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EXECUTIVE SUMMARY 

This report describes an investigation of the physical and geochemical characteristics of waste rock 
and contaminated materials at the former Rum Jungle Mine Site (Rum Jungle). It was prepared for the 
Northern Territory (NT) Department of Primary Industry and Resources (DPIR) as part of the Rum 
Jungle Rehabilitation Planning Project by Dr. Paul Ferguson of Robertson GeoConsultants Inc. (RGC) 
and Dr. David Jones of DR Jones Environmental Excellence.  

This report was a Stage 2 (Phase 5) deliverable under RGC contract D14-0114 and was originally 
submitted in June 2016. It was updated in November 2019 to support the Environmental Impact 
Statement (EIS) after numerous changes to the preferred rehabilitation strategy were made. 

Study Objectives and Scope 

Key study objectives are to: 

• Describe the physical and geochemical properties of Potentially Acid Forming (PAF) and Non 
Acid Forming (NAF) waste rock in the Waste Rock Dumps (WRDs) and other materials that 
will be re-located as part of site rehabilitation.  

• Prioritize PAF waste rock for re-location to the Main Pit and to a new Waste Storage Facility 
(WSF). 

• Estimate the amount of neutralant required to neutralize existing acidity in re-located PAF 
materials and propose an amendment scheme that could be implemented. 

• Propose a geochemical quality control (QC) program that could be implemented during the 
construction phase of rehabilitation to ensure that PAF waste rock is correctly re-located and 
appropriately amended with neutralant. 

• Estimate the concentrations of dissolved ions and metals in seepage from PAF and NAF waste 
rock in the backfilled Main Pit and in the WSF after rehabilitation is complete. 

2014 Field Program 
In October 2014, seven large test pits up to 25 m deep were excavated in the WRDs. These test pits 
were up to 100 m long and 50 m wide, and usually extended to natural ground beneath the WRD. 
Smaller test pits were also excavated in the Main North WRD and in areas where contaminated soils 
and/or waste rock were thought to be present, including the areas near the Old Ore Stockpile and the 
former Copper Extraction Pad.  

144 waste rock samples from test pits TP1, TP2, and TP3 in the Main WRD, TP4, TP5 and TP7 in the 
Intermediate WRD, and TP6 in Dyson’s WRD were collected. 96 additional samples from small test 
pits in other areas of the site were also collected. Samples were described and processed in the field 
and sent to the ALS laboratory in Brisbane for further analysis.    

Geochemical Testing Program 
Waste rock samples were characterized by a standard suite of static tests that are used for 
conventional Acid Base Accounting (ABA). ABA is used to predict whether a sample is Potentially Acid 
Forming (PAF) or Non Acid Forming (NAF). Static tests for ABA involve measuring the sulphur content 
of waste rock to estimate Acid Producing Potential (AP) and estimating the sample’s Acid Neutralization 
Capacity (ANC) by titration. AP and ANC are then compared in order to predict whether a sulphidic 
sample is likely to produce Acid and Metalliferous Drainage (AMD) if it were to fully oxidize. 
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A number of additional tests were done to estimate the existing acidity content of waste rock and 
thereby develop a neutralization strategy that is appropriate for previously-oxidized waste rock. These 
tests involved separately estimating the titratable (i.e. immediately available) component of existing 
acidity and the portion of acidity that is stored as jarosite, a poorly soluble secondary mineral found in 
the WRDs (see below). X-ray diffraction was used to confirm the content of jarosite estimated by 
chemical methods and to establish that pyrite is the predominant sulfide mineral in the waste rock. 
Leach extraction tests (and partial acid digestions) were also done to estimate leachable sulphate (SO4) 
and metal concentrations in waste rock.  

Waste Rock Classification  

About 85% of the total amount was determined to be PAF. Three categories of PAF waste rock were 
delineated (see Table E1):   

• PAF-I waste rock is characterized by the highest sulphide content (and hence the highest AP 
values), and the lowest ANC values. PAF-I waste rock would therefore generate the most AMD 
in the future if it were allowed to oxidize. 

• PAF-II waste rock is characterized by moderate AP and ANC values. PAF-II waste rock would 
generate substantial AMD in the future, but less than PAF-I waste rock.     

• PAF-III waste rock has a low sulphide content (and relatively high ANC), so it’s the least acid-
generating PAF type.  

NAF waste rock is defined by an Neutralization Potential Ratio (NPR) value of two or higher (i.e. NP/AP 
> 2) and an existing acidity content of less than 0.5 kg H2SO4/t. NAF waste rock has a very low sulphide 
content and has not generated appreciable AMD since it was dumped in the 1950s and 1960s. NAF 
waste rock may not require containment, so it could be used to construct the WSF or to backfill the 
unsaturated zone of the Main Pit. However, segregating NAF waste rock from PAF-III waste rock would 
require an intensive QC program be implemented during the process of re-locating waste rock (see 
below).  

Table E1.  

Average ABA Parameters for PAF and NAF Rock Types 

Type AMD Potential Stotal, 

% 

Ssulphide, 

% 

AP, 

kg H2SO4/t 

ANC, 

kg H2SO4/t 

NAPP, 

kg H2SO4/t 

NPR 

Potentially Acid Forming (PAF) Waste Rock 

PAF-I High 3.6 (1.4) 3.7 (1.3) 100.6 (38.5) 4.3 (4.7) 96.4 (39.8) 0.05 (0.08) 

PAF-II Medium 1.1 (0.4) 0.8 (0.4) 25.6 (11.5) 8.0 (11.9) 17.9 (14.7) 0.3 (0.4) 

PAF-III Low 0.5 (0.6) 0.3 (0.5) 9.3 (13.6) 13.3 (23.1) -3.9 (11.4) 1.4 (1.6) 

Non Acid Forming (NAF) Waste Rock 

NAF SD only 0.1 (0.1) 0.04 (0.04) 1.7 (2.1) 19.8 (22.1) -18.1 (21.3) 36.1 (80.8) 

Notes: All values are averages with one standard deviation in parentheses. SD denotes ‘saline drainage’ 

Samples from 2011 and 2014 were used to calculate averages. 
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With respect to size, waste rock in the WRDs is relatively fine-grained due to the small size of 
machinery and equipment used for mining in the 1950s and 1960s. Some boulders do occur (primarily 
in the Main WRD). 40% to 70% of waste rock was less than 75 mm in size (from visual inspection). Of 
this minus 75 mm size fraction, 60 to 70% is gravel-sized, with sand and fines fractions being present 
in smaller approximately equal amounts (15 to 20% each).   

Waste Inventory and Proposed Re-Location Sequence  

Estimated distributions of PAF and NAF waste rock types in the historic WRDs and Dyson’s (backfilled) 
Pit) are shown in Figure E1. The percentages in this figure are based on the 144 samples collected in 
2014 and 110 samples from a previous characterization program in 2011. In total, there is an estimated 
7.5 mega (106) cubic meters (Mm3) of PAF and NAF materials, or 13.5 Mt (assuming a density of 1.8 
t/m3). In addition, on site there is 0.6 Mm3 of contaminated soil and rock that will need to be cleaned 
up. 

 

Figure E1.  

PAF and NAF Types and Estimated Volumes/Tonnages  

Main WRD Intermediate WRD Dyson’s WRD Dyson’s (backfilled) Pit 

    

4.9 Mm3 0.8 Mm3 1.3 Mm3 0.5 Mm3 

8.8 Mt 1.4 Mt 2.3 Mt 0.9 Mt 

 

It is intended that the majority of PAF-I waste rock and most of the PAF-II waste rock will be re-located 
to the Main Pit, whereas the WSF will contain PAF-II, PAF-III, and NAF waste rock (see Table E2). 
NAF material will be used to provide a barrier layer above the high-PAF backfill in the pit and for the 
outer cover layers of the new WSF. The majority of this material will be sourced from an offsite borrow 
area.  

About 2 Mm3 of high PAF waste rock will be placed in the Main Pit. This material will be submerged 
below the minimum post-rehabilitation groundwater level, thereby eliminating future production of AMD 
by preventing further oxidation of sulphide minerals. The remaining waste rock (with existing acidity 
neutralized by addition of limestone) and contaminated materials will be contained in a new, purpose-
built WSF. The WSF will be designed to minimize the future oxidation of sulphide minerals by limiting 
the ingress of oxygen and also to limit future volumes of seepage by restricting rainfall infiltration. Small 



Physical and Geochemical Characteristics of Waste Rock and Contaminated Materials E-4 

 
 

Robertson GeoConsultants Inc.  RGC Report 183008/2 
    

amounts of Saline Drainage (SD), neutral pH drainage with high Total Dissolved Solids (TDS) are 
predicted and will be allowed to infiltrate to groundwater.   

Existing Acidity Content of Waste Rock 

AP represents the maximum amount of acidity that could be released by the oxidation of sulphide 
minerals in a sample. AP is also referred to as ‘incipient acidity’ in this report, recognizing that it is 
acidity that would develop in the future if all of the sulphides in waste rock were allowed to oxidize. 
Preventing the future release of incipient acidity from the most acid-generating waste rock by 
submerging it in the Main Pit is the driver for prioritizing the relocation of the three PAF waste rock 
types.  

In the historic WRDs, a substantial quantity of acidity already exists as a result of previous sulphide 
oxidation. This acidity – which is stored in the waste matrix – is referred to as ‘existing acidity’. It is the 
sum of jarosite acidity and titratable acidity. Titratable acidity consists of free acidity (measured by pH) 
and soluble metal acidity. Jarosite is a poorly soluble secondary mineral containing a substantial 
amount of stored acidity that needs to be measured separately.  

Separately measuring jarosite and titratable acidity is not standard practice for AMD characterization 
and it was not done as part of the earlier 2011 characterization program (SRK, 2012). Both types of 
acidity were measured for the 2014 samples because they are required to estimate the total neutralant 
demand of oxidized waste rock. Existing acidity in the WRDs would be neutralized by amending re-
located waste rock with limestone (CaCO3) or another neutralant, such as magnesite (MgCO3) or 
hydrated lime, Ca(OH)2 (see below). The distribution of acidity types in each of the PAF classes is 
shown in Table E2. Importantly, jarosite acidity accounts for the majority of the existing acidity. 

 

Table E2.  

Average Acidity Content of PAF and NAF Rock Types  

Type AMD Potential Rinse pH Jarosite Acidity,  

kg H2SO4/t 

Titratable Acidity,  

kg H2SO4/t 

Incipient Acidity,  

kg H2SO4/t 

Total Acidity,  

kg H2SO4/t  

Potentially Acid Forming (PAF) Waste Rock 

PAF-I High 4.2 (0.8) 8.5 (10.2) 2.1 (2.4) 100.6 (38.5) 124.8 (40.7) 

PAF-II Medium 4.2 (1.0) 5.7 (6.0) 1.0 (0.9) 25.9 (11.5) 30.4 (13.8) 

PAF-III Low 4.8 (1.2) 2.3 (3.5) 0.7 (0.9) 9.3 (13.6) 12.3 (15.2) 

Non Acid Forming (NAF) Waste Rock 

NAF NMD only 6.1 (1.2)  0.1 (0.1)  0.1 (0.1)  1.7 (2.1)  1.2 (1.1)  

Notes: All values are averages with one standard deviation in parentheses. 

Samples from 2011 and 2014 are used to calculate average incipient acidity.  

Jarosite, titratable, and total acidities are only available for the 2014 samples. 
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Estimated Neutralant Demand for Waste Rock    
It is intended that PAF waste rock that is placed into the Main Pit or the WSF will be amended with 
enough neutralant to neutralize existing acidity (the sum of jarosite acidity and titratable acidity in Table 
E3). The neutralant demand for each type of PAF waste rock was determined by calculating the 80th 
percentile of the existing acidity contents of the PAF waste rock samples that have a rinse pH less than 
5. These are the most acidic samples within each PAF category, so this is a conservative approach 
that would lead to over-liming the majority of waste rock and under-liming only a small proportion (less 
than 20%).  

An additional substantial degree of conservatism was provided by using (for the above 80th percentile 
calculations) the existing acidity content of the less than 2 cm particle size range in the WRDs (as 
opposed to the much coarser particle size distribution of a WRD as a whole). This is because there is 
a large decrease in the mg/kg acidity content as the particle size increases. A specific investigation of 
neutralant demand as a function of particle size revealed that use of the <2 cm characterization dataset 
results in about a 60% overestimate of neutralant demand.  

The target pH for neutralization was initially estimated to be around pH 7 based on the concentrations 
of soluble metals remaining in suspensions of acidic waste titrated to higher pH values by the addition 
of sodium hydroxide solution. In practice, agricultural lime (calcium carbonate, CaCO3) will likely be 
used to amend waste rock that is placed dry in the Main Pit or the WSF. Magnesite could also be used, 
but it will react slower than limestone and much more leachable Mg will be present in neutralized waste 
rock after rehabilitation. Should a higher pH be needed to remove metals, hydrated lime could be used 
as a neutralant.  

Assuming only agricultural limestone (or ‘ag lime’) is used, PAF-I waste rock would require 24 kg 
CaCO3/t of waste rock, whereas PAF-II and PAF-III waste rock would require 16 kg CaCO3/t and 8 kg 
CaCO3/t, respectively. In total, up to 162,300 t of pure CaCO3 equivalent could be needed to amend 
the PAF waste rock assuming that all waste types can be identified and segregated prior to placement 
(Table E4). 64% of this amount is for PAF-I and PAF-II waste rock re-located to the Main Pit. 36% is 
for PAF-II and PAF-III waste rock re-located to the WSF. In the event that it is not practical to segregate 
the PAF types on reclaim then up to 216,000 t of ag lime would be needed, based on application of 
conservative bulk default neutralant dosing rates (Table E4). 

Finely crushed limestone would be used to maximize contact with waste rock. This limestone would be 
mixed with waste rock during excavation or while it is being placed. Laboratory test work using mixtures 
of potential neutralant and waste rock has confirmed that the above neutralant demand estimates 
based on directly measured existing acidity are correct and that limestone performs well for the 
neutralization of acidity and removal of leachable metals. The effectiveness of agricultural lime 
(limestone, CaCO3), hydrated lime (Ca(OH)2), and magnesite (MgCO3) was evaluated to: 

• Determine whether amending waste rock with limestone would increase the pH of matrix 
porewater to pH 7 (and thereby reduce metal concentrations in solution). 

