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Can surface geochemistry in >5m thick 
transported regolith/overburden cover 

detect buried mineralisation?

Broad multielement anomaly in 
residual regolith

Presenter
Presentation Notes
A growing trend to make surface geochemistry effective in exploring across depositional landforms underlain by shallow to deep sediments is the use (and abuse!) of partial and weak selective extractions (SWE), gas analysis and biogeochemical surveys to delineate anomalies in depositional landforms (some of these techniques have been in application for over 30 years). However, these techniques have found mixed success in delineating buried ore bodies and not merely ‘anomalies’, especially in Australia, because the particular mechanism(s) and their effectiveness in transferring metals associated with mineralization upwards through the often complex transported overburden is poorly understood, thereby complicating and limiting the interpretation of datasets, and precluding the discrimination of negative and false anomalies. To address the lack of understanding of various upward metal transfer mechanisms through transported regolith (as opposed to the metal concentration in residual regolith), a review was conducted to evaluate the potential mechanisms effective in the Australian environment.



Do metals transfer upwards through transported cover?

From Radford & Burton (1999) Journal of Geochemical Exploration

Presenter
Presentation Notes
 Although there are many cases of false anomalies, the critical question is whether no detection of anomalous surface geochemical response can be taken as a predictive indication that ore does not exist below? An example of the value of understanding of whether metal signatures from mineralization are transferred upwards to the surface and are then unambiguously detectable via surface geochemical techniques (e.g. soil sized fractions, partial leaches, gases, electrochemical) is illustrated in the image showing cross section anomalies and surface Au survey, where gold from the underlying mineralization has dispersed into the overlying older and intensely weathered sediments, but not within the thinner, but less weathered near surface sediments, and subsequently surface geochemical sampling provided a null result (Radford & Burton 1999). The example highlights the lack of predictive capability of the surface geochemical techniques because of a dearth of understanding of how metals are transferred upwards through different cover and environmental settings. 
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• Self-Potential 
• Redox Gradient
• Bubble Attachment

• Dilatancy Pumping
• Capillary
• Convective gas flow
• Barometric Pumping

BIOLOGICAL
• Plant uptake to Foliage
• Hydraulic Lift – to soil
• Bioturbation

Transported

Presenter
Presentation Notes
The mechanisms that can transfer metals from the underlying mineralisation through transported cover can be divided into two main categeries: vadose zone mechanisms operating above the water table and phreatic zone ones. The vadose zone mechanisms can be divided into biological ones and others. 



Self Potential Mechanism – Govett model  

Modified after Govett et al (1984))

• Self potentials develop in 
response to weathering of 
sulphide body that gives rise to 
an Eh differential (current flow)

• Cations migrate along current 
path and collect at edges of 
oxidized cap – excess 

• Diffusion of cations upwards 
along concentration gradient?

• Indirect effects – pH changes

x Sulphide rich mineralization

x Diffusion of cations in dry media

Presenter
Presentation Notes
The formation of electrochemical cells around an oxidizing-reducing sulphide body within groundwater can provide excess cation concentrations at the oxidized upper edges of the sulphide body, and the proposed pattern of (“rabbit ear”) surface anomalies in regolith suggests its possible operation (Govett, et al. 1984).  Two considerations for this mechanism need to be met: oxidizing sulphide rich mineralization and high water tables.




Redox Gradient Mechanism – Hamilton model

Modified after Hamilton (2000)

• Development and maintainance 
of redox anisotrophy due to 
potentials between sulphide and 
surface

• “Reduced column” develops 
over ore and gradually migrates 
outwards

• Rapid migration of ions in an 
electric field

x High water tables

x Sulphide rich mineralization

Presenter
Presentation Notes
Another variant of the electrogeochemical model posits the onset of redox anisotropy between the buried sulphide body (reducing) and water table (oxidizing) after the deposition of sediments. Self-potentials arise and are maintained due to reducing conditions at the sulphide body front and oxidizing conditions at the water table, leading to upward and outward migration of reduced species and their subsequent oxidation and formation of a reduced column above the ore body (Hamilton 2000). This model is considered to account for the rapid transfer metals upwards through thick (30 m) saturated cover (Cameron et.al 2004).



