining industry in Pakistan. 

The relevant recipient agencies are (1) Sarhad Development Authority (SDA)~ Nonh West 
Frontier Province (NWFP), and (2) Pakistan Mineral Development Corporation (PMDC)~ 

executing agency for Northern Areas, a federally administered region. 

Geology and Mineral Potential of Northern Pakistan 
Northern Pakistan can be sub-divided into three geotectonic units '-'Cparated hy major suture 
zones:-
• Eurasian Plate: compnsmg dominantly Palaeozoic continental "helf-type -.;ediments, 

with minor volcanics, and intruded by Mesozoic-Teniary calc-alkaline Andean-type 
batholiths. 
Kohistan Arc: comprising late Jurassic to Cretaceous Island Arc and hack-arc 
volcanics, sediments and batholithic intrusives together with deeper crustal-level mafic
ultramafic layered complexes and amphibolites. Following closure of the Northern 
Suture in Late Cretaceous times the arc became the site for Andean igneous activity. 
Indian Plate: comprising late Precambrian to early Palaeozoic crystalline rocks that 
have been thrust southward over younger sediments. 

The mineral potential of these geological environments for a wide variety of gold, base metal 
and PGE deposit types by the presence of many mineml occurrences scattered throughout 
northern Pakistan and the early results of GEMAP exploration. 

Current Status of Mineral Exploration 
There has been little systematic mineral exploration or metalliferous mining in Pakistan (except 
for minor chromite, stibnite and alluvial gold production). Exploration carried out under the 
GEMAP project therefore represents the first, systematic, regional exploration undertaken in 
northern Pakistan using modern concepts and methodology. 
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Topography and Climate 
Situated at the junction of the Hindu Kush, Karakoram and Himalayan Ranges, northern 
Paldstan encompasses some of the highest mountains, longest glaciers and largest snow-fields in 
the world. Because it is located beyond the reach of the monsoon, much of the region can be 
classed as a high altitude desert envirorunent with steep slopes and little natural vegetation in 
many parts; local agriculture in the valley floors is dependent on artificial irrigation. 

Relief in northern Pakistan ranges from extreme in the Karakoram Range to moderate in the Dir 
area. K2 (86llm), the second highest mountain on earth, is located in the northeast of the 
region. 

The region experiences a wide range of climatic extremes~ in the hottest months, June and July. 
temperatures reach into the 40's (celsius) in some valleys. and in winter temperatures are 
commonly less than 10° C falling to minus 20o C in the northern mountains. 

GEMAP Exploration 
Following an initial compilation and evaluation of available data. GEl\1AP exploration. 
primarily based on drainage sampling, commenced in 1991 with an armual cycle comprising:-
• Drainage sampling with assistance from the authors in the early part of the field season 
e Continuation of sampling by the recipient agencies for the remainder of the field 

season 
e Data compilation and evaluation with assistance from the authors 

The prog:ram wa~ desig:ned as a cost-effective approach for first-pas~ exploration for 
outcropping mineral deposits in northern Pakistan. under prevailing local conditions (geology, 
geomorphology, access. climate. and technical and financial resources). and to be sustainable 
beyond the involvement of the authors. 

h1 addition to stream sediment g:eochemistry, other components of the drainage sampling 
include detailed examination of drainage float (transported rock fragments). site geology and 
panned concentrate mineralogy, in panicular for gold particles. 

To date, almost 2,000 sites have been sampled under GEMAP, representing about 40% effective 
coverag:e of the 80.000k.1n~ project area at the initial sampling density. 

Methodology for Drainage Geochemical Sampling 
Samples are collected and geolog:ical ohservations made at pre-planned locations representing 
clearly defined drainag:e catchment areas (cells) of 10 to 50km: with supplementary samples 
taken at intervals along lower order streams to cover areas not represented in individual cells. 
At each location, a thorough examination of stream tloat is made and the local geology noted. 

Panned concentrate heavy minerals (.pancon) and minu~ 80 mesh (-80#) stream sediment 
samples are collected at each sample site, including duphcate samples for future reference. 

Relatively large pancon samples of 20 litres of minus 7mm material are collected from at least 
three heavy minerals traps in the active drainage channel and hand-panned down to produce a 
heavy mineral concentrate of no less than about 50gms. The concentrates are examined closely 
with a pocket microscope for visible gold as well as other ore, indicator and accessory minerals, 
and then bagged for more detailed petrological examination and geochemical analysis. Large 
sample size and precise sampling techniques are used to enhance repeatability of panned 
concentrate samples and reduce the chance of operator error resulting in anomalous metal 
content going undetected. 

Composite -80# samples are collected from a combination of heavy minerals traps and fine 
sediment deposits in the active stream to provide additional geochemical da.!~. for base metals 
and fine gold whtch rnay not necessarily report in pancon samples. 