• Define the target pH for a water treatment process that involves hydrated lime addition.  
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Table E3.  
Estimate of Lime Requirement With Segregation of PAF Types 

Type Current Location Lime requirement, kg CaCO3/t Tonnage Re-Located, Mt CaCO3 Required, t 

PAF-I Intermediate WRD 24 1.2 28,800 

PAF-II Intermediate WRD 16 0.3 4,800 

PAF-I Dyson’s Pit backfill 24 0.6 14,400 

PAF-II Dyson’s Pit backfill 16 0.2 3,200 

PAF-III Dyson’s Pit backfill 8 0.09 700 

PAF-I Main WRD 24 1.3 31,200 

PAF-II Main WRD 16 3.1 49,600 

PAF-III Main WRD 8 2.2 17,600 

NAF Main WRD 0 2.2 0 

PAF-II Dyson’s WRD 16 0.3 4,800 

PAF-III Dyson’s WRD 8 0.9 7,200 

NAF Dyson’s WRD 0 1.0 0 

Soils* Around the site 0 1.0 0 

 TOTAL: - 14.4 162,300 
Note 1: NAF waste rock would not be amended with lime (assuming it could be segregated from PAF waste rock).  

 

Table E4.  

Estimate of Lime Requirement Without Segregation of PAF Types 

Type Current Location Lime requirement, kg CaCO3/t Tonnage Re-Located, Mt CaCO3 Required, t 

PAF-I Intermediate WRD 24 1.5 36,000 

PAF-I Dyson’s Pit backfill 24 0.9 21,600 

PAF-II Main WRD 16 8.8 140,800 

PAF-III Dyson’s WRD 8 2.2 17,600 

Soils* Around the site 0 1.0 0 

 TOTAL: - 14.4 216,000 

 

 

A batch contact procedure was used to assess the effect of adding neutralant to a concentrated slurry 
of waste rock and de-ionized water (a mixture with a 0.9 liquid-to-solid ratio, or ‘L/S ratio’, by mass). 
The detailed neutralization testwork was done using three waste rock samples that spanned a range 
of total acidity contents and pH values.  

Some key findings are summarized here: 
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• Each of the amendments substantially reduced concentrations of most metals of interest, 
including Fe, Al, and Cu, and lowered concentrations of dissolved SO4, Ca, and Mg. 
Concentrations of metals and major ions were lowest after the addition of hydrated lime. 

• Concentrations of dissolved As and Cd, which are of special interest here because they are 
bio-accumulators, and dissolved U, will likely be low in neutralized seepage from the Main Pit 
or the WSF. Concentrations of Se, however, may be elevated.    

• Kinetic testwork indicates that it could take years for the jarosite component of existing acidity 
to fully react with neutralant. Hence it may be appropriate to only neutralize titratable acidity in 
waste rock that is placed in the lower horizons of the Main Pit to reduce both the immediate 
demand on the water treatment system and to reduce the total amount of neutralant that is 
added to the waste rock.  

• A target pH of 9.5 may be required in a water treatment plant to treat supernatant produced 
from contact of water with waste rock to produce treated water of sufficient quality for direct 
release to the East Branch of the Finnis River. A lower target pH may suffice if treated water 
was to be stored in the Intermediate Pit prior to its release during the wet season.  

In summary, amendment of waste rock with limestone consistently achieved a pH of 6.5 to 7.0. Extract 
concentrations of most metals were reduced by at least 95%. Mn is an exception, as it was only reduced 
by an average of 87%. Amendment with hydrated lime removes greater than 99% of all dissolved 
metals, including Mn, from solution. Hydrated lime also substantially reduces the concentrations of 
dissolved Mg and SO4. However, the only reason to use Ca(OH)2 would be if more complete 
immobilization of Mn and substantial removal of Mg and SO4 were required in the waste rock being 
treated with neutralant. The following recommendations pertain to the neutralization testwork:   

• A water treatment system should achieve a target pH of 9.5 to treat de-watering flows from the 
Main Pit during the construction phase of rehabilitation.  

• The DPIR should consider developing a LDWQO for Se given the finding of elevated 
concentrations of this metalloid in the neutralization test work.  

• The DPIR should consider partial neutralization of PAF waste rock placed deep in the Main Pit 
(see main report for details). This would prolong the period of elevated pH values and reduce 
neutralant demand for water treatment, before buffering by jarosite decreases the pH to values 
that would result in re-dissolution of initially precipitated metals. Such delayed re-dissolution 
occurring at depth in the backfilled pit would not materially affect rehabilitation outcomes. 

Geochemical Source Terms 

An inverse batch leach method was used to investigate the factors potentially controlling the solubility 
of major ions and metals in waste rock, at a liquid to solid ratio much closer that pertaining in a waste 
rock dump of the type that proposed to be constructed. This method involved (i) mixing water and waste 
rock to produce a sample of leachate and (ii) mixing that leachate with a fresh batch of solids to produce 
another leachate. That leachate, in turn, was then mixed with another fresh batch of solids, and so on 
until four solutions spanning a L/S ratio of 1:1 to 1:4 were produced. Tests were run on both un-
amended waste rock and waste rock amended with limestone. 

Based on the multiple lines of evidence presented in this report, it is inferred that the concentrations of 
Fe, Al, Co, Cu, Mn, Ni and Zn in seepage from the WSF (assuming neutralization of existing acidity 
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with limestone) will each be less than 1 mg/L. There is a high degree of confidence that for Fe, Al, Cu 
and Zn the concentrations will be less than 0.2 mg/L. The concentration of Ca will be limited by the 
solubility of gypsum and could be around 500 to 600 mg/L. This is higher than would be predicted if 
the system was in equilibrium with the atmosphere and is a consequence of the increased partial 
pressure of CO2 caused by the reaction of the CaCO3 with acid in a closed system.  

The behaviour of Mg is more complex. For un-neutralized acidic material, the concentration in solution 
is a linear function of decreasing L/S ratio. Potentially the concentration of Mg under these 
circumstances could be limited by the solubility of epsomite, which is equivalent to 80,000 mg/L Mg 
(and 320,000 mg/L SO4). However, the inverse leach work with added neutralant indicates that the 
solubility of Mg is being controlled by the formation of a secondary mineral phase of much lower 
solubility than epsomite. Thus, for neutralized material, the seepage could contain much lower 
concentrations of Mg (e.g. 1,000 to 5,000 mg/L Mg) than would be the case if solubility was controlled 
by epsomite. SO4 concentrations in seepage from the WSF will likely be controlled by gypsum solubility 
(and be on the order to 10,000 to 20,000 mg/L).  

Field QC Programs for Waste Rock Re-Location  

In-field materials characterization QC programs using geochemical data could potentially be used to: 

• Identify PAF waste rock types at point of reclaim to optimize the placement and storage 
(specifically to ensure as much as possible of the PAF-I and PAF-II materials are placed in the 
pit):  

• Optimize the amount of neutralant to be added, and  

• Confirm the effectiveness of the mixing process used for bending of neutralant with waste in 
the new WSF.   

In this context segregating PAF types would be of most potential benefit for the Main WRD, as it 
contains a mixture of PAF types and NAF waste rock that each require different lime doses, and 
potentially different placement locations to ensure best use is made of the limited available capacity in 
the Pit for the higher sulphide-containing material. Identifying these materials could potentially be done 
by a targeted drilling program undertaken prior to the construction phase of rehabilitation in order to 
identify areas that are predominantly PAF-III and NAF, or during the reclaim operation by (see 
recommendations below) by a characterization program proceeding in advance of the areas being 
reclaimed.  

A QC program in advance of reclaim is not considered to be of such potential benefit for the 
Intermediate WRD and shallow zones of Dyson’s Pit as these contain only PAF-I and PAF-II waste 
rock that will all be re-located to the Main Pit. However, the field data for waste from these sources 
could still be used to produce a record of the actual amounts of the two classes of PAF material 
reporting to the Pit, noting that the volume estimates in this report assume that the distribution of 
classes represented by the samples collected are representative of the WRDs as a whole. Dyson’s 
WRD contains some NAF waste rock, but volumes may be less substantial than indicated by the 2014 
test pitting. Measurements of field pH for waste being reclaimed from all sources would assist with 
optimizing the dosage of lime, noting that the “default” dose rates derived above are very conservative.  
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It has been established that S-total in the <2mm sieve fraction correlates well with S-total in the <2cm 
size fraction which provided the basis for the development of a PAF classification system as indicated 
above. S-total also correlates well with sulfide content in each of the PAF categories. It has been further 
established that the S-total content measured by hand held XRF in the <2mm sieve size fraction 
correlates with S content in the finely ground sample pulps that are typically used for the laboratory 
analysis of S. Thus hand held XRF represents a potentially practicable method for field screening of 
the <2mm sieve fraction that is routinely produced for measurement of paste pH and EC values. Paste 
pH could be routinely measured as it is easy to do and correlates very well with the neutralant demand 
of waste rock. 

To confirm the results of the XRF analysis a limited number of samples could also be analyzed for Stotal 
using a Leco furnace or partially digested with Aqua Regia followed by analysis of liberated sulfate (to 
approximate AP). ANC could be measured on a limited number of samples by titration. Together, these 
data would enable classification of waste rock within the grid squares delineating the next zone to 
determine the appropriate dose of lime for the assigned PAF category, and to specify the new location 
(pit or WSF) for the material.   

Recommendations for Further Investigations  

• Neutralization Testwork: 
o The neutralization test work that has been done thus far has focused on those 

materials that are at the higher end of the range of existing acidity to confirm the initial 

estimates of neutralant demand and to investigate how fast the jarosite component is 

consumed following addition of neutralant.  

 Further work is thus recommended on the lower end of the range of existing 

acidity since this material will comprise the bulk of the WSF. Some additional 

inverse leach work should also be done on the PAF-II and PAF-III material 

from Main WRD and PAF-III material from the Dyson’s WRD to confirm the 

initial findings about solubility control of Mg 1. Limited column testwork, with 

up to 3 samples of PAF-II and PAF-III material could be initiated to further 

assess the composition of the seepage to be produced from water infiltrating 

through the WSF.   

o Further testing of the Net Acid Generation (NAG) method is indicated for application 

in a field QC program. This method shows promise to discriminate. PAF-III and NAF 

materials which are otherwise difficult to differentiate based on Stotal.  

• Field Mixing Trials: 

                                                      
1 This work was conducted after the Stage 1 geochemical report was originally produced in 2016. The findings are 
reported in: Jones D (2019) Geochemical Characterisation- Waste Rock Solute Source Terms Stage 2 and Main 
Pit Tailings. In summary, the findings of the Stage 2 work are consistent with those reported here 
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o Field mixing trials should be carried out in advance of the construction phase. The 

objective of this work would be to develop an effective approach to mixing ag lime and 

waste rock that can be implemented during rehabilitation, and to provide cost 

estimates for this component of the rehabilitation project. The mixing methods that are 

tested by the trials must be consistent with the approaches, e.g. size and type of 

equipment, that will be used for pit backfilling and the construction of the WSF. Options 

include dry mixing with waste rock during excavation, mixing it before it is placed with 

a conveyor, or by end-dumping (into the pit) off a tip face. 
• Targeted Drilling and/or Field QC Program. 

o Targeted drilling could potentially be used to better define the location of low PAF 

material in the Main WRD. The key objective would be to identify areas of the Main 

WRD that are predominantly low sulphide PAF and NAF material that could be re-

located first to the WSF. Drilling would likely be done on a 50 m grid. However, there 

are many challenges associated with drilling (and sample recovery) in fragmented 

materials, and the materials recovered from a given horizon may not be representative 

of the actual mass of fragments that were intersected.  
o Validation of potential in-field PAF waste classification methods is recommended, 

possibly in conjunction with the field mixing trials and/or targeted drilling program. Of 

particular interest is the application of portable XRF equipment, as this will inform the 

practicality of classifying waste as it is being reclaimed.  
o Effective and efficient classification could have major cost implications in relation to 

determining neutralant dosing rate and reducing water treatment costs, so any QC 

program should be developed with these issues in mind.  
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REPORT NO. 183008/2 

RUM JUNGLE MINE SITE 
PHYSICAL AND GEOCHEMICAL CHARACTERISTICS OF 

WASTE ROCK AND CONTAMINATED MATERIALS (REV2) 

 

1 INTRODUCTION 

1.1 GENERAL  

This report describes an investigation of the physical and geochemical characteristics of waste rock 

and contaminated materials at the former Rum Jungle Mine Site (Rum Jungle). It was prepared for the 

Northern Territory (NT) Department of Primary Industry and Resources (DPIR) as part of the Rum 

Jungle Rehabilitation Planning Project by Dr. Paul Ferguson of Robertson GeoConsultants Inc. (RGC) 

and Dr. David Jones of DR Jones Environmental Excellence. This report was a Stage 2 (Phase 5) 

deliverable under RGC contract D14-0114 and was originally submitted in June 2016. It was updated 

in November 2019 to support the Environmental Impact Statement (EIS) after numerous changes to 

the preferred rehabilitation strategy were made. 

1.2 TERMS OF REFERENCE 

In 2009, the Commonwealth Government of Australia and the NT Government entered into a four-year 

NPA (Stage 1) on the management of the Rum Jungle. As part of the NPA, the Mining Performance 

Division of the NT Government’s Department of Resources (now the DME) was tasked with 

characterizing current conditions of the site and developing a preferred rehabilitation strategy. That 

strategy is intended to:  

• Achieve Locally-Derived Water Quality Objectives (LDWQOs) for the East Branch of the 

Finniss River.  

• Ensure the long-term physical and geochemical stability of waste rock and tailings at the site. 

• Achieve the post-closure land-use aspirations of the aboriginal Traditional owners of Rum 

Jungle.  