Biological – Vegetation Transfer Above Ground

• Plant uptake via physiological processes and transfer to 
surface via litter - biogeochemical cycle and “bio-pumps”

• How deep? – Need to go to water table or deeper 
anomalous zone to be effective in transferring ore metals 
upwards

• What form? – Metals transferred upwards and released 
as what type of species 

• Root systems – dimorphic roots
• Laterals (shallow) - Sinkers or tap 

roots

• Hydrogen isotope (Deuterium) data indicates stem relies 
on water and nutrients acquired from groundwater via 
sinkers during the summer

Laterals

Sinker

Presenter
Presentation Notes
Vegetation or plant physiological uptake of elements from subsurface and their release to the surface via litter is a potential mechanism of rapid metal transfer. However, proof is required that plants tap into deeper water sources for their nutrient content, otherwise higher metal content in plant tissues merely may indicate recycling of a soil anomaly. 



Dimorphic Roots System

Do roots reach groundwater and uptake metals?

Hydrogen isotope data

• Commonly access groundwater table 
at 10 - 15 m SWA

• Macro & micro nutrient uptake by 
sinkers has been proved

From Pate et al 1999

From Dawson & Pate (1996)

Laterals

Sinker

Presenter
Presentation Notes
The potential of plant assisted metal transfer from deeper groundwater comes from deuterium isotopic studies on facultative pheratophytes – plants having dimorphic roots systems with laterals and sinker or tap roots (vertical), the latter roots acquiring water and nutrients from deeper groundwater source, especially during summer (Pate, et al. 1999). Recent work on plant metal relationships in Northern Yilgarn suggests plants do uptake ore related metals from groundwater at depth. 



Hydraulic Lift (water redistribution to and from soil )

• Reduced transpiration 
stream at night – water 
moved from deeper to soil 

• Can move large amounts 
of water (5-100 l/d) into the 
soil from deeper water 
source

• 3- 4 m upwards in a day 
(electrical field diffusion of 
H+ would require 1000 
years!)

• Recent data shows uplift 
of major elements during 
summer

Presenter
Presentation Notes
hydraulic lift – redistribution of deeper water acquired by sinker roots to near surface soil horizons to be used by laterals (Caldwell, et al. 1998) - is capable of rapid transfer of water and possibly metals within the overburden. Diurnal uptake and transfer of water groundwater to surface soil has been confirmed, but no data exist on ore metal transfer. 



Vegetation Mechanisms - Metal uptake, storage & 
transformation



How deep do roots commonly penetrate?

Maximum rooting depth of vegetation types on 
global scale From Canadell et al (1996)



Capillarity

Suction 
Driven 
Rise

Evaporation Front
Capillary Fringe

Anomalous zone due to metal salt 
precipitation and metal adsorption at 
the evaporation front

Capillary rise is higher in finer grained materials - ~ 30 m in clays

x Grain size stratification can limit capillary rise

Water 
potential 

curve



Biological - Bioturbation
• Bioturbation (burrowing activities of ants, termites 

etc) brings up material from depth and 
homogenizes soil – the biomantle

• Physical movement of huge quantities of soil 
material – independent of metal state (dominantly 
mechanical process)

• Conveyor belt organisms – termites and ants –
main species that burrow below biomantle

• How deep?
• Restricted vertical depth for most environments ~ 

2-3 m, but semi-arid/arid & sandy locations can 
have >10m depths

Presenter
Presentation Notes
Bioturbation within the biomantle is capable of moving huge amounts of soil material, and thereby bringing up anomalous material from depth to the surface. Ants, termites and earthworms are the main bioturbators in the Australian environment, but only ants and termites have the capacity to penetrate deeper into the transported regolith (> 1 m). These bioturbators, in combination with rainwash, are the primary cause of soil (and anomaly!) homogenization and lateral dispersion of surface anomalies over time. Although bioturbation on freshly deposited sediment begins within years with 1 m penetration achieved randomly, it is the development and evolution of the biomantle across the depositonal landform that needs to be considered for anomaly homogenization and true anomaly detection, and the rate of biomantle homogenization varies from hundreds to thousands of years depending on the interplay between deposition rates on the landform and climatic/biotic factors. 