Pancon and -80# samples are analysed for Au, Ag, Cu, Pb, Zn, Bi, Co & Ni. The list of 
analysed elements is governed largely be the capability of the responsible laboratory, SDA's 
Mineral Testing Laboratory in Peshawar. 

Results 
Initial evaluation of the geochemical and visible gold data is based on simple frequency 
distributions prepared for each element, for each sample type. Pancon geochemical data are 
"standardised" to a nominal IOOgms concentrate weight prior to evaluation. 

Anomalous levels of gold and other metals have been identified in many drainage systems, 
including some areas not previously considered prospective for gold. In other areas where the 
presence of gold was previously recognised, GEMAP exploration has identified specific source 
drainages which can now be prioritised for detailed follow-up investigations to locate primary 
sources of mineralisation. 

Most of the anomalous geochemical values report from the pancon samples, reflecting that 
mechanical weathering is the dominant process of rock and mineral breakdown in this region of 
high erosion rates and generally cool climate at higher altitudes. 

Many of the anomalous gold drainages identified have been classified as "high-order" anomalies 
having visible and/or analytical gold contents equivalent to 50 or more colours (colour is a field 
description for a particle of gold <0.3mm in size - 15 or more colours equivalent is regarded as 
anomalous). 

These high-order gold anomalies can be characterised on the basi~ of one or more of the 
following parameters: 

• Gold particle character in the panned concentrate 
• Associated anomalous metal values 
• Association with major structures 

Other significant results with potential mineral exploration significance include the identification 
of previously unknown, regional zones, geochemically anomalous in base metals; the 
identification of correlations between known geotectonic units and drainage geochemi~1T)'~ and 
as noted above, the association between a number of high-order gold drainage geochemical 
anomalies and major regional structures. 

Conclusions 
Northern Pakistan has a complex history of crustal evolution and a rich diversity of geolo!!ical 
and metallogenic environments which compare favourably with geologically similar mmeral 
producing belts elsewhere in the world. 

Under the GEMAP project, the first stage of systematic exploration for !!old and other metal:--. 
based on ''first-pass" integrated regional drainage sampling i~ in progres:-; over an area of more 
than 80,000km2 of northern Pakistan. 

Work to date has identified a substantial number of specific areas which contain anomalou~ 
levels of gold and other metals potentially indicating mineralisation. These area~ can now he 
prioritised as targets for the next stages of more detailed exploration aimed at locating primary 
sources of mineralisation and the discovery of economic mineral deposits. 

Confidence in the sensitivity and reliability of the drainage sampling methods has been 
reinforced by the results to date - all of the known mineral occurrences covered by the drainage 
sampling have been readily detected, duplicate pancon sample data generally correlates well, 
and check sampling shows good repeatability. 

The systematic, regional, drainage geochemistry database generated hy (iEMAP should form 
the basis for more detailed GEMAP-type drainage sampling surveys, and for mineral 
exploration in northern Pakistan for many years to come. 
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Follow up of a regional stream sediment sampling program led to the discovery of the Mt Bini porphyry 
copper-gold deposit in January 1993. The deposit lies 50kms east of Port Moresby. 

The Mt Bini porphyry is a dioritic to monzonitic stock 650m x 350m in area. It intrudes phyllites of the 
Mesozoic Owen Stanley Metamorphics. An alteration halo of 2km2 encloses the porphyry. Early 
potassic (biotite+ orthoclase) alteration is pervasive within the intrusive. Phyllic, intermediate argillic 
and propylitic alteration overprint the early potassic and extends into the basement phyllites. Dominant 
hypogene mineralisation consists of pyrite, magnetite, chalcopyrite, molybdenite, gold and bornite. 
Galena and sphalerite veining occurs proximal to the porphyry. Structurally controlled low sulphidation 
epithermal quartz veins are peripheral to and overprint porphyry mineralisation. Secondary 
mineralisation is minor. Oxidation is deepest under ridges where it may reach ?Om and shallowest under 
water courses. Minor malachite occurs within this zone. Supergene chalcocite and covellite is evident 
within creek outcrops. 

Sampling Methodology 
Sample points were selected from published 1: 100,000 scale topographic maps to achieve a sampling 
density of 1 sample per 10km2 or 1 sample per 5km of stream length. Sampling density during follow
up was increased to 2 samples per lkm2

• This density compares to that of Watters et al., 1992. Four 
sampling teams with helicopter support were used during the first pass survey. A total of 483 sites were 
sampled during a 4 week period over an area of 4000km2

• Two to three sites were sampled on average 
per 1 hour ofhelicopter time. Rugged terrain restricted helicopter (MD500) access and follow up was 
completed by 3-5 day foot traverses. 