To achieve these objectives, DPIR identified a preferred rehabilitation strategy during Phase 1 of the 

NPA. The preferred rehabilitation scenario was selected from a series of five candidate alternative 

scenarios after consultation with various government departments and Traditional Owner 



Physical and Geochemical Characteristics of Waste Rock and Contaminated Materials Page 2 

 
 

 
Robertson GeoConsultants Inc.   Report No. 183008/2 

 

representatives (see RGC, 2013). The preferred scenario involves backfilling the Main Pit to contain 

the most reactive (highest sulphide) material and building a new WSF for the remaining material.  

PAF waste rock from the Intermediate, Main and Dyson’s (backfilled) Pit will be placed in the saturated 

zone of the Pit so this waste remains inundated by groundwater year-round and is effectively isolated 

from contact with oxygen from the atmosphere. The contained sulphides will be protected from any 

further oxidation and no further AMD will be produced from this material following rehabilitation. Existing 

acidity in waste rock will be neutralized during placement to immobilize to the maximum practicable 

extent otherwise soluble metals. This will limit future impacts to downgradient groundwater.  

The WSF will contain waste rock and contaminated materials that can’t be placed in the Main Pit. 

Waste rock would be placed and compacted in thin lifts to reduce rainfall infiltration and limit the ingress 

of oxygen as construction progresses. A final engineered cover system will be constructed over the top 

surface and slopes of the WSF to minimize net infiltration and to minimize oxygen ingress. All of these 

measures are designed to minimize future generation of AMD and limit the amount of seepage that 

has to be managed after rehabilitation. Waste rock will also be amended with enough neutralant to 

neutralize existing acidity and ameliorate the existing load of soluble metals. Small amounts of seepage 

from the WSF will be managed after rehabilitation.  

1.3 STUDY OBJECTIVES AND SCOPE  

1.3.1 Study Objective 

The objectives of this investigation are to: 

• Describe the physical and geochemical properties of waste rock and contaminated materials 

that would be re-located during rehabilitation.  

• Prioritize waste rock for re-location to the Main Pit and the WSF.  

• Use the geochemical characterization data to develop a lime amendment scheme for waste 

rock and other contaminated materials that would be relocated during rehabilitation. 

• Propose a geochemical QC program that could be implemented during the process of re-

locating waste rock and contaminated materials to ensure appropriate placement of waste rock 

and sufficient lime dosing to neutralize existing acidity.  

1.3.2 Study Scope 

This report describes the physical and geochemical properties of waste rock and contaminated 

materials that would be re-located during rehabilitation. A key objective of this report is to prioritize 

these materials so that the Potentially Acid Forming (PAF) waste rock that could generate the most 

Acid and Metalliferous Drainage (AMD) in the future is submerged underwater in the Main Pit after 

rehabilitation is complete. PAF waste rock that would yield less AMD, or that would yield only Neutral 
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Mine Drainage (NMD) or Saline Drainage (SD), would be contained in a purpose-built Waste Storage 

Facility (WSF).  

Also described in this report are potential neutralant requirements for re-located PAF waste rock, 

estimated source terms for waste rock, and a Quality Control (QC) program that could be implemented 

while waste rock is being re-located. This QC program is proposed to (i) ensure the appropriate 

placement (and lime dosing) of PAF waste rock and (ii) identify Non Acid Forming (NAF) waste rock 

that may be useful for constructing the WSF or backfilling the un-saturated zone of the Main Pit.  

1.4 REPORT ORGANIZATION 

This remainder of this report is subdivided into the following sections:  

• Section 2. Background describes the location and key features of Rum Jungle and initial 

rehabilitation works completed in the 1980s at the site – also provided is an overview of the 

principles of AMD prediction and pertinent results from previous investigations of waste rock 

geochemistry at the site. 
• Section 3. Methods and Approach describes the methods used to characterize the physical 

and geochemical characteristics of waste rock, including sample collection, sample 

preparation, and laboratory analyses. 

• Section 4. Results physical and geochemical data are described. 

• Section 5. Findings described here are the PAF and NAF waste rock within the existing 

WRDs, the re-location sequence for waste rock, and how waste rock will be amended with 

neutralant during re-location. 
• Section 6. Neutralization Testwork evaluates the effectiveness of fine-grained limestone, 

hydrated lime, and magnesite as neutralants based on batch leach extractions and titrations. 
• Section 7. PSD Effect on Neutralant Demand evaluates the effect of grain size on neutralant 

demand estimates. 
• Section 8. Geochemical Source Terms interprets leach extraction testing data in order to 

define source terms for neutralized waste rock in the backfilled Main Pit and WSF. 

• Section 9. Field QC Methods describes a field QC program that could be implemented during 

the re-location of waste rock and contaminated materials in order to ensure they are 

appropriately placed and dosed with lime.   
• Section 10. Summary and Recommendations.  

This report is supported by several appendices that contain photos, test pit logs, and lab results.  
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2 BACKGROUND 

2.1 SITE LAYOUT AND KEY FEATURES  

A brief description of key site features is provided below. Also described are some pertinent aspects of 

historic mining operations and rehabilitation works completed in 1984/1985. A site map is provided in 

Figure 2-1.   

2.1.1 Main and Intermediate Pits  

The Main and Intermediate ore bodies were polymetallic deposits of uranium, copper, cobalt, nickel, 

and zinc. The Main ore body was mined from 1950 to 1958 and the Intermediate ore body was mined 

in the 1960s (see Davy, 1975 for additional details). Key aspects of the pits are:   

• The Main Pit was mined to about 111 m below ground surface (bgs). The Intermediate Pit was 

mined to about 57 m bgs. Coffey (2013) estimates that the total volume of the Main Pit and 

Intermediate Pit to be 2,700,000 Mm3 and 900,000 m3, respectively.   

• Both pits flooded with highly-impacted groundwater after mining operations ceased. Currently, 

these pits contain relatively clean water as a result of treatment in the 1980s and annual wet 

season flows from the East Branch of the Finniss River. Some contaminated water remains at 

depth in the Main and Intermediate Pits due to limited vertical circulation (see RGC, 2012).  

• The Main and Intermediate Pits have both been partially backfilled with tailings. The available 

capacities for waste rock are therefore lower than the volumes initially available immediately 

after mining. Specifically, the Main Pit contains up to 900,000 m3 of tailings that have formed 

a relatively flat surface near the middle of the pit. The Intermediate Pit contains 200,000 m3 of 

tailings that are primarily hung up along the northern side wall.  

• The volume-area curve for the Main Pit indicates that there is 2,200,000 m3 of capacity below 

the minimum expected groundwater level near the pit after rehabilitation. The saturated 

capacity of the Intermediate Pit is about 1,000,000 m3. Any waste rock placed in these zones 

would remain saturated year-round after rehabilitation. 

• The volume of the unsaturated zone of the Main Pit is about 500,000 m3. This zone is located 

between the minimum groundwater level near the pit and ground surface. The groundwater 

level within this zone will fluctuate seasonally, so any material placed in this zone would not be 

saturated year-round.  
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Figure 2-1. Layout and Key Features of the Rum Jungle. Inset is a conceptual cross-section of Dyson’s (backfilled) Pit 
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2.1.2 Dyson’s (backfilled) Pit 

Dyson’s Pit was mined to a depth of about 47 m bgs in 1957/1958. It was partially backfilled with tailings 

during mining operations. These tailings were placed hydraulically. Additional tailings recovered from 

the Old Tailings Dam area were placed into the pit in 1984/1985. 460,000 m3 of leached, low-grade ore 

and contaminated soils removed from the Copper Extraction Pad area were then placed to create an 

above-grade landform. Tailings and shallow backfill materials are separated by a rock drain and 

geosynthetic layer.  

The backfilled Pit was covered during rehabilitation in 1984/1985 to reduce the infiltration of rainfall and 

limit the ingress of oxygen to shallow backfill materials (see Allen and Verhoeven, 1986, for additional 

details). A conceptualized cross-section of Dyson’s (backfilled) Pit from Fawcett (2007) is provided in 

Figure 2-1 (inset). This cross-section illustrates the different types of backfill and their depths from 

ground surface. The tailings are submerged year-round and hence they do not appear to impact 

groundwater quality near the pit (see RGC, 2013).  

Shallow backfill materials in Dyson’s Pit are above the groundwater level in the pit and are actively 

oxidizing (and leaching contaminants). Seepage from these materials reports to ground surface via a 

toe drain along the southwest batter (and ultimately to the upper East Branch of the Finniss River). 

Dieback in this area is significant due to high salt and metal concentrations in seepage.        

2.1.3 Waste Rock Dumps  

During mining operations, waste rock removed while mining the Main, Intermediate, and Dyson’s ore 

bodies was stored in three main WRDs (see Figure 2-2). Estimated volumes are:  

• Main WRD. 4.9 Mm3 

• Intermediate WRD. 0.8 Mm3 

• Dyson’s WRD. 1.2 Mm3 

In 1984/1985, the Main, Intermediate, and Dyson’s WRDs were re-shaped and covered as part of initial 

rehabilitation of the site (Allen and Verhoeven, 1986). Some of the Main North WRD was re-located to 

the toe of the Main WRD at this time with the residual waste rock being covered and re-vegetated.  

A three layer cover system was constructed on the Main and Intermediate WRDs. On the top surface 

of these WRDs, the cover is 625 mm thick and consists of:  

• 150 mm erosion protection zone (top layer).  

• 250 mm moisture retention zone (middle layer). 

• 225 mm low permeability sealing zone (bottom layer).  
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The cover was designed to be thicker (750 mm) over the batters of the WRDs. During initial 

rehabilitation, the Main WRD was covered entirely. Cover placement on the northern batter of the 

Intermediate WRD (adjacent to the EFDC) was not completed. Also, only the top of Dyson’s WRD was 

re-shaped and covered. This was done to save costs, as Dyson’s WRD was considered a relatively 

small source of AMD due to its low sulphide content (see Allen and Verhoeven, 1988).  

The WRDs (and shallow backfill materials in Dyson’s Pit) represent the main sources of contaminants 

to groundwater and to the East Branch of the Finniss River at Rum Jungle (see RGC, 2013, and 

references therein). Seepages are acidic (pH 4.5 or less) and are characterized by high concentrations 

of major ion salts (i.e. Mg, Ca, and SO4) and dissolved metals that produced by the oxidation of 

sulphide-containing waste rock in the WRDs and in Dyson’s Pit (see Table 2-1). 

 

 Table 2-1. Selected Seepage and Groundwater Quality Data 

 

 

Some key observations regarding seepage water quality are summarized below: 

• Toe seepage from the Intermediate WRD is characterized by the highest concentrations of 

SO4 and dissolved metals (i.e. Cu, Co, Mn, Ni, and Zn). These high concentrations are 

consistent with the high sulphide content of waste rock in this WRD (see SRK, 2012). These 

Waste Unit Date pH EC, 
uS/cm

SO4, 
mg/L Al Fe Cu Co Mn Ni U Zn

Main WRD
Toe seepage 6-Aug-10 3.7 6,000 5,190 12,900 4,800 4,400 5,180 11,100 3,840 568 7,140
Toe seepage 26-Apr-12 3.8 4,579 3,830 8,870 3,080 3,650 3,510 5,670 2,950 473 6,400
Toe seepage 21-May-12 3.3 2,213 4,050 9,110 3,540 3,880 3,740 6,530 3,170 466 6,480
Intermediate WRD
Toe seepage 6-Aug-10 3.3 12,600 13,800 199,000 349,000 34,900 74,700 84,300 64,900 1,840 156,000
Dyson's WRD
Toe seepage 6-Aug-10 3.7 4,520 2,710 87,600 5,800 157 395 5,060 1,240 1,170 175
Toe seepage 16-Mar-11 4.3 1,106 579 9,020 2,740 4,630 3,100 7,380 2,590 155 134
Toe seepage 13-Apr-11 4.2 1,356 766 14,900 1,880 5,040 4,110 9,770 3,380 224 231
Toe seepage 10-May-11 4.2 1,579 1,020 11,800 560 3,800 6,340 14,900 4,930 217 257
Toe seepage 28-Mar-12 2.9 2,767 3,480 125,000 52,300 174 528 9,230 1,630 1,670 205
Dyson's (backfilled) Open Pit
Toe seepage 16-Mar-11 3.4 2,872 1,730 17,000 11,300 27,300 18,400 39,900 15,500 1,030 705
Toe seepage 13-Apr-11 3.4 3,051 1,900 18,900 9,920 29,600 20,500 41,800 16,300 1,070 792
Toe seepage 10-May-11 3.4 4,041 2,940 26,400 9,700 35,700 32,600 72,400 25,700 1,700 1,170
Toe seepage 2-Jan-12 3.6 2,502 1,630 - 834 18,000 16,700 39,600 13,500 813 590
Toe seepage 29-Feb-12 3.7 3,076 1,920 - 128 21,300 19,400 44,300 15,500 1,100 667
Toe seepage 28-Mar-12 3.7 2,972 2,050 14,100 818 22,000 19,500 46,700 14,800 1,070 681
Toe seepage 24-Apr-12 4.0 3,909 2,860 22,200 102 31,600 27,800 63,800 22,200 1,680 982
Beneath the former heap leach area
Bore MB12-35 8-Nov-12 4.6 10390 9120 5310 127000 442000 116000 379000 93000 23 195000
All metals are dissolved and expressed in μg/L

Shaded concentrations exceed the trigger value from the ANZECC w ater quality guidelines
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high concentrations may also reflect the poor performance of the cover in some areas and/or 

the absence of a cover near the northern batter. 

• Many of the metals that are elevated in seepage from the Intermediate WRD are also elevated 

in seepage from Dyson’s Pit. This similarity is related to the use of waste rock and leached 

material from the Intermediate ore body to backfill the shallow portions of Dyson’s pit and cover 

the tailings that fill the majority of the original pit volume. The tailings are submerged beneath 

the groundwater table throughout the year and covered by a layer of oxygen-consuming backfill 

so the ongoing oxidation rate of the tailings is essentially zero.  

• Toe seepage from the Main WRD is characterized by lower concentrations of SO4 and 

dissolved metals than seepage from the Intermediate WRD. Possible explanations include (i) 

the dilution of toe seepage by shallow groundwater flows, (ii) the lower sulphide content of 

waste rock, and/or (iii) heterogeneity in seepage water quality from this very large WRD (see 

RGC, 2012).  