Potential Ant & Termite Burrowing Depths

Depth m Proportion
0.5 75 %
1.0 10 %
2.0 8%
4.0 3%
6.0 2%
8.0 1%
10 1%

Potential Termite Depths

From Jensen & Hooten (2000)



Gas –Volatile Transfer

COS, CO2, SO2
hydrocarbons

CS2, HS2

O2

CO2, COS

Hg, AsH3, SbH3

Microbial – biomethylation/respiration

Atmospheric
Pumping/diffusion

Fast diffusion/advection via faults & fractures

Metal-bubble transport in vadose -
unclear

Species stability & microbial

Heat driven 
advective flow 
of gases

Indirect effects – pH/Eh changes

Presenter
Presentation Notes
Gases migrate via molecular diffusion, advection and gas streaming (Hale 2000).  Diffusion and advection appear to be the main sources of rapid upward migration of ore related gases (CO2, SO2, COS) and possibly of volatile metals. The upward diffusion of gases and volatiles that are produced as a result of weathering of ore body (COS, CO2, H2S, Hg) has been experimentally shown to be viable mechanism of volatile metal transfer but has limitations in individual gas stability and tortuosity of the weathered and often cemented regolith medium. Atmospheric pumping, the depression front set up by large barometric pressure change, causes rapid upward migration of air present in pores and conduits, and has the capability to transport volatile (I, Hg) and radiogenic elements from nuclear blasts (Cameron, et al. 2004). Atmospheric pumping is restricted to fractured media, and whether it may operate in a connected heterogeneous sedimentary overburden needs testing. Gas streaming or bubble migration is the upward transfer of microscopic gas bubbles that form within the groundwater due to overpressure, and are then released from the water table.  Specific metals (Cu, Zn, Pb, Hg, actinides) and ultra-fine particles (clays, oxides, bacteria) can attach to the surfaces of ascending gas bubbles (dominantly composed of CO2), especially if the gas bubbles have an organic coating acquired from trace organics in groundwater. The bubbles can then be transported upwards to the near surface environments, where pressure changes are proposed to induce bubble instability and release metals.  The stability of bubbles during their transfer from a saturated to an unsaturated medium as well as the fate of adsorbed matter on bubbles when the bubbles destabilize is unclear. In any case, most, if not all, studies of gas anomalies at the surface indicate rapid migration along conduits such as faults, fractures and shears, above which the gas anomalies are present, and this confirmation holds promise to at least accurately demarcate local structural features.



Gas – Volatile Transfer – Examples

Iodine and As higher over 
blast sites as extracted by
hot hydroxylamineSF6 and He gas at explosion reached 

surface within the year
After Hall et al (1997)

Both examples record surface signature 
over faults - conduits



Nature of 
evolution of the 
cover

Paleo redox fronts due to past 
higher water tables within the 
cover Lawrence 1999  AIG Bulletin



Partial Leach/Extraction Methods -Principle

1. Transfer of “mobile” 
metals or ionic forms 
through cover to surface

2. “Mobile” ions 
weakly-trapped (?) in 
specific soil materials

3. Selectively dissolve 
soil components – detect 
recently transferred 
“mobile” ions

Transported 
regolith

Presenter
Presentation Notes
Gases (vapours) and groundwater carry “mobile” ions to the surface after burial of ore body – this is a suggestion with little emperical data – not proved
“Mobile” ions weakly-trapped (?) in specific soil materials – premise that they are recently transported from below – not proved (assumed)
Selective targeting of the specific soil components (minerals) - detecting “mobile” components from those of background
Methods aim to dissolve specific soil components (mineral assemblages, organics) to better discern and distinguish anomalies



Selective Leach Principle & Proposed Benefits

Detecting blind 
deposits under 10-
100 m of cover

Improved signal to 
noise ratio

More accurate 
identification of 
anomaly location

But how do metals transfer to the surface? Suggested, but not proved 
mechanisms are gases & vapours, capillary, vegetation, bioturbation

Presenter
Presentation Notes
The main benefit proposed for selective leach or partial leach methods is that these methods supposedly target only “loosely” held ions on the oxide/clay/organic phases in the soil i.e. they only “selectively” dissolve adsorbed metals on specific minerals. The assumption is that the metals that are loosely adsorbed have been recently transferred from the deeper subsurface and therefore the concentration of these loosely bound ions will indicate a deeper subsurface source. Accordingly, if the deep surface has an actively weathering ore body, a greater proportion of metals would migrate to the surface and be “loosely” bound to soil mineral phases and thereby provide a better response as compared to total soil analysis. The problem is that are the “loosely” bound ions due to recently migrated ions from deeper or some other soil conditions unrelated to deeper lithology. 