A heavy mineral panned concentrate (PC) and bulk cyanide leach (BCL) sample were collected at each 
site, together with rock float samples where appropriate. Geological observations for rock float and 
outcrop were recorded. PCs were collected from gravel traps and BCL samples from active sediment. 
PC trapsites were usually on the sides of drainages and best where sediment was poorly sorted with a 
high fraction of compacted clay in gravel. Grass clumps were also suitable trap sites. BCL samples 
comprisedsilty/sandysedimentfromrun-of-stream. One standard pan load (5kg) of -2mm material was 
used for each of the PC and BCL samples. Each sample was wet sieved on site and stored in plastic 
bags. 

Within anomalous drainage basins soil samples were collected along ridges and spurs at either 25m or 
50rn intervals. Five hundred grams of unsieved "B" horizon material was sampled from between 
lOOmm and 300mm below the surface. 

All samples were analysed by commercial laboratory methods. PCs were fire assayed in entirety for 
gold only. BCL samples were oven dried and IOOgms of -2mm material split off. This material was 
prepared and analysed for Cu, Pb, Zn Ag and Mo by AAS following an acid digest. The remaining bulk 
sample was analysed without further preparation for Au, Cu and Ag by AAS following a tumbled 
cyanide leach for 24 hours. 

Soil samples were oven dried and without fine sieving were analysed for Au by fire assay and Cu, Pb, 
Zn, Ag, Mo and As by AAS following an acid digest. 
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Discussion of Results 
All analytical data from each sample type were plotted on log-probability plots and histograms to 
estimate regional thresholds between anomalous samples and background populations. PC results were 
first normalised to a standard 50gram sample weight. 

Regional stream sediment results defined an anomalous area of approximately 100km2 within which the 
previously undiscovered Mt Bini porphyry and several smaller mineralised centres occur. PC gold 
(Figure 1) showed the best clustering of high order anomalies ( + 30 ppm) with 157ppm Au in the sample 
immediately downstream (2km) from mineralisation. BCL Cu (+400ppb), Cu (+60ppm), Zn 
(+200ppm) and Pb (+80ppm) clearly defined mineralisation from the regional program results with Pb 
showing a spectacular dispersion train 9km downstream (Figure 2). BCL Au did not clearly define 
mineralisation associated with the Mt Bini porphyry but outlined mineralisation in nearby drainages. 

Sampling of rock float of pyritic and silicified boulders during the regional program yielded highest 
values of20.7 ppm Au, 463 ppm Ag, 0.14% Cu and 0.6% Pb 2 km downstream from mineralisation. 
These results were critical in focussing further follow up and is analogous with the discovery of 
mineralisation at the Wafi River Gold Deposit (Funnell, 1990). 

Results of follow-up sampling indicated a clear cut-off between highly anomalous panned concentrate 
Au results downstream of a significant waterfall with 150m relief and highly anomalous BCL Au 
upstream of the waterfall. The panned concentrate Au results reflect coarse gold associated with pyrite 
in bonanza-style epithermal quartz veins which are exposed below the level of the top of the waterfall. 
This style of mineralisation is absent above the waterfall reflecting a topographically higher level in the 
epithermal system. The porphyry copper/gold mineralisation is reflected by the relatively elevated BCL 
gold levels above the waterfall. 

The 0.2ppm gold soil contour defines a discontinuous zone of dimensions 2000m x 200m (Figure 3). 
This is similar to the definition of mineralisation at the Wafi River Gold deposit (Erceg et al., 1991). 
Copper ( + 150ppm) and molybdenum ( + 18ppm) are broadly coincident defining a zone of 650m x 
350m. A central area defined by the + 700ppm copper contour is coincident with a cluster of 0.2-
0.5ppm gold values over an area of 500m x 150m. This zonation reflects the outcrop pattern of the 
potassic altered and mineralised Mt Bini Porphyry. Both Pb (+200ppm) and Zn (+150ppm) are 
anomalous peripheral to the central Cu/ Au/Mo mineralisation and define a large geochemical halo of 
dimension 1500m x 2200m. 

Conclusion 
Regional helicopter supported stream geochemical sampling is the most effective and rapid method for 
assessing large areas of mgged, wet, tropical terrain. 

ll1e discovery of the Mt Bini deposit is an exploration success using stream sediment and soil 
geochemistry techniques. Panned concentrate gold and BCL gold results clearly define significant 
anomalous drainage basins at the regional scale. Base metal analyses of IOOgrams of material split from 
the BCL smnple and in particular, Pb is a highly effective and inexpensive tool to characterise and rank 
gold anomalies. '111is is in contrast with fine mesh size stream sediment samples which require greater 
sampling time and with lesser economical use of helicopter and personnel time. 

Associated epithermal bonanza-style veins greatly enhance the regional geochemical signature. High 
sampling density during follow up delineated mineralisation where panned concentrate gold and BCL 
gold differentiate between epithermal style veins and porphyry-style mineralisation respectively. 
Identification and sampling of altered/mineralised rock float in streams was critical to the ranking of the 
regional stream geochemical results. 