• Concentrations of SO4 and metals in seepage from Dyson’s WRD are typically lower than in 

seepages from the Main and Intermediate WRDs and Dyson’s Pit. These lower concentrations 

reflect in part the much lower initial sulphide content of waste rock from this WRD and the 

mining of Dyson’s ore body exclusively for uranium (not a suite of metals).   

2.1.4 Copper Extraction Pad  

Copper from sub-grade ore and the oxidized capping from the Intermediate ore body was extracted via 

heap leaching on a pad located between the Main and Intermediate Pits. According to Andersen 

(1966), the heap leach procedure involved:  

• Piling sulphide and oxide ore into separate piles atop a low-permeability pad.  

• Spraying the ores with a highly-acidic mixture of raffinate, barren liquor, and water from Main 

Pit to dissolve soluble copper in the ore pile.  

According to Davy (1975), pregnant liquor was intended to drain from the heap primarily via a series of 

lined channels and culverts. Seepage losses were substantial, however, and led to significant impacts 

on groundwater between the Main and Intermediate Pits. This highly-impacted groundwater appears 

to have contributed to the filling of the pits when de-watering ceased in the 1960s and residual effects 

may still be seen in the deeper zones of the pits (see RGC, 2013).  

Spent heap leach material and surface soils that had been contaminated during the leaching process 

were removed during rehabilitation in the 1980s and used to backfill shallow portions of Dyson’s Pit. 

Some, relatively deep (i.e. 20 m+ bgs), groundwater in this area is characterized by 500 to 1,000 mg/L 

Cu (see Table 2-1). This water is essentially raffinate from the historic heap leaching operation. For 
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comparison, seepage from the Intermediate WRD and shallow backfill material in Dyson’s Pit contains 

up to 35 mg/L Cu.   

2.1.5 Old Tailings Dam area 

During mining, slurried tailings were discharged to a relatively flat area to the north of the Main Pit. 

Drainage from this area entered a small creek that eventually flows into the East Branch of the Finniss 

River (Watson, 1979). Perimeter walls were later built towards the eastern end of the creek to form a 

series of small dams commonly referred to as the ‘Old Tailings Dam’ (Davy, 1975).   

Most of the tailings were later removed from this area and placed in Dyson’s Pit during site rehabilitation 

in the 1980s. The area was subsequently limed and re-shaped to control drainage (see Allen and 

Verhoeven, 1986). A one-layer cover was also installed to enable the establishment of vegetation. 

According to Fawcett (2007), some residual tailings remain in this area and may require removal during 

implementation of a preferred rehabilitation strategy. The presence of tailings was confirmed during 

RGC’s geotechnical investigation of the Old Tailings Dam area (see RGC, 2015).   

2.1.6 Additional Waste Rock and Contaminated Soils 

In 2011, the DPIR commissioned a contaminated site survey to identify waste rock or contaminated 

soils that may require re-location during rehabilitation (see CSA Global, 2011). Some key areas are:  

• Main North WRD, located beneath the main access road to the site between the Main WRD 

and the Main Pit.  

• Lead ore stockpile northeast of the Main Pit. 

• The bunds of overburden that surround the Main and Intermediate Pits. 

In 2014, RGC collected additional samples from many of these areas to provide infill data and additional 

geochemical characterization information that was not in the scope of the 2011 contaminated site 

survey. These data are described in this report (see Section 5).    

2.2 PRINCIPLES OF AMD PREDICTION & WASTE CLASSIFICATION 

2.2.1 Overview of Drainage Types  

Acidity and metals are released during the oxidation of pyrite (FeS2), an iron sulphide mineral that is 

common in areas with economic mineralization. The number of metals released depends on the 

sulphide mineralogy of an ore deposit (or waste rock), whereas the concentrations of metals (and 

metalloids) are determined mainly by the pH of seepage or mine drainage (see GARD Guide, 2014).  

At pH 6 or less, the concentrations of aluminum (Al), iron (Fe), and copper (Cu) increase substantially 

as a result of their greater solubility under acidic conditions. Arsenic (As), cadmium (Cd), cobalt (Co), 
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molybdenum (Mo), selenium (Se), and Zn Cobalt (Co), lead (Pb), and zinc (Zn) can also be elevated, 

but the solubilities of these metals (and metalloids) are less pH dependent. In Australia, seepage from 

sulphidic waste with a pH of 6 or less is referred as Acid and Metalliferous Drainage (AMD). Outside of 

Australia, this seepage is referred to as Acid Rock Drainage (ARD). Seepage with a pH of 6 or higher 

is referred to as Neutral Mine Drainage (NMD) or Saline Drainage (SD) if contains more than 1,000 

mg/L of Total Dissolved Solids (TDS) and low concentrations of metals and metalloids.  

NMD is often associated with the process of Metal Leaching (ML). ML involves the release of metals 

from sulphidic waste without the net generation of acidity. SD, by comparison, is often associated with 

the production (and subsequent neutralization) of large quantities of acidity in mine waste (either as a 

result of naturally-occurring, alkalinity-generating minerals or by lime amendment). The Rum Jungle, 

for instance, is currently affected by AMD from the historic WRDs. After rehabilitation, however, the 

key issue will be managing SD from lime-amended waste rock in the WSF.  

2.2.2 Acid Base Accounting  

Pyrite oxidizes when it is exposed to water and an oxidant, such as oxygen (O2) or dissolved iron (ferric 

ion, Fe3+). By stoichiometry, a sample containing 1% pyrite releases 30.6 kilograms (kg) of H2SO4 per 

tonne of material if the pyrite oxidized completely. Conversely, the dissolution of carbonate minerals, 

such as calcite (CaCO3) and dolomite (CaMgCO3), amongst others, leads to generation of alkalinity 

that neutralizes this acidity.  

AMD is produced if the amount of acidity generated by sulphidic waste rock exceeds the acid-

neutralizing capacity of the sample. To predict this occurrence, the maximum amount of acidity that 

could be produced from a sample as a result of pyrite oxidation is compared to maximum amount of 

acid-consuming species that are released. The tests that are used to estimate these quantities are 

referred to as ‘static tests’ because they cannot predict the rate or timing of AMD generation. The 

comparison of static tests of a sample’s acid-generating potential and acid-neutralizing capacity is the 

basis for Acid Base Accounting (ABA). 

ABA involves comparing the acid-producing potential of a sample to its capacity to neutralize acidity 

via the dissolution of alkalinity-containing minerals. In Australia, AMIRA (2002) describes an approach 

to ABA that involves classifying waste as either Non Acid Forming (NAF) or Potentially Acid Forming 

(PAF). NAF materials are unlikely to yield a net quantity of acidity in the future because they contain 

few sulphides (or an excess of acid neutralizing capacity). PAF waste will likely yield a net amount of 

acidity in the future because this waste will release a greater amount of acidity than alkalinity when it 

oxidizes (see AMIRA, 2002; MEND, 2009).   

In Australia, a sample is classified as NAF or PAF primarily on the basis of its Net Acid Producing 

Potential (NAPP), where NAPP = AP – ANC (or NAPP = MPA – ANC as a first step). AP is the ‘Acid 
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Generating Potential’ of a sample and ANC is its ‘Acid Neutralization Capacity’. NAPP is expressed in 

units of kg H2SO4 per tonne of material (abbreviated kg H2SO4/t). A negative NAPP indicates that a 

sample is likely NAF waste rock, whereas a positive NAPP indicates that it is PAF waste rock.   

ANC (or ‘Acid Neutralizing Capacity’) is estimated by reacting a sample with excess HCl and then back-

titrating with NaOH to determine the amount of unreacted HCl that is present). The amount of acid 

consumed is then calculated and expressed in kg H2SO4/t. MPA is the ‘Maximum Potential Acidity’ of 

a sample. It is calculated by multiplying Stotal (in wt. % S) by a conversion factor of 30.6 (see Section 

2.1.1). This calculation assumes that sulphur in the sample is present only in the form of pyrite (i.e. 

Stotal = Ssulphide). According to AMIRA (2002), MPA is a conservative estimate of potential acidity content 

because it does not account for:  

• Non-acid-generating forms of sulphur, including sulphate sulphur (SSO4) and native sulphur (So) 

in a sample.  

• Metal sulphides that yield less acidity than pyrite during oxidation, such as sphalerite (ZnS) 

and galena (PbS).  

• Secondary acid sulphate minerals, such as jarosite and alunite, which are secondary sources 

of acidity in a sample.  

The Acid Generating Potential (AP) of a sample is less conservative than MPA. AP is derived by 

subtracting non-sulphide sulphur forms, such as jarosite sulphur (Sjar) and water soluble sulphur (SSO4), 

from Stotal in order to better approximate the Ssulphide content of a sample. Ssulphide is then multiplied by 

30.6 to calculate AP. This calculation assumes that pyrite is the only sulphide mineral present in the 

sample (i.e. no slower reacting sulphides). AP calculated in this manner is expressed in kg H2SO4/t. 

AP can also be expressed in kg CaCO3 equivalents per tonne (i.e. kg CaCO3 eq./t) if Ssulphide is 

multiplied by a conversion factor of 31.25. This conversion is commonly used in North America where 

the modified Sobek method for ABA is the standard approach in the mining industry (see MEND, 2009) 

In addition to NAPP, the ratio ANC/AP (or ‘Neutralization Potential Ratio’, NPR) is often calculated as 

a supporting ABA parameter. This ratio is another way of comparing the acid-generating and acid-

consuming characteristics of a sample. Samples with an NPR greater than two are unlikely to generate 

AMD, yet a high NPR does not alone indicate whether or not a sulphidic sample will yield NMD or SD. 

For instance, a sample with high AP and ANC values could still generate significant quantities of NMD 

or SD, but would still be classified as NAF material according to AMIRA (2002). In the current report, 

the existing acidity content of a sample was therefore considered in order to confirm that a sample can 

be considered NAF waste (see Section 2.2.4).   

2.2.3 Waste Classification Criteria 
In Australia, waste rock is classified by comparing the NAPP value of a sample to the result of a single 

addition Net Acid Generation (NAG) test. The single addition NAG test involves the reaction of a sample 
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with hydrogen peroxide to rapidly oxidize sulphide minerals2. Any net acid produced is then titrated to 

a final pH of 4.5 or 7. The net amount of acidity is often referred to as the ‘NAG capacity’ and is 

expressed in kg H2SO4/t.  

According to AMIRA (2002), the following criteria are used to classify sulphidic waste:  

• PAF waste rock: positive NAPP and NAG pH < 4.5 (or NPR < 1). 

• NAF waste rock: negative NAPP and NAG pH > 4.5 (or NPR > 2). 

Waste rock is classified as uncertain (UC) when there is an apparent conflict between the NAPP and 

NAG pH results (i.e. a positive NAPP and NAG pH > 4.5 or a negative NAPP and NAG pH < 4.5), or 

when NAPP is close to zero (i.e. -10 kg H2SO4/t to +10 kg H2SO4/t). Similarly, waste with an NPR 

between one and two can be classified as UC. It should be noted that this classification scheme does 

not identify whether waste is likely to be at risk of developing NMD or SD. These drainage classes are 

addressed below in the context of the potential suitability of low-sulphide PAF and NAF waste rock for 

use in construction or near-surface backfill on the site.  

2.2.4 Acidity Content and Potential Neutralant Demand of Waste Rock 

The total neutralant demand of a waste rock sample consists of ‘existing acidity’ and ‘incipient acidity,’ 

and the solute loads associated with each. To determine the neutralant demand of different waste rock 

types (and estimate source terms for the WSF and the backfilled Pit), these acidity types must be 

quantified:  

• Incipient acidity and solutes. This refers to the amount of acidity and metals that remain to be 

released via the long-term oxidation of sulphides by reaction with oxygen. Incipient acidity is 

also referred to as AP and is quantified by conventional ABA (see Section 2.2.2). 

• Existing acidity and solutes. This refers to the amount of acidity and metals that has already 

been produced by the prior oxidation of sulphides and which is retained in a soluble form within 

the waste matrix. Existing acidity is only relevant for ABA if waste rock has been exposed to 

oxygen for an extended period of time (and has therefore oxidized to some extent).  

The likely magnitude of the ‘incipient’ acid load from waste rock in the WRDs can be determined from 

the testing data that are provided in SRK (2012). Data from SRK (2012) are typical of a conventional 

AMD assessment scheme that is designed to predict future AMD from un-oxidized samples. However, 

this type of assessment is not designed for the characterization of existing acidity.  Hence this type of 

acidity (and the contributors to it) was not determined during this previous assessment of waste rock 

                                                      
2 The form of acidity in a sample is often approximated by titrating the NAG liquor to pH 4.5 and then to pH 7; the titration value 
at pH 4.5 includes acidity due to free acid (i.e. H2SO4), as well as soluble iron and aluminum, whereas the titration value at pH 7 
includes these sources of acidity plus metal ions that precipitate as hydroxides between pH 4.5 and pH 7. 
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geochemistry. Thus the appropriate amount of lime to be added to waste rock in order to ameliorate 

the existing loads of acidity and metals contained in the wastes could not be derived from the existing 

data set.  

Jones (2015) used archived samples from SRK’s 2011 field program to develop a method to (i) estimate 

the existing acidity content of a sample and (ii) estimate the optimum pH required to substantially 

reduce the concentrations of soluble metals. A major focus of Jones (2015) is the evaluation of existing 

methods to quantify the amount of jarosite that is present in oxidized waste material at the Rum Jungle.  

Jarosite is an acidic, hydrous sulfate of potassium and iron with a chemical formula of KFe3(OH)6(SO4)2. 

It is a secondary mineral that is commonly formed under acid pH conditions by the oxidation of pyrite 

and other Fe-containing sulphide minerals. Jarosite is especially important in the context of developing 

a lime amendment scheme for waste rock because it is poorly soluble and therefore not quantified by 

direct titration or by simple leach extraction with water. Moreover, the ability of a given method to 

quantify the amount of jarosite can depend on the mode of occurrence of jarosite in a specific 

geochemical context.  