The Extraction Methods

• Traditional – used in soil science and geochemistry for over 50 years (cold 
extractable Cu and Zn)

• Exchangeable - easily exchanged from surface sites of minerals

• Iodide and water extractable Au – surface bound 

• 4M HCl digests

• Three step sequential
• pH 5 acetate (carbonates)
• 0.1M hydroxylamine (Mn oxides)
• 0.25M hydroxylamine (amorphous Fe oxides)

• Enzyme Leach (Proprietary) – Highly reactive Mn-oxides

• MMI (Proprietary) – Exterior soil particles

All methods subject total soil to selected digest



What Are Selective/Partial Extractions?

Often shrouded in commercial secrecy – MMI, Enzyme Leach

Selective Weak 
Extractions (SWE)

Partial Extractions 

SWE dissolve a specific mineral 
phase, e.g., organic matter, 
carbonates, Mn & Fe oxides

Partial extractions are less 
specific to phase, e.g., weak acid 
leach MMI. Not always clear and 
depends on soil matrix

All vary in strength of extraction – 1M HCl vs 5M HCl, acetate etc.

Presenter
Presentation Notes
Selective weak extractions: SWE dissolve a specific mineral phase, e.g., organic matter, carbonates, Mn & Fe oxides – Never perfect but do a “good” job
Partial extractions: Partial extractions are less specific, e.g., weak acid leach MMI – are they selective to surface bound (adsorbed) elements? Don’t know for sure!
Some techniques are a combination of above – Enzyme Leach. All vary in strength of extraction – 1M HCl vs 5M HCl, acetate 



Conceptual model of distribution of exogenic and endogenic 
phases in soil minerals

From Cameron et al 2004

Presenter
Presentation Notes
The “exogenic” components (ore derived), are likely to be “loosely” bound or adsorbed onto different soil phases such as organics, oxides, clays, carbonates. By dissolving these phases, you are a specifically targeting the exogenic components rather than the bulk “edogenic” components. The assumption is that the “exogenic” components have recently migrated from depth through cover to the surface soil and by specifically targeting these components, we are selectively picking out the components from deeper. But we are assuming that components migrate upwards from deeper, which may or may not be true.



Phases likely dissolved by selective extractions



Commerical extractions
MOBILE METAL IONS (MMI) 

Optimized for elements (ions), not phases

Two different extractions to leach only specific ions considered to be 
“unbound”, not those that are “bound”

• A: Weak acid attack and analyse for Cu, Zn, Pb, Cd, may attack Mn
and Fe oxides 

• B: Alkaline digests, dissolves most extractable Au and analysed for 
Au, Ag, Pd, Co, Ni. 

Company touts - comparisons with 1M HCl digests indicate MMI gives 
better contrast  (would depend on soil composition!)



Comparison between MMI and standard HCl
Digest

Presenter
Presentation Notes
Some researchers conducted a comparitive study on the effectiveness of different partial leach methods. Radford did one where he compared the effectiveness of MMI and HCl over a known deposit. The results showed that there was no difference between HCl and MMI in showing the deposit for Pb and Ag, but MMI was better for Zn. The HCl dissolution is a “standard” dissolution and much cheaper than proprietary MMI. 



Comparison of Selective Leaches through a Profile

Cyanide leach (similar to 
BLEG) appears better than 
MMI to improve contrast

Gray et al (1999)

Presenter
Presentation Notes
Gray et al (1999) did another comparative study using cyanide leach (BLEG), MMI and iodide leach on soil samples collected downhole. Their results indicate that the cyanide leach was the best and better than MMI. 



How Do The Different “Leaches” Compare? 

Fender, WA (after Gray et al 1999)

Presenter
Presentation Notes
Gray et al also compared the different proprietary leaches of MMI and Enzyme Leach with total digest (cheapest) and 4M HCl (also cheap). Their results showed that Total digest was as good or even better than the proprietary leaches in highlighting mineralisation. The question then is whether you would want to pay more for the proprietary leaches!



How Do Different Leaches Compare?

MMI COKE 1M HCl



But in other countries, partial leaches appear 
effective…..

From Cameron et al., 2004



But in other regions, partial leaches appear 
effective…..

From Cameron et al., 2004



Gas Sampling & Analysis
• Pre-concentrate gas using a collector – pass pumped gas stream over 

suitable collector 
- Problems arise depending on wet/dry conditions

- Some use alpha-sensitive films (Rn)

- Some gases (He) require specialized storage – minimize loss to 
atmosphere

- Measurement 
- mass-spectrometer  He
- vapour AAS  - Hg
- Scintillators and ionization chambers Rn
- Gas chromatographs



Case Study - Volatile (Hg) Comparisons 

Hg in soil shows better contrast than that in soil air –
So why sample the more problematic and expensive gas?