Ridge and spur soil sampling effectively established metal zonation of Pb/Zn peripheral to Cu/Au/Mo. 
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The preferential accumulation of heavy minerals, such as gold and cassiterite, on stream beds is 
a well known phenomenon that can be both an advantage and disadvantage in exploration 
geochemical and heavy mineral surveys (Fletcher and Day, 1989). It is generally supposed that 
such accumulations develop because heavy minerals, by virtue of their greater density, are 
transported at different rates to the sediment as a whole (Day and Fletcher, 1989, 1991). 
However, insofar as relative transport rates of heavy minerals and sediments have not been 
measured in natural streams, details of the underlying sedimentological processes remain poorly 
understood. To address this problem and to provide improved criteria for the design and 
interpretation of exploration geochemical surveys, we have measured transport rates of cassiterite 
and sediments in the Sungei Petal, a cassiterite-rich stream in Perak, Malaysia. 

Our methodology, which follows that of Fletcher et al (1992), involved installation of a pit-type 
trap, 30 em in diameter, in the bed of the S. Petal. Stream discharge was then monitored and the 
trap repeatedly emptied as it filled with the sediments transported by a series of flood events 
during the monsoon season in October-November, 1993. Sediments from the trap were dried and 
sieved into sixteen size fractions between <63 J.lm and 32 mm. All size fractions were weighed 
and the Sn content of seven size fractions, from <63 J.lm to 500 J.lm, determined by atomic 
absorption spectrometry. 

Under base level flow conditions (0.5 m3 per sec) no bedload sediment is transported. However, 
after heavy rain storms the stream rises rapidly to discharges that exceed 3.5 m3 per sec. Bedload 
transport starts at a dischnrge of approximately 1.0 m3 per sec and thereafter increases 
exponentially for all size fractions up to discharge of 2.2 m3 per sec when the rate of sediment 
accumulation in the trap exceeds 5 kg per minute. At discharges >2.2 m3 per sec rates of 
sediment accumulation in the trap decrease slightly for all except the two coarser fractions. This 
decrease is presumably a consequence of suspension transport becoming more important than 
bedload transport. 

Transport rates for Sn also show an exponential increase, up to roughly 1000 mg per hour, as 
discharge rises to 2.2 m3 per sec. However. concentrations of Sn in sediments caught in the trap 
also increases as discharge and sediment transport rates increase. This increase in relative 
concentrations of Sn results from the preferential retention of cassiterite in the bedload as more 
of the less dense sediments arc transported in suspension with increasing discharge. Because fine 
sediment is swept away in suspension at the onset of bed movement, the smallest differences 
between Sn concentrations at low and high flows are found in the fine sand and silt fractions. In 
contrast. because coarser-sized particles of sediment and cassiterite are initially transported as 
bedload, these fractions only become enriched in Sn under high flow conditions. This has 
important consequences for geochemical surveys insofar as it shows that enrichment of high 
density heavy minerals, such as cassiterite, can occur in the silt and fine sand fractions under 
even relatively low flow conditions. Conversely, heavy minerals will only become enriched in the 
medium and coarse sand fractions under higher flow conditions: the heavy mineral content of 
these fractions can thus be expected to exhibit greater local spatial variability on the bed of the 
stream. 

In interpreting exploration data for elements transported as the principal constituents of heavy 
minerals it would be useful to be able to minimize variability related to hydraulic effects. 
Conceptually this can be achieved by ratioing the concentration of the heavy mineral (or 



associated element) to the abundance of the sediment fraction having the same net transport rate 
(virtual velocity). Knowledge of the transport rates of different sizes of cassiterite and sediment in 
the S. Petal allows this possibility to be tested. Estimates of grain sizes of cassiterite and sediment 
having the same net transport rates indicate that, on a coarse sand or gravel stream bed, 
cassiterite grains up to 180 J..Lm in diameter (i.e., 80-mesh ASTM) are transport at approximately 
the same rate as quartz grains three times larger. We have therefore tested, using data from a 
previous geochemical survey (Fletcher et al, 1987), the effect of recalculating the Sn content of 
the 53 to 75 J..Lm fraction relative to the abundance of the 150 to 212 J..Lm sediment fraction. 
Results clearly distinguish "real" Sn anomalies, close to their bedrock source, from hydraulic Sn 
anomalies developed several kilometres downstream from the source. 