It was known from X-ray Diffraction (XRD) mineralogy work done by SRK (2012) that samples from the 

Intermediate WRD contained up to 7 wt. % jarosite. Much less jarosite was detected in material from 

the Main WRD and none was detected in material from Dyson’s WRD. Several of the archived SRK 

samples for which independent XRD measurements of jarosite were available were used to validate a 

routine (and much less costly) wet chemical laboratory method for the determination of jarosite (see 

Jones, 2015).  

The following are key findings from Jones (2015) that pertain to the acidity content and neutralant 

demand of previously-collected waste rock samples.   

• The ‘existing’ acidity content of acidic (oxidized) samples from Intermediate and Main WRDs 

is predominantly in the form of jarosite. This is a key finding because failure to quantify the 

acidity contributed by jarosite based on a conventional AMD assessment would result in a 

substantial under-estimation of the amount of neutralant needed to account for this source of 

acidity. Consequently, a validated method for the measurement of jarosite was needed to 

screen waste rock samples and determine the amount of neutralant to be added. Jarosite only 

forms under acidic conditions so only those sample with a rinse pH of conservatively less than 

5.5, need be screened for the presence of this secondary mineral phase. 

• Extraction of jarosite with boiling sodium carbonate solution was found to be the method that 

gave the best correlation with XRD data, and was therefore recommended for routine 

application at Rum Jungle. Two other published wet chemical methods for jarosite 

determination were also evaluated. The most common method (overnight extraction with 4M 
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HCl) currently in use in commercial laboratories was found to detect only 30% of the jarosite 

present. A second “research” method gave much better recoveries than the HCl method but 

was found to be much more time consuming than the preferred method, as well as being prone 

to overestimating the jarosite content.  

• The majority of the key metals, including Al, As, Co, Cu, Mn, Ni, U, and Zn, are removed from 

solution by raising the pH of an initially acidic sample to around pH 7. This conclusion was 

based on chemical analysis of the supernatant solutions produced at pH values of 6, 7 and 8 

by titration with sodium hydroxide solution. The optimum pH 7 is a somewhat lower pH than 

would be expected from the solubility of metals as simple hydroxides and, according to Jones 

(2015), is probably the result of having a large surface area of solids present to which the 

metals can bind as the solution becomes more alkaline. A pH value of 7 is thus the provisional 

target pH for neutralization of acidic waste rock, pending confirmation testwork using calcium 

carbonate (agricultural lime) and hydrated lime.  

• In order to estimate the amount of neutralant needed to attain pH 7 the existing acidity first 

needs to be determined by measuring the contributions to the acid loading from readily soluble 

(directly titratable) acidity and from the jarosite content obtained using the validated method. 

• Validation of the initial laboratory estimates of neutralant demand will be required by addition 

of potential neutralant materials to larger samples of waste, with performance evaluated 

through time over a range of neutralant to waste ratios. 

• A simple “reaction rind” model may be able to be used to produce a more realistic (scaled) 

estimate of neutralant demand for a bulk mass of waste rock. If the neutralant demand was 

based on the value measured for a say <2 cm size fraction (the size fraction most commonly 

used for initial static geochemical testwork) then this would most certainly substantially 

overestimate the amount of neutralant required for the waste rock as a whole. This model was 

tested on one archived acidic sample from the Main WRD and the results were very promising. 

Further testing and validation of the model will be required on bulk samples of waste rock 

collected during the October 2014 sampling campaign.  

2.3 PREVIOUS STUDY OF WASTE ROCK GEOCHEMISTRY  

SRK completed a geochemical characterization program for waste materials in the three WRDs and in 

Dyson’s (backfilled) Pits in 2011 (see SRK, 2012). Test pit locations are shown in Figure 2-2. A 

summary of the sampling program and key findings is provided below.  

2.3.1 Test Pit Locations 

Samples in 2011 were obtained from test pits excavated from the tops of Main WRD, Intermediate 

WRD, and Dyson’s WRD and by sonic drilling in Dyson’s (backfilled) Pit (see Figure 2-2). The selection 
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of test pit locations was supported by historic information on the construction of the WRDS that is 

provided in Davey (1975).  
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Four test pits were excavated from each WRD in order to provide reasonable spatial coverage of the 

surface of each WRD:  

• Main WRD: 

o WHI1 was located in the northwest corner of the Main WRD in an area where 

overburden removed during mining was thought to consist primarily of Coomalie 

Dolostone.3 In contrast, waste rock in the rest of the Main WRD consists primarily of 

black shale of the Whites Formation. 

o WHI2 was located near the southwest corner of the Main WRD where waste rock 

removed from the bottom of the Main Pit was placed. 

o WHI3 was located in an area where the highest temperatures were observed before 

rehabilitation in the 1980s.  

o WHI4 was excavated near the access ramp to the Main WRD where material removed 

during the initial stages of mining was placed. 

• Intermediate WRD: 

o INT1, INT2, and INT4 are located in areas where waste rock is predominantly pyritic 

black shale.  

o INT3 was excavated in an area that is likely to have been dominated by silicified 

dolomite or (‘hematitic quartz breccia’ or HQB).  

• Dyson’s WRD:  

o DYS1 was located near the center of Dyson’s WRD next to the original haul road. 

Material in this area was thought to have been placed during the earlier stages of 

mining (from the upper zones of the ore body). 

o DYS2 was located near the eastern edge of Dyson’s WRD. Waste rock was dumped 

in this area in the later stages of mining Dyson’s ore body (and hence from greater 

depths within the pit). 

o DYS3 was located near the northern edge of Dyson’s WRD near a 2 m bench of 

material. According to Davy (1975), waste rock in this area may differ from waste rock 

elsewhere in Dyson’s WRD.  

Shallow backfill in Dyson’s (backfilled) Pit consists primarily of spent heap leach material and 

contaminated soils that were re-located from the former Copper Extraction Pad area. Deeper portions 

of the pit were filled with tailings during operations and with additional tailings that were re-located from 

                                                      
3 SRK did not find dolostone in this area, but there is some evidence from the 2014 test pitting that it is present near the location 
of TP1.  
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the Old Tailings Dam area during rehabilitation in the 1980s. Samples of shallow backfill and tailings 

were collected by sonic drilling at four locations (DO20, DO21, DO22, and DO23) (see Figure 2-2).  

2.3.2 Sampling Depth 

SRK’s test pits were excavated to a maximum depth of 10 m. This means that only the top 50 to 60% 

of the waste profile in the WRDs was sampled. In the case of Dyson’s (backfilled) pit, sonic drilling 

penetrated to a maximum depth of 40 m (see SRK, 2012). Only the top 4 m or so of these profiles is 

relevant to current rehabilitation planning, as the sulphidic tailings located at greater depths are 

beneath the groundwater table and would not be re-located during rehabilitation. Waste from the top 4 

m consists of contaminated soils and spent heap leach material (i.e. leached ore from the Intermediate 

ore body). 

2.3.3 Geochemical Characterization Program 

A total of 317 samples were collected by SRK in 2011. Of these samples, 110 were subjected to a 

standard suite of static tests used for a conventional ABA assessment in Australia. The scope of the 

SRK test program is summarized below.  

• An ABA assessment and a single addition NAG test was run on 110 of the samples, with 12 of 

the NAG test solutions being submitted for metals analysis.  

• 40 samples were submitted for mineralogical analysis by XRD. 

• 18 samples were subjected to a water leach extraction. The pH of leachate was not reported 

though, which limited the assessment of the loads of acidity and metals available to be leached 

from these samples.  

• The total existing acidity content was not determined for any of the samples. 

Key findings from a review of the SRK (2012) data are summarized below. The PAF and NAF 

designations described below are from that report.  

• 56% of the samples from the Main WRD are PAF waste rock. Most of the NAF samples were 

excavated from the southwest corner of the dump (or the northwest corner), but there were no 

clearly defined zones where these NAF materials occurred. The average Stotal was 0.9 wt. % 

S and the mean NAPP value was 15 kg H2SO4/t. 8 of 25 samples from the Main WRD had a 

NAPP value higher than 25 kg H2SO4/t. 

• 90% of the samples from Intermediate WRD are PAF waste rock. The mean NAPP value for 

waste rock from the Intermediate WRD was 57 kg H2SO4/t. 16 of 25 samples from the 

Intermediate WRD had a NAPP value greater than 25 kg H2SO4/t. The mean Stotal value for 

waste rock from the Intermediate WRD was 2.1 wt. % S, or about twice as high as waste rock 



Physical and Geochemical Characteristics of Waste Rock and Contaminated Materials Page 19 

 
 

 
Robertson GeoConsultants Inc.   Report No. 183008/2 

 

from the Main WRD. These data suggest that waste rock from the Intermediate WRD has a 

higher potential to generate AMD than waste rock from the Main WRD and Dyson’s WRD). 

• 75% of the samples of shallow backfill from Dyson’s Pit were PAF waste rock. The mean NAPP 

value for shallow backfill material was 51 kg H2SO4/t (and a few samples were characterized 

by NAPP values close to 150 kg H2SO4/t). The mean Stotal value is 2.2 wt. % S. Shallow backfill 

in Dyson’s Pit originated primarily from the Intermediate ore body and is similar geochemically 

to waste rock from the Intermediate WRD. These data support the assertion that the shallow 

backfill materials should be re-located to the Main Pit during rehabilitation.    

• 35% of the samples from Dyson’s WRD are PAF waste rock. The mean NAPP value for 

samples of waste rock from Dyson’s WRD was 0.6 kg H2SO4/t (and none of the samples had 

a NAPP value higher than 25 kg H2SO4/t). The mean Stotal value for waste rock from Dyson’s 

WRD was 0.4 wt. % S. Also, the mean NAPP value for PAF waste rock was 13 kg H2SO4/t. 

These data suggest that the majority of waste rock from Dyson’s WRD is NAF and the PAF 

waste rock has a relatively weak potential to generate AMD.  

The NAG pH and NAPP data for the 110 samples are plotted in Figure 2-3. This plot shows the 

excellent agreement between the predictions from each of these tests for three WRDs and the 

backfilled Dyson’s Pit, which made NAG testing for the 2014 characterization program unnecessary. 

Albeit biased towards shallow portions of the WRDs, the 2011 data provide a reasonable basis for 

prioritizing waste rock on the basis of incipient acidity (i.e. AP). The relative ranking of AMD potential 

for waste rock is Intermediate WRD/shallow backfill from Dyson’s Pit, followed by Main WRD, and then 

Dyson’s WRD (the least potentially-acid generating). However, because existing acidity was not 

estimated, a lime amendment scheme for existing acidity could not be developed from the SRK (2012) 

data set. 
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Figure 2-3. Selected ABA Data for the Samples Collected in 2011 (data from SRK, 2012).  

2.4 RELEVANT SEEPAGE AND GROUNDWATER QUALITY  

2.4.1 Relevant Seepage Water Quality Data 

The concentrations of major ions and metals present in seepage from the three historic WRDs and in the 

seepage from shallow backfill in Dyson’s Pit have been measured several times over the past decade 

(Table 2-2). The seepage contains the primary and secondary solutes that have been produced by the 

weathering of the mineral matrix by acid generated from the oxidation of pyrite. It contains the major ions 

Mg, Ca and sulphate (SO4), and acid and metals.  

The soluble concentrations of the metals are a strong function of pH as demonstrated by the pH 

dependence of water extractable metals concentrations. The soluble acid and metals together comprise 

the existing acid load within the waste matrix. In general, seepage from, the Intermediate WRD and shallow 

backfill in Dyson’s Pit contain the highest concentrations of dissolved metals. Seepage from the Main WRD 

(the largest dump) is less concentrated by comparison, whereas metal concentrations in seepage from 

Dyson’s WRD are lower still.  

2.4.2 Relevant Groundwater Quality Data 

The compositions have also been measured of groundwater extracted from several bores located within 

and closely adjacent to the footprints of the Main and Intermediate WRDs (Tables 2-3 and 2-4). The 
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concentrations that have been measured in toe seepage and in groundwater are the result of the complex 

interplay between flow of water through preferred flow pathways in the in-place material, lateral flow of near 

surface groundwater during the wet season, and interaction between initially-produced seepage and 

country rock (especially the Coomalie Dolostone).  

The effect on composition of the primary acidic seepage by reaction with country rock downgradient of the 

footprints of the WRDs is shown by the data for the groundwater monitoring bores in Tables 2-3 and 2-4. 

The water in contact with the granite basement is still acidic and contains high concentrations of metals. 

Seepage that has contacted Dolostone has a circum-neutral pH and contained relatively low residual 

concentrations of dissolved metals. 