After Carr (1986)



CO2 Analysis 

From Polito et al (2002)

Is it a reflection of better aeration via a shear or is it 
related to  mineralizaiton?



Assessment of use of Gasses  in Exploration

All studies show relationship between gas concentrations in soil and 
conduits – faults and shears

Suggests preferential pathways of gas phase travel

Soil gas concentrations can be affected by seasonal and atmospheric 
variations

Sampling and analysis difficulties limited its use, but newer field 
sampling methods and desorption analysis of clays hold promise

Several unbiased investigations of gas based techniques has shown 
gases to be of limited value in exploration



Biogeochemical Survey
Determine

• Type of plant/species – eucalypti, red gums, mulgas

• distribution  - ease of recognition  

• ease of sampling

• Type of organ – leaves, bark, branch, twigs

• Size of plant – under-story, large tree etc

• Season – summer, spring or winter

• Amount of sample needed to give adequate ground or ashed 
sample

Considering number of species - variables are large and often difficult to constrain
– needs extensive orientation surveys

Presenter
Presentation Notes
Before embarking on a biogeochemical survey, just like regolith materials, it is important to consider the different “mediums” available for a plant and the related issues. There are different plant species e.g. acacia and eucalypt (not to mention more specific species of each). Which species is better at highlighting Au or base metal anomalies? Subsequently, which organ of the plant – leaves, twigs or bark is most appropriate? Different plant parts accumulate different elements to different degrees and understanding this has high importance when sampling. Plants relocate absorbed metals that are not required for plant function to their extremities, such as leaves or bark, or in structural components such as wood. To complicate it further, some plants take up metals in different organs depending on the season. As explained previously, the groundwater is used as water and nutrient source only in summer, so the drier months are preferred but research has shown that variation in Au occurred with seasons but Cu, Zn etc were relatively constant. We also need to consider the size of the plant but it is best to stick with the larger sized ones as their root systems are generally better developed. In the Australian context, recent research has shown that consistent and routine sampling of foliage (leaves and attached twigs) is the most appropriate medium.



Sampling & Assaying

• Dense areas - geometrical grids
• Scattered  - wherever plants are found
• Foliage collection - generally around 300-

500g sufficient
• Standard metal secateurs 
• Avoid wearing jewellery and sunscreen 

and avoid sweat touch to plant.
• Placed in calico bags
• Grind ~ 300-400 g sample 
• Pre-digested with an oxidising agent e.g. 

nitric acid or hydrogen peroxide.
• Digested in Aqua Regia
• The digest is analysed by ICP-MS and ICP-

OES.

Presenter
Presentation Notes
Samples of foliage must be collected from around the tree where possible to increase the representivity for that tree and that sample site. Sampling should be undertaken without jewellery and wearing powder-free latex gloves. This is to ensure that there is no contamination especially from Au and Ag (from jewellery), sweat (Na), or sunscreen (particularly Zn and Ti). Approximately 300-500 g of sample is collected to fill a calico bag of size 0.2 x 0.3 m. Avoid washing plant samples and if need to remove dirt, then use deionized water to wash. Drying samples in hot ovens may lead to volatilization of certain elements such as Hg, Se, B, S and As. To minimize this loss, drying should be conducted at 50 0C for 48 hours in an oven. Approximately 300-400 g of the dried sample is ground. Typically, dried samples are pre-digested with an oxidising agent e.g. nitric acid or hydrogen peroxide. Then the sample is digested in Aqua Regia because Aqua regia ensures that Au is dissolved and the temperature of digestion is controlled using heating blocks. The digest is analysed by ICP-MS and ICP-OES.



Biogeochemistry works at one location (through 20 m of 
transported regolith)

From Anand et al (2007)

Mulga litter data at 
Jaguar deposit

Presenter
Presentation Notes
An orientation survey at base metal deposit that is covered by 20m of sedimentary cover  (transported regolith), showed a response in Zn, Cu, Cd and Pb.



Biogeochemical expression through 10 m of transported 
cover at some locations

Presenter
Presentation Notes
At another location where supergene Au mineralisation occurs, biogeochemistry picks up the Au anomaly through 10 m of transported cover.



Biogeochemistry does not work at another location 
(through 10 m of transported regolith) – why?

From Lintern et al (2013)
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