It is concluded that Sn anomalies in stream sediments become further enhanced as a result of 
differences in transport rates of cassiterite and sediment. This effect, which counteracts 
downstream dilution and can thus extend the length of the Sn anomaly, is expected to be most 
consistent for the silt and fine sand fractions. During interpretation of exploration geochemical 
survey data, enhanced concentrations of Sn resulting from accumulation of cassiterite on the 
stream bed can be recognized and corrected for by calculating Sn concentrations relative to the 
abundance of the transport equivalent size of sediment. The same procedures should be 
applicable to interpretation of geochemical anomalies for other elements, for example gold, that 
are transported in drainage sediments as the principal constituents of heavy minerals. 
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Introduction 
Calcretes form a chemical and physical barrier to the movement of many anions and cations in the 
regolith. This results in subdued surface geochemical expression above mineral deposits. 
Anomalies are generally restricted and are localised above the mineralisation, with little detectable 
down slope dispersion. At the calcrete-covered Putsberg (Cu) and Kantienpan (Zn) deposits, in the 
nortl1-westem Cape Province of South Africa, sampling of the top of the calcrete gives better 
anomaly definition than in the overlying soils. However, although the anomalies are better 
defined tl1ey tend to have a more restricted lateral extent and tl1erefore still require a high sample 
density to detect them (Garnett et al, 1982; Gamett, 1983). 

Any reduction in sample density without compromising tl1e effectiveness of tl1e survey is 
attractive. Consequently sheetwash/stream sediment samples from the above prospects were 
examined as an altemative sample medium to soils and calcretes in the hope that tl1ey might yield 
enhanced anomaly definition. The results of this study are presented here. 

Regional setting of the deposits 
The Putsherg and Kanticnp~m prospects me located within the high-grade metamorphic terrain of 
the Namaqualand Metamorphic Complex. I3oth occur on. or close to. the African erosion surface 
which is a mature peneplain dating hack to Cretaceous times (Fig. 1 ). Pedogenic calcrete is a 
common feature of its weathering profile, often overlain by a thin stone line which, in turn, is 
overlain hy variable amounts of reworked windblown sand. The calcrete is similar to that 
described from other arid and semi-mid regions (Wright and Tucker, 1991) in that it has a well
defined boulder or laminar top, grading down through honeycomb and/or nodular calcrete to powder 
calcrete at the base It is O . .S to 3 metres thick. with incipient cakretisation of bedrock 
recognisable dmvn to about 7 metres. 

GONDWANA (JURASSIC) 
POST GONDWANA (EARLY CRETACEOUS) 

.AFRICAN (LATE CRETACEOUS) 

D POST AFRICAN 01-CYCUC 
(OLIGOCENE/MIOCENE) 

D PLIO-PLEISTOCENE 

Aggradational 

I±H) RECENT 

I :ig. l. I ,and surfaces of the north-western Cape Province, South Africa (adapted from Partridge, 
I <)7)), showing the location of the Putshcrg and Kanticnpan prospects. 



The NW Cape is covered by open grassland. Thicker concentrations of vegetation, including small 
shrubs and trees, are developed along the sand-choked drainage courses, which rarely contain any 
water. It is probable that a very large proportion of the sand fraction is of wind-blown origin. 
This poses a serious problem in that it has the potential to dilute any anomalous material that 
might be liberated at the surface by mineralisation below the calcrete. Rainfall, generally in the 
form of thundershowers between December and May, rarely exceeds 100mm per annum. This 
alternation of wet and dry seasons may be important in driving calcrete formation (Wang et al, 
1994). The region is subjected to wide fluctuations in temperature, from below freezing in winter 
to over 40°C in summer, with mean temperatures ranging between 32°C in January and 17°C in 
July. 

Base metal anomalies of up to 15km were detected around the well exposed Aggeneys (Cu,Pb,Zn) 
and Gamsberg (Zn,Pb) deposits (Beeson et al, 1974, 1978), but these represent restricted remnants 
of an older Gondwana surface and dispersion patterns in soils are limited to 100 - 200 metres on 
the more extensive African surface with it" blanket of calcrete and windblown sand e.g. at the 
Prieska copper deposit, south of Kantienpan (Beeson et al, 1974). 

Sheetwash/stream-sediment sampling 
The Putsberg deposit is drained by three broad, sand-choked channels while K:mlienpan has no well 
defined drainage ways and drainage is entirely by sheetwash. At both prospects 2 - 3 kg of 
drainage sediment were collected at intervals of I 0 to I 00 metres both upslope of the 
mineralisation and for about one kilometre down slope. Samples were sieved to yield the 
following fractions: >2mm, l-2mm, 0.5-lmm, 0.18-0.5mm, 0.075-0.I8mm and <0.075mm. In 
addition, heavy minerals were isolated from the l-2mm fraction. An attempt was also made to 
hand-pick dark brown, desert varnished ironstone chips from the >2mm fraction, in the hope that 
at least some of these would prove to be genuine gossan chips. Most of these chips weighed less 
than a gram. At Kantienpan individual chips were analysed in order to assess potential variability 
at each sample point. Fractions coarser than 0.18rnrn were pulverised before analysis. Most of 
the heavy mineral concentrates and ironstone chips were pulverised hy h:md because of the limited 
amount of material that wa" available. All samples were analysed for Cu,Ph,Zn,Ni,Mn,Ba,Co,Cd 
and Ag using atomic absorption spectrometry following a pcrchloric/nitric/hydrofluoric acid digest. 