The dump-specific nature of the solute generation and transport processes means the extent to which the 

composition of current seepage can be used to infer/predict the composition of seepage from the WSF is 

limited. However, based on the results from the water extraction testwork described later in this report it 

can be stated with confidence that if the pH of the re-located waste is not raised sufficiently then the 

seepage will contain high concentrations of metals, including Cu, Co, Mn, Ni and Zn, in addition to the major 

ion solutes of Ca, Mg and SO4. 
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Table 2-2 Illustrative data for compositions of toe seepages from the four sources of waste rock 

Waste Unit Date pH EC, uS/cm SO4, 
mg/L 

Ca, 
mg/L 

Mg, 
mg/L Al, mg/L Fe, mg/L Cu, 

mg/L 
Co, 

mg/L 
Mn, 

mg/L 
Ni, 

mg/L 
U, 

mg/L 
Zn, 

mg/L 

Main WRD               

Toe seep 04 14-Apr-09 3.7 6,580 5,190 427 895 11 2.6 3.9 4.4 5.9 3.8 0.5 8.1 

Toe seep 04 6-Aug-10 3.7 6,000 5,190 318 1,120 13 4.8 4.4 5.2 11.1 3.8 0.6 7.1 

Toe seep 26-Apr-12 3.8 4,579 3,830 323 748 9 3.1 3.7 3.5 5.7 3.0 0.5 6.4 

Toe seep 21-May-12 3.3 2,213 4,050 318 796 9 3.5 3.9 3.7 6.5 3.2 0.5 6.5 

Intermediate WRD              

Seep  4 6-Aug-10 3.3 12,600 13,800 362 2,760 199 349 34.9 74.7 84.3 64.9 1.8 156.0 

Seep 1 28-Mar-12 3.8 4,192 5,870 442 1,110 21 58 5.6 21.7 28.6 15.1 0.2 22.0 

Seep 2 28-Mar-12 3.5 660 5,630 356 1,010 43 133 7.2 21.2 28.6 16.8 0.4 32.0 

Seep 3 28-Mar-12 3.7 639 6,290 383 1,120 45 165 9.7 27.8 35.3 23.8 0.4 48.7 

Dyson’s WRD               

Toe seep 6-Aug-10 3.7 4,520 2,710 95 511 88 6.0 0.2 0.4 5.1 1.2 1.2 0.2 

Toe seep 16-Mar-11 4.3 1,106 579 - - 9 2.7 4.6 3.1 7.4 2.6 0.2 0.1 

Toe seep 10-May-11 4.2 1,579 1,020 - - 12 0.6 3.8 6.3 14.9 4.9 0.2 0.3 

Toe seep 28-Mar-12 2.9 2,767 3,480 - - 125 52 0.2 0.6 9.2 1.6 1.7 0.2 

Dyson’s (backfilled) Pit             

Toe seep 16-Mar-11 3.4 2,872 1,730 - - 17 11.0 27.3 18.4 39.9 15.5 1.0 0.7 

Toe seep 10-May-11 3.4 4,041 2,940 - - 26 9.7 35.7 32.6 72.4 25.7 1.7 1.2 

Toe seep 29-Feb-12 3.7 3,076 1,920 - - - 0.1 21.3 19.4 44.3 15.5 1.1 0.7 

Toe seep 28-Mar-12 3.7 2,972 2,050 - - 14 0.8 22.0 19.5 46.7 14.8 1.1 0.7 

Toe seep 24-Apr-12 4.0 3,909 2,860 - - 22 0.1 31.6 27.8 63.8 22.2 1.7 1.0 
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Table 2-3 Composition of groundwater within and adjacent to the footprint of the Main WRD 

Screened 
Lithology Bore ID Date pH EC 

uS/cm 
SO4, 
mg/L 

Ca, 
mg/L 

Mg, 
mg/L 

Al, 
mg/L 

Fe, 
mg/L Cu, mg/L Co, 

mg/L Mn, mg/L Ni, 
mg/L 

U, 
mg/L Zn, mg/L 

Granite  RN022084 28-Oct-08 3.9 10,010 9,880 200 2,270 15.7 3.7 14.4 10.9 47.7 9.0 3.9 19.1 

Granite RN022084 11-Aug-10 3.9 11,020 9,290 207 2,330 14.1 3.2 12.8 10.6 43.5 8.9 3.8 18.6 

Granite RN022084 14-Feb-11 3.7 11,430 9,120 216 2,120 16.8 4.4 15.4 11.5 45.4 8.9 3.8 17.1 

Granite RN022084 6-Sep-11 4.3 11,360 9,380 - 2,190 12.7 3.0 13.2 9.6 45.2 8.4 2.9 16.1 

Granite RN022084 23-Feb-12 4.1 10,590 9,000 - 2,070 12.5 3.2 12.1 9.0 42.1 7.9 2.8 14.8 

Schist RN022082 29-Oct-08 3.9 8,300 6,990 436 1,470 6.0 21 1.6 3.9 8.9 4.7 0.3 8.4 

Schist RN022082 14-Apr-09 4.2 8,410 6,880 458 1,340 5.9 16.4 1.6 4.2 9.2 5.2 0.3 9.2 

Schist RN022082D 25-Aug-11 4.3 8,320 6,080 - 1,240 5.3 7.4 1.9 3.3 7.1 4.1 0.3 8.6 

Schist RN022082D 13-Feb-12 4.3 5,300 3,530 - 657 3.3 5.9 1.05 1.6 3.3 1.9 0.2 5.5 

Granite RN029999 13-Oct-10 3.8 2,865 1660 198 282 7.8 0.2 4.6 1.3 3.1 1.1 0.5 2.8 

Granite  RN030002 13-Oct-10 3.8 8,930 8,430 408 1,970 9.9 6.2 8.9 6.9 19.8 5.9 1.8 15.7 

Granite  RN30003 9-Mar-10 3.9 2,350  - - 19.9 0.4 9.9 2.1 3.5 2.3 0.6 3.6 

Dolostone RN030004 11-Aug-10 7.2 1,760 1840 122 450 0.02 0.2 0.002 0.3 6.4 0.1 0.1 0.05 

Dolostone  RN025170 13-Oct-10 7.2 1,054 326 7 131 0.7 0.4 0.004 0.002 0.05 0.003 0.003 0.04 

Dolostone RN025170 22-Feb-11 6.5 886 271 8 100 0.0 0.2 0.008 0.0003 0.001 0.001 0.002 0.002 

Dolostone RN025170 22-Aug-11 7.5 1,075 336 - - 0.006 0.02 0.0002 0.0003 0.003 0.0001 0.001 0.003 

Dolostone RN025170 23-Feb-12 6.9 742 250 - 80 0.02 0.02 0.0002 0.0004 0.03 0.0006 0.0006 0.001 

Dolostone  RN025169 09-Mar-10 7.3 308 - - - 0.3 0.8 0.1 0.7 2.2 0.5 0.02 0.6 

Granite RN022417 6-Apr-09 3.6 4,825 3,230 278 534 47.3 1.8 20.1 4.3 5.5 4.8 1.4 6.7 

Granite RN022417 9-Mar-10 3.6 3,620 - - - 37.6 0.4 17.4 3.3 4.3 3.7 1.0 5.6 

Alluvium  RN022411 6-Apr-09 3.6 5,190 3,430 119 729 20.4 2.8 4.2 4.8 13.5 4.2 1.0 5.3 

Alluvium RN022411 9-Mar-10 3.4 9,340 - - - 5.6 6.8 1.7 3.3 8.9 2.9 0.4 2.9 

Alluvium RN022411 23-Feb-11 4.2 1,532 698 26 155 2.6 3.6 0.3 0.9 2.9 0.8 0.1 1.0 
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Table 2-4 Composition of groundwater within and adjacent to the footprint of the Intermediate WRD 

Screened 
lithology Bore ID Date pH EC, uS/cm 

SO4, 
mg/L 

Ca, 
mg/L 

Mg, 
mg/L 

Al, 
mg/L 

Fe, 
mg/L 

Cu, 
mg/L 

Co, 
mg/L 

Mn, 
mg/L 

Ni, 
mg/L U, mg/L Zn, 

mg/L 

Laterite MB10-5 30-Nov-10 6.6 1,358 468 55 107 0.05 0.2 0.02 1.0 2.9 0.7 0.01 0.8 

Laterite MB10-5 25-Feb-11 6.7 1,697 776 127 152 0.03 0.2 0.002 0.6 1.8 0.5 0.009 0.4 

Laterite MB10-5 30-Aug-11 6.9 598 82 - 41 0.03 0.002 0.01 0.01 0.08 0.01 0.01 0.002 

Laterite MB10-5 14-Feb-12 6.9 786 134 - 52 0.02 0.05 0.002 0.01 0.1 0.02 0.004 0.008 

Laterite MB10-5 13-Nov-14 7.1 762 212 45 61 0.03 0.05 0.001 0.009 0.08 0.005 0.003 0.02 

Dolostone RN025173 11-Aug-10 6.1 4,616 3,560 45 962 0.2 0.2 0.04 0.02 4.12 0.2 0.003 0.05 

Dolostone RN025173 24-Feb-11 6.0 4,769 3,040 39 779 0.03 0.2 0.003 0.01 3.8 0.2 0.005 0.01 

Dolostone RN025173 23-Aug-11 6.0 5,030 3,550 - 899 0.01 0.02 0.004 1.3 4.0 0.2 0.004 0.01 

Dolostone RN025173 22-Feb-12 6.1 5,530 3,790 - 961 0.02 0.02 0.002 0.01 4.2 0.2 0.004 0.005 
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3 METHODS AND APPROACH 

3.1 SAMPLE COLLECTION  

3.1.1 Test Pits in the WRDs  

Seven ‘test pits’ were excavated in the WRDs from October 1st to October 29th, 2014 (see Figure 3-1 

for locations). The test pits were much larger than a conventional test pit (i.e. 100 m long and 50 m 

wide) and often extended to the base of the WRD (see photos in Appendix A). They were excavated 

using 35 tonne excavators working with Articulated Dump Trucks (ADTs) to transport the waste rock. 

Test pit locations were selected on the basis of historic oxygen monitoring data (see Kraatz, 1998), 

which generally showed higher oxygen concentrations near the batters of the WRD. 

For the Main and Dyson’s WRDs, two profiles were excavated from each test pit location to increase 

the number of samples and the spatial coverage of the sampling program. The deeper, primary profile 

is referred to as ‘P1’ and extends into natural ground beneath the WRD. The secondary profile (or ‘P2’) 

was sampled to 5 m or 10 m below the surface of the WRD and is typically offset from the primary 

profile by about 50 m. This secondary profile was excavated to further characterize the potential 

heterogeneity within the WRDs. Only a single, primary profile was obtained from each of the three test 

pits in the Intermediate WRD because of the smaller size of this WRD and the shorter distance between 

the surface of the WRD and natural ground beneath it.  

Test pits (and profiles) are summarized as follows:  

• Main WRD 

o TP1-P1 (to 23 m) and TP1-P2 (to 10 m).  

o TP2-P1 (to 20 m) and TP2-P2 (to 10 m). 

o TP3-P1 (to 5 m) and TP3-P2 (to 5 m) 

• Intermediate WRD 

o TP4-P1 (to 13 m)  

o TP5-P1 (to 10 m) 

o TP7-P1 (to 15 m)  

• Dyson’s WRD 

o TP6-P1 (to 15 m) and TP6-P2 (to 10 m)   
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3.1.2 Test Pits for Contaminated Material Assessment 

Forty two additional test pits from around the site were excavated after the test pitting in the WRDs was 

completed (see Figure 3-1). This work was done from October 29th to November 11th, 2014. The 

objective was to augment a previous, more extensive, contaminated site survey (see CSA Global, 

2011). The following test pits were excavated for this contaminated materials assessment (see 

Appendix B for photos).  

• Main North WRD 

o TP8 to TP12 

• Main Pit Bund and surrounding area  

o TP13 to TP17  

o TP37 to TP40 

• Copper Extraction Pad area 

o TP18 to TP23  

o TP29  

• Intermediate Pit and adjacent roads  

o TP24 to TP28  

o TP14 to TP36  

• Old Stockpile Area 

o TP41 to TP50 

The locations of the test pits were determined by the DPIR in order to confirm the presence of sulphidic 

and/or contaminated materials in the Main North WRD, in the former Copper Extraction Pad area, the 

Old Stockpile, and near the EFDC.   

3.1.3 Sample Processing  

Waste rock and soil samples were collected at 1 m intervals from the test pits. Photographs of each 

sample were taken after the sample was removed from the test pit (see Appendix C and D). Sample 

processing is briefly described here:    

• A sieve bucket on the excavator was used to collect waste rock samples from each 1 m horizon 

in a test pit. The sieve bucket used had a 75 mm aperture, so to allow the +75 mm and -75 

mm size fractions to be separated into two piles while test pitting. The percentage of the greater 

than 75 mm size fraction was visually estimated from the piles and then bulk samples (25 to 

30 kg) of the 75 mm size fraction were collected for further processing.   

• Bulk samples of the 75 mm fraction were stored in 20-L pails and taken to the storage shed 

near the Main Pit for further processing. A 2 kg sub-sample of each bulk sample was sieved to 
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determine the particle size distribution (PSD) in the following size ranges:  +19 mm, 4 to 19 

mm, 2 to 4 mm, 1 to 2 mm, and -1 mm size fractions.  

• Brass sieves were used to determine the PSD for each sample and the weights of each size 

fraction were measured using a field electronic balance. The size fractions were then used for 

the measurements of rinse pH and EC described below. This material produced by this process 

was discarded owing to the possibility of metal contamination by the brass sieves.  

• From the remaining bulk sample, a 4 kg sub-sample of the -19 mm fraction was collected for 

further geochemical analysis. Pails containing the samples were initially rolled to mix the 

material before the 4 kg sub-sample was obtained using a stainless steel sieve to minimize the 

possibility of contamination. The material remaining in each sealed pail was archived for future 

reference in the storage shed.  

3.1.4 Rinse Measurements 

Measurements of rinse pH and EC were made for each test pit sample and for numerous grab samples 

collected during the excavation process. The grab samples were collected from the ramp and around 

the side-wall perimeters of the test pits to determine whether the samples from the primary and 

secondary profiles were representative of material throughout that horizon of the test pit (at least based 

on field pH and EC). The grab sample data was also used to assess the scale of heterogeneity 

(spatially), which is an important consideration for a field QC program to be implemented during 

relocation. 

Measuring rinse pH and EC involved mixing waste rock and de-mineralized water at a 2:1 liquid-to-

solid ratio (by weight). The following rinse measurements were collected: 

• For each 1 m horizon (and grab sample), 25 g of waste material that passed through a sieve 

with a 2 mm aperture size was mixed with 50 g of demineralized water. The slurry was well-

mixed every 15 minutes for up to an hour before final measurements of pH and EC were made 

with a field probe in the settled suspension. One hour was found (by time series measurement) 

to be sufficient to capture the majority of the acidity and solutes that could be released over 

the short term by equilibration with water (see Section 4.2). 

• For a selection of samples, additional rinse measurements were collected using the +19 mm, 

4 to 19 mm, 2 to 4 mm, 1 to 2 mm, and -1 mm size fractions to further investigate the effect of 

particle size on leachable acidity (pH) and salts (EC). The weight of solid used was scaled for 

grain size to account for issues of representative sampling. However, the 2:1 liquid-to-solid 

ratio was maintained for each extraction that was done to enable direct assessment to be made 

of the effect of particle size on amount of leachable solutes.  
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Rinse pH values were used to prioritize samples for further leach extraction test work to be done as 

part of the overall geochemical characterization program. Rinse EC values provide a measure of the 

amount of readily-soluble constituents in a sample. Since these measurements are relatively quick and 

easy to perform, they could potentially be used as part of a field QC program to classify waste as it is 

being re-located. This possibility is explored further later in the report when the field measurements are 

compared with the much more extensive geochemical assessments that were done in the laboratory. 