Results 
The most reliable guides to the position of the mineralisation arc the ore metals themselves -
copper ·at Put<:)berg and zinc at Kantienpan. Copper and zinc arc both preferentially concentrated in 
the finer fractions of conventional stream sediments. The best contrast is in the <0.075mm 
fraction, but even here anomalous values arc subdued- about 80 ppm Cu over a background of 40 
ppm at Putsberg; and about I20 ppm Zn over a background of 80 ppm at Kanticnpan - and arc 
restricted to a distance of IOO to 200 metres down slope from the mineralisation. 

By far the strongest anomalies are developed in the 1-2mm heavy mineral and >2mm ironstone 
chip fractions (Fig 2). The I-2mm heavy minerals gave the most consistent results and were 
particularly successful at Puts berg where values of about I 000 ppm Cu could still he detected at a 
distance of one kilometre from the deposit. Microscopic examination of the concentrates showed 
that they were dominated by dark brown, jaspcroidal grains which were almost certainly derived 
from the mineralisation. In contrast, at Kanticnpan the 1-2mm heavy minerals yielded clcvalcd 
values over a distance of less than 300 metres. The decay of the anomalous values was clearly due 
to dilution by large amounts of heavy minerals derived from the surrounding country rocks. 
Ironstone chip sampling gave more variable resulL5, to the extent that they would he an unrcfiahlc 
sample medium at Putsberg. This was partly due to <m inability to identify chips with confidence 
because of clay coatings and desert varnish. This was also a problem at Kanticnp:.m e.g the sample 
collected directly over the mineralisation gave background values. However, individual chips at 
each sample site were analysed at Kantienpan and many of these yicfdcd encouraging results, even 
at a distance of 1km from the mineralisation. 

Grain size analysis of the bulk samples showed that they closely resemble wind-blown sand with 
90% of the material falling in the 0.18-l.Omm range. Only small amounts or the I-2mm 
fraction were obtained from the initial samples, and of these only about 0.2% consisted of heavy 
minerals. In practical terms this meant that a bulk sample of 2- 3 kg yielded only ahout 0.2g of 
1-2 rmn heavy minerals. Ironstone chips were more common at Kanticnp<m than at Put.shcrg, hut 
even at Kantienpan they averaged less than four chips per sample point. Two l11irds of U1c chips 
collected weighed less than 1g, while only 5% weighed over lOg. Clearly U1is poses particular 
problems for sample preparation since the majority need to be pulvetised by hand. 
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Fig. 2. Mechanical dispersion patterns around the calcrete-covered Putsberg (Cu) and 
Kanticnpan (Zn) deposits. Values for the >2mm ironstone chips at Kantienpan are weighted 
means of ~malyses of individual chips. These proved to be highly variable e.g. position A shows 
the range of values encountered in the three chips collected at that point Weights of the chips 
and Zn content were: 1 - 0.2g (4800ppm Zn); 2- 0.15g (1600ppm Zn); 3-- 23.9g (llOppm Zn). 



Discussion and conclusions 
These results show that considerably enhanced anomaly definition can be achieved by isolating the 
few mechanically dispersed gossan chips which are liberated at the surface above calcrete-covered 
base metal deposits. At Puts berg values of about 1 OOOppm Cu in the 1-2mm heavy mineral 
concentrates provide unequivocal evidence of the presence of mineralisation even at a distance of 
one kilometre from the deposit. At Kantienpan values of over 1000 ppm Zn can be detected at a 
similar distance in the hand-picked >2mm ironstone chips. There is clearly potential to achieve a 
significant reduction in sample density by using these fractions, but a number of factors must be 
addressed before such a sampling scheme can be adopted with confidence. These are: 

• Only very small amounts of material may be available for analysis. For example 
at Putsberg 2- 3 kg of bulk sample yielded only about 0.2g of 1-2mm heavy minerals. 

• Gossan chips may not always dominate the heavy mineral fraction. At Putsberg 
gossan chips remained as a significant component even at a distance of one kilometre, whereas at 
Kantienpan there was rapid dilution of this fraction by large amounts of heavy minerals derived 
from the surrounding country rocks. 

• True gossan chips are not easy to recognise when attempting to hand pick >2mm 
samples, hence the variable results achieved at both prospects. Desert varnish is common and 
leads to the inclusion of barren material in the sample. Conversely, gossan chips at Putsberg were 
difficult to identify because of presence of pale clay coatings. 

Care should be taken when extrapolating these results to other part.<.; of the world. In the NW Cape 
there is no evidence of a past history of deep weathering under a humid tropical climate - calcrete 
grades downwards directly into fresh rock and there is no sign of any past deep lateritic (sensu lato) 
regolith described by Butt (1992) as being typical of most of the present arid zone. It is also 
possible that the rate of calcrete disintegration at the surface may be faster tlum in other calcrete
covered areas due to frost action in winter. This may accelerate the release of gossan chips to a 
point where they are more readily detected. Activities of large burrowing mmnmals such as 
porcupines may also speed this process. 
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Ok Tedi: One million years old, ten million millimeters of rain and four 
kilometers of weathering. 
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The Ok Tedi mine is a potphyty copper-gold deposit adjacent to the western border of Papua New 
Guinea and Irian Jaya (Fig. 1). The remaiDing reserve after ten years of production (as at end of 
November 1994) is 450 million tonnes grading 0.700/o Cu and 0.70 gjt Au. Ok Tedi mine produces 
600, 000 tonnes of copper concentrate annually, containing 200, 000 tonnes of ropper, 350, 000 az 
of gold and 800, 000 az of silver. 

The Ok Tedi area, located within 5 degrees south of the equator is covered by dense tropical min 
forests. To:p:>graphy is characterised by deeply incised mountains with steep slopes. There are no 
climatic seasons with the temperature normally ranging betv.'ee!l 25 and 30 OC. Extremely high 
rn:infa1l (10 metersjyi), :rapid plate movement (122 mmjyi) and uplift has resulted in high erosional 
:rates (0.3 cmjyr ) and development of a supergene enrichment blanket An estimated four 
kilometers (Danti, 1991) have been eroded during the last 1.2 million years since the ore deposit was 
initially formed. 

The deposit is located on the margin of the Indo-Australian plate within the Papuan Fold Belt The 
region is oblique to the convergence direction with respect to the Pacific Plate which is currently 
moving at a velocity of 122 mmjyr in WSW direction. This has resulted in folding, thrusting and 
:rapid uplift of the area. The folds and thrusts in the Papuan Fold Belt trend approximately WNW
ESE. In the mine area, the angle between the structural trend and convergence direction is 45°. 
Contemporaneous with these structural developments are Miocene to Pleistocene calc-alkaline 
intrusives and volcanoes (Davies & Norvick, 1977). The major structures within the mine area are 
the Ok Tedi anticline, Taranaki and Parrots Beak thrusts. These structures appear to be 
contemporaneous with the emplacement of the intrusive complex and controlled some of the major 
skarn bodies. 

Fig. 1 Locality map ofOk Tedi Mine and structural setting of mainland Papua New Guinea 



The geology of the mine area consists of a Pleistocene calc-alkaline intrusive ~ocal1y knawn as 
''Fubilan Latite Porphyry')1 that intruded a slightly older intrusive (Sydney Monzodiorite) and three 
sedimentary units (Fig 2). The average total thickness of the overlyjng sedimentary pile ranges 
between 2500m and 3200rn. Early to late Cretaceous Ieru Formation (1350- 1500 m thick) is the 
oldest sedimentary unit in the mine area and comprises siltstones and mudstones. This is overlain 
unconformably by late Eocene to mid Miocene Darai :umestone (200 - 1000m thick). Overlying the 
Darai :umestone is mid Miocene Pnyang Formation (1200 m thick) consisting of mudstones with 
sandy horizons (Davies & Norvick, 1977; Mason, 1994). 

The Sydney Monzodiorite has been radiometrically dated to be 2.6 million years old (Page et al, 1975 
& Losada, 1994). The hydrothermal alteration event, that was contemporaneous with the 
crystallisation of the Fubilan Latite Porphyry has been dated to be 1.2 rna Field relationships and 
Ar-Ar dating confirm that Southern Monznnite Porphyry is the youngest (0.5 rna) intrusive within 
the mine area and its emplacement was structurally controlled. Late stage hornblende porphyry 
dykes commonly cross-cut the various intrusives. 