3.1.5 Sample Shipment 

In total, 144 sub-samples (each 4 kg in weight) were sent by road transport to Australian Laboratory 

Services (ALS) facility in Brisbane for further testing.  

3.2 PHYSICAL TESTING PROGRAM 

3.2.1 Particle Size Distribution  

Particle Size Distributions (PSDs) for the sixteen samples were determined by Douglas Partners in 

Darwin, NT. A 20 L pail of bulk waste rock was delivered to Douglas Partners and subsequently sieved 

according to ASTM D6913. The sample codes and depth intervals are:  

• Main WRD (8 samples) 

o TP1-P1-4 (3 to 4 m) 

o TP1-P1-12 (11 to 12 m) 

o TP1-P1-19 (18 to 19 m) 

o TP1-P1-21 (20 to 21) 

o TP2-P1-4 (3 to 4 m) 

o TP2-P1-10 (9 to 10 m) 

o TP2-P1-14 (13 to 14 m) 

o TP3-P1-5 (4 to 5 m) 

• Intermediate WRD (4 samples) 

o TP4-P1-4 (3 to 4 m) 

o TP4-P1-18 (7 to 8 m) 

o TP5-P1-5 (4 to 5 m) 

o TP7-P1-2 (1 to 2 m) 

o TP7-P1-8 (7 to 8) 

• Dyson’s WRD (3 samples) 

o TP6-P1-4 (3 to 4 m) 

o TP6-P1-10 (9 to 10 m) 

o TP6-P1-12 (11 to 12 m)  
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PSDs reflect the grain size distribution of the -75 mm size fraction. The percentage of +75 mm material 

from each interval was visually estimated during the excavation of a test pit by comparing the two piles 

of waste rock left by the sieve bucket. The +75 mm size fraction represents the cobbles to boulder size 

range. Together, these two sets of data allow a description of the overall grain size characteristics of 

the WRD (as opposed to having only PSDs for the -75 mm size fraction). Also, as noted above, a set 

of brass sieves was used to measure the +19 mm, 4 to 19 mm (fine gravel), 2 to 4 mm (coarse sand), 

1 to 2 mm (medium sand), and -1 mm (fine sand or smaller) size fractions for every sampling interval 

from the primary and secondary profiles.      

3.2.2 Moisture Content 

Gravimetric moisture contents were determined for each sample submitted for PSD. These 

measurements were made by Douglas Partners at their Darwin facility. 

3.3 GEOCHEMICAL TESTING PROGRAM  

Components of the geochemical testing program are described further below.  

3.3.1 Acid Base Accounting 

Standard laboratory methods were used to measure the various parameters required for ABA (i.e. 

sulphur contents, ANC, etc.). ANC was estimated by reacting a sample with excess HCl and then back-

titrating with NaOH to determine the amount of unreacted HCl that is present. The following sulphur 

species were measured to determine MPA and AP values (and various acidity types): 

• Stotal (using a Leco sulphur analyzer). Analysis involves heating a sample to about 1350 °C in 

an induction furnace while passing a stream of oxygen through the sample and measuring the 

sulphur dioxide gas that is released from an infrared (IR) detection system.  

• SSO4+jar (by the carbonate leach method, ALS method GRA06). This method involves:  

o Boiling a sample with a sodium carbonate solution for 30 minutes.  

o Removing any insoluble materials by filtration (and reducing ferric iron to ferrous iron 

by the addition of hydroxylamine hydrochloride).  

o Precipitating barium sulphate by adding barium chloride to the filtrate.  

o Filtering, igniting, and weighing the precipitate to determine the SO4 and jarosite 

content of the original sample (which is expressed as % S).  

• SSO4 (measured by water extraction, ALS method ED040S). 

• Sjar (calculated by subtracting SSO4 from SSO4+jar). 

• Ssulphide (calculated by subtracting SSO4+jar from Stotal). The Ssulphide content of fourteen samples 

was also measured directly by the chromium reducible sulphide (CRS). 
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3.3.2 Acidity Content  
Neutralant demand for a sample comprises two sources of acidity and solutes: 

1. The amounts of acidity and leachable metals that have already been produced, and which 

have been retained in a soluble form in the waste matrix (the ‘existing acidity and solute load’).  

2. The amounts of acid and metals remaining to be released via the future oxidation of sulphides 

(i.e. ‘incipient acidity’). Incipient acidity is equivalent to AP (see Section 2.3.3). 

The existing acidity content of a sample consists of the sum of jarosite acidity and titratable acidity. 

Jarosite acidity is calculated from the Sjar content of a sample by stoichiometry. Titratable acidity was 

determined by titrating (to pH 7) a slurry that consists of 75 g of high purity water and 15 g of a crushed, 

-2 mm sub-sample of waste rock (i.e. a 5:1 liquid-to-solid ratio) (see Jones, 2014, for additional details).     

3.3.3 Major and Trace Element Analysis (by Aqua Regia Digestion) 

Strong acid extraction is typically used to determine elemental concentrations in rock materials that 

have been exposed by mining activities. This extraction is used to estimate the maximum amounts of 

metals that could potentially be released under acidic (e.g. AMD) conditions. For this test, a finely 

crushed rock sample is digested in acid to release elements into a soluble form followed by chemical 

analysis of the resulting digest solution.  

Aqua Regia – a mixture of nitric and hydrochloric acids – is typically used to estimate the maximum, 

‘environmentally relevant’ amount of an element that could potentially be released from a rock. It is not 

a total digest, however, because it does not dissolve the resistant, largely silicate-based (or lithogenic) 

component of a sample.  

Concentrations of the elements extracted from a rock sample are expressed in mg/kg (or ‘parts per 

million’, ppm) and are referred to as ‘near total’ concentrations in order to differentiate them from whole 

rock analyses. The Aqua Regia digest also measures Stotal because SO4-containing secondary 

minerals are dissolved and sulphide minerals are oxidized to release soluble SO4 during the extraction. 

Stotal measured this way provides an independent check on the Stotal produced by the Leco furnace 

combustion method used for the ABA suite. 

3.3.4 Mineralogy (X-Ray Diffraction) 

XRD is a physical technique that identifies and quantifies the concentrations of crystalline mineral 

phases. The sample is exposed to an intense beam of X-rays and the diffraction patterns produced are 

characteristic of the mineral phases that are present. The limit of detection for a given mineral type is 

routinely close to 1 to 2 wt. % (i.e. 10,000 to 20,000 mg/kg) for common mineral phases. Eleven 

samples spanning a wide range of sulfide and jarosite contents were analyzed by XRD for this study.  
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3.4 QUALITY ASSURANCE/QUALITY CONTROL  

For rock (and soil) samples, quality assurance/quality control (QA/QC) consisted primarily of method 

blanks, the analysis of appropriate reference materials by ALS, and replicate analyses conducted for 

every one in ten samples. Relative percent difference (RPD) values for the replicates were within 

acceptable method tolerances. In this context it should be noted that blind splits of samples were not 

submitted to the laboratory. None of the analysis results produced were flagged as suspect or 

unreliable based on the QC procedures described above.  
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4 RESULTS  

4.1 PHYSICAL CHARACTERISTICS OF WASTE ROCK  

PSD and moisture content results for selected samples of waste rock measured by Douglas Partners 

are summarized in Table 4-1 (see also Figure 4-1). Observations on waste rock made during test pitting 

are summarized in the sub-sections below, with the full data sets for PSD measurements made in the 

field compiled in Appendix D.  

 

Figure 4-1. Particle Size Distributions of Waste Rock.  

 
    Notes: Gravel (4 to 19 mm), sand (1 to 4 mm) and fines (< 1 mm)  

 

Gravel, % Sand, % Fines, %

Main WRD
TP1-P1-4 3 to 4 m 7 50 50 17 40 43 silty sand with gravel
TP1-P1-12 11 to 12 m 9 15 85 67 18 15 silty gravel with sand
TP1-P1-19 18 to 19 m 9 80 20 68 17 15 silty/clayey gravel with sand
TP1-P1-21 20 to 21 m 13 75 25 60 18 22 clayey gravel with sand
TP2-P1-4 3 to 4 m 11 10 90 64 15 21 silty/clayey gravel with trace sand
TP2-P1-10 9 to 10 m 11 30 70 69 13 18 silty/clayey gravel with trace sand
TP2-P1-14 13 to 14 m 15 20 80 58 9 33 silty/clayey gravel with trace sand
TP3-P1-5 4 to 5 m 8 50 50 80 11 9 gravel with fines and trace sand
Intermediate WRD
TP4-P1-4 3 to 4 m 6 50 50 76 14 10 gravel with fines and trace sand
TP4-P1-8 7 to 8 m 8 40 60 71 15 14 silty/clayey gravel with trace sand
TP5-P1-5 4 to 5 m 17 5 95 58 15 27 silty/clayey gravel with trace sand
TP7-P1-2 1 to 2 m 15 30 70 56 12 32 silty/clayey gravel with trace sand
TP7-P1-8 7 to 8 m 4 40 60 82 11 7 gravel with fines and trace sand
Dyson's WRD
TP6-P1-4 3 to 4 m 13 10 90 59 16 25 silty/clayey gravel with sand
TP6-P1-10 9 to 10 m 9 40 60 75 13 12 gravel with fines and trace sand
TP6-P1-12 11 to 12 m 8 40 60 75 15 10 gravel with fines and trace sand

Sample ID
-75 mm 

Classification (-75 mm size 
fraction)

-75 mm 
fraction, %'

+75 mm 
fraction, %'

Moisture 
Content, %Depth, m
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Figure 4-1. Particle Size Distribution Results for the <75 mm Size Fraction of Waste Rock  

 

4.1.1 Main WRD  

Waste rock from the Main WRD consists predominantly of friable black shale and slate of the Whites 

Formation. Colour ranged from grey to reddish brown (see Appendix D). Pyrite was visible throughout 

the Main WRD. Also, waste rock was often stained by AMD products and significant amounts of 

secondary minerals were present. Jarosite, a yellowish mineral, was prevalent and had often formed 

cemented agglomerates (i.e. chunks of jarosite and waste rock). Other secondary minerals were 

present and, particularly at depth in TP-P1, had formed crystals within void spaces (see Appendix B).  

At TP3-P1 and TP3-P2 (near the northern batter), large boulders were encountered during the 

excavation process. These boulders were coated with jarosite and other secondary minerals that had 

a reddish hue. Staining around these boulders was substantial, as they were surrounded by 

considerable void space that allowed some water (and gas) movement. H2S gas was released during 

the excavation process. This gas appears to have been trapped to some extent around the boulders 

(and is indicative of a reducing environment). Further excavation of TP3 was halted to prevent further 

release of toxic H2S gas and risk to site personnel.  

The +75 mm size fraction of waste rock from the Main WRD ranged from 10% to 80%. Deeper zones 

at TP1 were characterized by a higher proportion of +75 mm material (see Figure 4-1). This could 

reflect the effects of end-dumping, as larger-sized material would accumulate near the base of the 



Physical and Geochemical Characteristics of Waste Rock and Contaminated Materials Page 35 

 
 

 
Robertson GeoConsultants Inc.    Report No. 183008/2 

 

WRD. At TP2 and TP3, the opposite trend was observed (i.e. the -75 mm size fraction predominated 

at depth). At TP1 and TP2, the -75 mm size fraction of waste rock was classified as silty/clayey sand 

or gravel with trace sand. At TP3, waste rock (from 4 to 5 m) was classified as gravel with fines and 

trace sand (see Table 4-1). 

No definitive evidence of end-dumping in different areas was observed (i.e. discrete horizons of 

material of different grain size). Some changes in colour were observed during the excavation of TP1-

P1 and could reflect large-scale changes in the type of waste rock that was being dumped. The upper 

zones of the Main WRD appeared to be cemented. Deeper in the Main WRD, there was less evidence 

of cementing and waste rock tended to be only loosely compacted. 

Moisture contents for waste rock from the Main WRD ranged from 7.2 to 14.7 wt. % with no apparent 

trend with depth. No evidence of free water or seepage was observed during the test pit excavation. 

This could reflect the time of year, as test pitting was conducting at the end of the dry season.   

4.1.2 Intermediate WRD  

Waste rock from the Intermediate WRD consisted of black or grey shale or slate. Waste rock was 

graphitic and significant pyrite was observed. The material was more consistently sized than waste 

rock from the Main WRD and few boulders were observed. Also, there were few signs of staining by 

AMD. Instead, waste rock from the Intermediate WRD appeared ‘fresh’ and largely un-oxidized. 

At TP5, the +75 mm size fraction comprised only 5% of the waste rock, while at TP4 and TP7, the -75 

mm size fraction represented more than 50% of waste rock. PSDs indicated that the -75 mm size 

fraction was silty/clayey gravel with trace sand or gravel with fines and trace sand. The gravel fraction 

(4 to 19 mm) represented 40 to 60% of waste rock from the Intermediate WRD (after correction for the 

percentage of -75 mm size fraction). Moisture contents for samples from the Intermediate WRD ranged 

from 4.0 to 17.0 wt. %. The finest-grained sample (TP5-P1-5) was characterized by the highest 

moisture content. There was no discernible trend with depth for moisture within the Intermediate WRD. 

4.1.3 Dyson’s WRD 

From 0 to 8 m, waste rock from TP6-P1 and TP6-P2 consisted primarily of dark grey or black, graphitic 

shale. Deeper in TP6-P1, the material was generally a reddish brown colour. No visible pyrite was 

observed and there was little staining of waste rock due to AMD products. Also, unlike the Main and 

Intermediate WRDs, there was no visual evidence of secondary minerals, such as jarosite.  