[SJ Quartz stockwofk 

- Skarn minerarasation 

D Mt Fubilan Latitle Porphyry 

GJ Southern Latitle Porphyry 

E:J Sydney Monzodiorite 

~ Darni Lmestone 

D leru Fonnation 

B Cross-section line 

D Diamond Drill Hole 

Fig 2 . Local Geology ofOk Tedi Mine area after Danti (1991) 

The hypogene hydrothermal alteration zonation within the Fubilan La.tite Porphyry is characterized 
by a central late stage silica flooding and quartz stockwork veining that }X)Stdates the earlier potassic 
alteration event which grades into a poorly developed argillic zone at the periphery. The potassic 
alteration is zypified by secondary biotite and potassium feldsp:rr (orthoclase). The potassic feldspar 
commonly occur as overgrowths, veinlets and fine grained alteration in the groundmass. Secondary 
biotite commonly pseudomorph clinopymxenes, amphiboles and primary biotite that are then 
commonly replaced by chalcopyrite, pyrite and bornite. Although, propylitic alteration is poorly 
developed within the latite porphyry, it is well developed within the Sydney Monzodiorite. Propylitic 
alteration is characterised by chlorite, actinolite and epidote. The absence of meffithennal
epithennal regimes; and the direct contact between propylitic and potassic alteration zones suggest 
that the current exposure is at a deeper level of the magmatic-hydrothermal system. Supergene 
alteration is characterised by intense goethitic clay-sericite which decreases systematica11y with 
depth (Garry, 1993). 

The rru:Yor proportion of the hypogene copper mineralisation is ass:>ciated with the rntassic 
alteration event This is shawn by the presence of chalcopyrite and pyrite replacing secondary biotite. 
Minor amounts of prirnaiy copper minerals are aloo ass:>ciated with quartz veining. 'fhe ~or 
hypogene sulphide minerals in decreasing abundance are: pyrite, chalcopyrite, bornite, mo~ybdenite, 
marcasite, galer1a and sphalerite. Subsequent chemical weathering processes gave rise to a copper
leached cap, oxide zone, and chalcocite supergene enriChment zone, all of which overlies an 
unaffected prirnaiy zone. In the secondary enriched zone, copper has increased in grdde by 

1 ''Monzonite Fbrphyry'' has been used in the past literatures (Bamford, 1972) but ta.:hniailly it is u "Latite 
Fbrphyry'' because of the fine grained nature of the groundrnaS'3 (Maron, 1993 and Doucette, 19Y3) 
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diffussional processes. Danti (1991) estimated from mass balance analyses that the rate for 
sea:>ndary copper enrichment by solute transport is 1x1Q-7 gj cm3 jyr, (4x1Q-2 ppm Cu./ yr). 

Geochemical analyses has established that higher gold grades -within the Fubilan la.tite Porphyzy 
SUITDunds the upper portion of the silica flooded zone and decreases laterally and vertically. 
Preliminary fluid inclusion studies (Gany, 1993) revealed hypersaline (45-60 wt 0/o NaCl + KCij, gas
rich, and lower homogenisation temperature (3QOoC - 4000C) -within the silica flooded and stockwork 
zones than elsewhere in the deposit This suggest that gold was proh:ibly transported as chloro
complexes and precipitated due to boiling during the silicification event 

Supergene enrichment of gold unlike copper at Ok Tedi was not clearly understood until recently. 
Utilising petrography, mineralogy, hydrogeochemistry and mass balance analyses, Danti (1991) 
estimated that gold was enriched 50 times comp:rred to protore during supergene processes 
prinicipally by regolith reduction and less mmmonly by solute transport at a rate of 2.9 x1Q-11 g 
Auf cm3 jyr, (11xlOU ppm Aujyr). In the protore ore, gold occur predominantly as ''invistble2 gold" 
-within pyrite, marcasite, bornite, idaite and chalcopyrite. InvisJ.ble gold decreases systematically 
upwards -with 80Yo as invisible auriferous sulphides at depth (protore), SOO/o vistble gold in the 
copper-enriched and SOO/o visible gold in the copper-leached cap. Danti (1991) also concluded that 
the source of the enriched gold is not present in the current weathering profile unlike the copper 
profile (Fig 3). 

.. 
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16 

112 
~ ·~----
i 4 

(.) 

200m 
No Ver1cal 

Exaggerat•on 

ar· inaJ 8' 
/Top of ~!fides~ 

·····/····· _,.-· 
( Calculated 
: Pre-oxidation 

:' Top of SuHides . 

Fig.. 3 A generalised. model at Ok Tedi showing gold and copper emiclunent by regolith reduction and 
solute tmnsport due to rapid uplift and high rainfaD, after Danti (1991) 

:2 InviSible gold is u&rl here after Cook's et al (1990) to define gold mntairu:rlin 1he stiuctures of common sulphideminem1sand 
present as dis:::rete inclusions Sl:l1allff1han 1000 OA , not detctable by optia3l and ocanningrr:tiouroJpe. 



The Ok Tedi operation continues to face challenges in mining and processing the h1gh grade oxidised 
skarn bodies and the lower grade oxidised porphyry. The geomeb:y of an ore deposit affected by 
supergene chemical and mechanical weathering processes has necessitated the use of two 
extraction methods. The carbon-in-pulp extraction methcx:l 'WaS employed for gold ore in the copper
lffiched cap from 1984 to 1988 and flotation for copper-gold ore in the oxide, supergene enriched 
primary ore zones from 1986 to present 
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