In both test pits in Dyson’s WRD, a soil layer was identified below waste rock (at a depth of 3 m). This 

soil layer likely represents the surface of Dyson’s WRD before rehabilitation in 1984/1985. Waste rock 

below this layer could therefore represent waste rock from the original WRD and the shallow veneer of 

soil at the interface sourced from elsewhere on the site). 
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A summary of grain size and moisture content for samples from Dyson’s WRD is given below: 

• From 0 to 9 m at TP6-P1, the +75 mm size fraction was typically less than 20%. Deeper in the 

test pit, the percentage of this size fraction increased to 40 to 80%. The same trend was 

observed at TP6-P2. These observations suggest that cobble-sized material predominates 

near the base of the WRD (possibly due to end-dumping). No internal structure was evident 

within Dyson’s WRD. 

• The PSD for TP6-P1-4 indicates that waste rock from 3 to 4 m at this location was silty/clayey 

gravel with sand. Corrected for the percentage of waste rock that is <75 mm in size, this sample 

is 53% gravel, 14% sand, and 23% fines. The deeper samples (TP6-P1-9, 9 to 10 m and TP9-

P1-11, 11 to 12 m) each consisted of 45% gravel and less than 10% sand and fines (after the 

same correction). The -75 mm size fraction of these samples was classified as gravel with fines 

and trace sand.  

• Moisture contents for the three PSD samples were 7.6, 8.8, and 12.8 wt. %. The highest 

moisture content was observed for TP6-P1-4. The values of 7.6 and 8.8 wt. % were for TP6-

P1-10 and TP6-P1-12, respectively (see Table 4-1).  

4.2 RINSE PH AND EC MEASUREMENTS 

Rinse pH and EC measurements for grab samples collecting during test pitting are provided in 

Appendix E. Also provided in this appendix are the rinse pH and EC measurements for different size 

fractions. 

4.2.1 Test Pit and Grab Samples 

Box plots showing the rinse pH and EC values for grab samples collected during the excavation of 

TP1-1 and TP-P2 are shown in Figure 4-2a. The top and bottom of the boxes indicate the 75th and 25th 

percentiles, respectively. The line to the right of the data points is the normal distribution curve for the 

data set. The pH or EC value that corresponds to the test pit sample for the sampling platform is 

provided in the box for reference. These data suggest that the test pit (point) samples in the Main WRD 

are generally representative of the depth horizon from which they were collected.  

Similar plots for test pits TP4 and TP7 in the Intermediate WRD and TP6 in Dyson’s WRD are shown 

in Figure 4-2b. Rinse pH and EC values are more variable in these three test pits, although fewer grab 

samples were collected than from the Main WRD. Some of the rinse pH values for test pit samples 

from the Intermediate and Dyson’s WRD plot beyond the 99% confidence interval of the mean for the 

grab samples. Specifically, the rinse pH values for the test pit samples are substantially higher than 

the mean for the grab samples (suggesting that the test pit samples are under-estimating the existing 

acidity content of waste rock from that particular depth horizon).  
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The differences suggest that test pit samples from the Intermediate WRD and Dyson’s WRD may be 

less representative of the larger quantities of waste rock that surround the sampling profile than the 

test pits in the Main WRD. The representativeness of the samples produced by test pitting should be 

considered when interpreting ABA and acidity data for these WRDs. This issue also needs to be 

addressed as part of the QC field sampling program that will need to be established to guide the 

classification of material as it is being excavated during the rehabilitation works.      

 

 

Figure 4-2a. Box Plots Showing Rinse pH and EC Values for Grab Samples and Test Pit 
Sampels from TP1-P1 and TP1-P2 
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Figure 4-2b. Box Plots Showing Rinse pH and EC Values for Grab Samples and Test Pit 
Samples from TP4, TP6, and TP7. 

 

4.2.2 Rinse Measurements for Different Grain Sizes 

Rinse pH and EC measurements for different size fractions were made (see Section 3.1.4) for selected 

test pit samples. In general, the rinse data for the -2 mm size fraction (which was used for measuring 

the field pH and EC values of the test pit samples) and the -1 mm size fractions were comparable (see 

Appendix E). Rinse EC values were much lower for the coarser size fractions due to the lower surface 

area to volume ratio.  

4.3 ACID BASE ACCOUNTING 

4.3.1 Sulphur Content and Related ABA Parameters  

ABA results for the samples collected in 2014 are provided in Appendix F (and described in Section 

5.1).  
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4.3.2 Measured Sulphide Content of Waste Rock 

The Ssulphide content of eleven samples was analyzed directly via the CRS method (see Section 3.3.1). 

These data are provided in Table 4-2. Also provided are other components of sulphur speciation that 

were directly measured (e.g. SSO4, Stotal) or calculated by difference (e.g. Sjar)  

Calculated Ssulphide values are typically higher than the Ssulphide from the CRS method and the Spyrite 

values from XRD. This suggests that calculated Ssulphide (and therefore AP) may be over-estimated for 

waste rock samples using data from the ABA characterization suite. That being said, the overall 

distribution of the AP data is the same, so it does not the affect waste classification or prioritization 

schemes that is proposed in this report. 

 

Table 4-2. Comparison of Sulphur Types and Concentrations in Selected Samples. 

 

 

4.4 ACIDITY CONTENT OF WASTE ROCK  

The existing and incipient acidity content of waste rock samples collected in 2014 are provided in 

Appendix G. Water extractable metal concentrations for waste rock are provided in Appendix H and 

leachate and titration (to pH 7) results are in Appendix I.  

4.4.1 Main WRD  

Incipient acidity dominates the total acidity present in material from this WRD. Jarosite acidity 

represents the majority of the existing acidity content of the currently acidic waste rock in this WRD. 

This implies that most of the existing acidity is relatively insoluble, as opposed to being readily soluble 

(and hence titratable). The highest jarosite content was observed at TP3-P2, where the average Sjar 

value (n = 4) was 0.7 wt. %. Relatively high concentrations were also observed at TP2-P2 and in 

Sample ID Depth, m Rinse 
pH

Rinse EC, 
µS/cm

Stotal 
(Leco), %

Stotal                     
(aqua regia), %

Sjar + SSO4, %
SSO4,      
%

Sjar,        
%

Ssulphide,       
%

Ssulphide,       
%

Spyrite, 
%

Sjar, %
Jarosite, 
wt. %

Method Code: ED042T ME-ICP41 S-GRA06 ED040S Calc. Calc. CRS XRD XRD Calc.

TP1-P1-3 2 to 3 5.5 1440 2.3 2.1 0.69 0.4 0.3 1.6 0.9 1.3 1.3 2.6
TP1-P1-14 13 to 14 5.8 1074 3.0 2.7 0.73 0.0 0.7 2.3 1.6 1.5 4.2 5.4
TP1-P1-17 16 to 17 4.3 1970 2.7 2.4 0.24 0.1 0.2 2.4 1.7 1.7 0.5 1.2
TP2-P1-2 1 to 2 3.3 2990 2.1 2.0 0.92 0.3 0.7 1.2 0.8 0.7 3.7 5.2
TP2-P2-4 3 to 4 3.6 444 0.7 0.6 0.5 0.0 0.4 0.3 0.2 0.4 3.2 3.4
TP3-P2-4 3 to 4 3.2 2020 1.6 - 0.88 0.1 0.8 0.7 0.6 0.6 4.7 6.1
Intermediate WRD
TP4-P1-4 3 to 4 3.9 897 3.9 3.6 0.44 0.1 0.4 3.4 1.8 2.3 2.9 2.9
TP4-P1-13 12 to 13 3.8 1613 0.5 0.4 0.13 0.0 0.1 0.4 0.2 0.8 0.5 0.7
TP5-P1-2 1 to 2 5.7 58 2.8 2.7 0.07 0.0 0.1 2.8 1.8 1.5 0.5 0.5
TP7-P1-2 1 to 2 3.3 2990 5.2 4.5 1.76 0.1 1.7 3.5 2.5 2.2 12.2 13.1
TP7-P1-11 10 to 11 4.5 600 5.2 4.6 1.92 0.5 1.4 3.3 2.5 2.1 10.1 11.3
Dyson's WRD
TP6-P1-2 1 to 2 3.6 2830 0.3 0.3 0.1 0.1 0.0 0.2 0.0 - - -
TP6-P1-6 5 to 6 6.6 1580 0.1 0.1 0.0 0.0 0.0 0.1 0.0 - - -
TP6-P1-14 13 to 14 6.8 262 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - -

Main WRD
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shallow waste rock samples at TP2-P1. These results suggest considerable existing acidity in the lower 

pH zones of Main WRD is stored as jarosite.  

In the Main WRD, deeper waste (i.e. from 18 to 23 m in TP1-P1 and 12 to 20 m in TP2-P1) near the 

center of the dump appears to be characterized by high incipient acidy and low existing acidity. These 

data suggest that less oxidation has occurred in these areas due to limited oxygen availability away 

from the batters.   

Some key observations regarding the acidity content of PAF waste rock materials in the Main WRD 

are summarized here:  

• For the TP1-P1 profile (near the southeast batter).  

o Waste rock from 0 to 10 m was predominantly NAF waste rock. Of interest within this 

range are the two shallowest samples from TP1-P1 (TP1-P1-2 and TP1-P1-3). These 

samples are characterized by high incipient acidity (i.e. AP), but were classified as 

NAF on the basis of negative NAPP values (which were -43 kg H2SO4/t and -28 kg 

H2SO4/t, respectively), and their high NPR ratio.  

o Waste rock from 11 to 18 m was primarily PAF. Some of the highest incipient acidity 

values within the Main WRD were observed in this zone (i.e. up to 74 kg H2SO4/t). 

Since the secondary TP1-P2 profile did not extend below 10 m in depth, it was not 

possible to determine how laterally extensive this horizon of PAF material might be.     

o From 19 to 22 m, waste rock was predominantly NAF. NAF from this depth was 

characterized by NAPP values of -15 to -28 kg H2SO4/t. TP1-P1-23, the deepest 

sample from this test pit, represented natural ground beneath the WRD (and was 

characterized by a NAPP value of -31 kg H2SO4/t.  

• At TP1-P2 (about 50 m northwest of TP1-P1 towards the center of the Main WRD), waste rock 

was primarily NAF, similar to the 0 to 10 m interval at TP1. This suggests that there may be a 

laterally extensive horizon of NAF material within the 0 to 10 m footprint defined by the 

excavation of the TP1 test pit. Several of the NAF samples were characterized by relatively 

high incipient acidity that was offset by high ANC. Two samples in the profile (TP1-P2-8 and 

TP1-P2-9) were PAF. 

• For the TP2-P1 profile (near the center of the WRD).  

o PAF was identified from the surface of the dump to about 9 m in depth. One of the 

samples collected from this depth range was characterized by a very high incipient 

acidity of 198 kg H2SO4/t. Another had an incipient acidity of 118 kg H2SO4/t. These 

values are comparable to material in the Intermediate WRD.  

o From 9 to 20 m, 7 of 12 samples (or 58%) were NAF. Four of the remaining samples 

were weakly-acid-generating PAF. Waste rock in this interval of the profile at this 

location is therefore relatively benign (see Section 5.1.4).    
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• At TP2-P2 (about 50 m from TP2-P1), each of the four samples obtained was classified as 

PAF. Waste rock samples were characterized by negligible ANC and moderate AP (incipient 

acidity). 

• At TP3-P1 and TP3-P2, a mixture of NAF and PAF was observed. These test pits only 

extended to 5 m, so information is limited on the vertical extent of different waste types at this 

location. Incipient acidity for waste rock samples from TP3 ranged from 5.2 to 36.4 kg H2SO4/t. 

ANC was particularly low for ‘Class B’ PAF from TP3-P2 (i.e. below the 0.5 kg H2SO4/t 

detection limit).    

• The Stotal of waste rock samples from the Main WRD ranged from 0 wt. % in several samples 

to 6.8 wt. % (at TP2-P1-3). On average, Stotal was about 1 wt. %. The Stotal content of waste 

rock was especially low in samples collected from 11 to 20 m in TP2-P1 and up to 8 m in TP1-

P2.   

4.4.2 Intermediate WRD 
The Intermediate WRD contains by far the highest total acidity, as well as the highest content of existing 

acidity of the four sources of waste (i.e. the three WRDs and shallow backfill in Dyson’s Pit). Incipient 

acidity comprises the majority of total acidity, meaning the majority of acidity remains to be released 

via oxidation of the residual sulphides. Jarosite acidity represents the majority of the existing acidity 

content of the currently acidic waste rock in this WRD, in common with Main WRD. Some key 

observations regarding the acidity content of PAF materials in the Intermediate WRD are summarized 

here:  

• Stotal values through the entire vertical profile of Intermediate WRD were high (up to 6.9 wt. %). 

Average Stotal for profiles TP4-P1 and TP7-P1 were 4.4 wt. % and 5.1 wt. %, respectively. The 

average Stotal value for profile TP5-P1 was 2.1 wt. %. These values are much higher than the 

average Stotal for the TP1 and TP2 profiles in the Main WRD).  

• Ssulphide values were high for samples from the Intermediate WRD (4.1 wt. % and 4.2 wt. % for 

TP4 and TP7, respectively). This is consistent with observations from Davey (1975), wherein 

chunks of pyrite were noted to be scattered across the surface of the Intermediate WRD, and 

the characterization results from SRK (2012). Waste rock from the Intermediate WRD has by 

far the highest average incipient acidity content (derived from Ssulphide) of the three WRDs. 

• The Sjar content of waste rock from the Intermediate WRD is also much higher than in the other 

WRDs (up to 1.7 wt. % in samples from TP7). These high values indicate a high ‘existing acidity 

content’ in waste rock due to historic production of oxidation products (see Section 4.3 for 

additional details).  
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4.4.3 Dyson’s WRD  

The Stotal content of samples from this WRD is typically only 0.1 wt. % S due to the very low pyrite 

content of the rock. Hence total acidity is relatively very low. Existing acidity is also very low and there 

is essentially no jarosite present. This finding is consistent with observations from Davey (1975) and 

SRK (2012). Also low is the SSO4 content of waste rock. This reflects a relatively minor amount of stored 

acidity and oxidation products in this WRD (see Section 4.3). 

4.4.4 Shallow backfill in Dyson’s Pit 

The geochemical characteristics of shallow backfill from Dyson’s Pit are similar to waste rock in the 

Intermediate WRD. Specifically, shallow backfill materials are characterized by high incipient acidity 

(up to 146 kg H2SO4/t), and an average rinse pH of 4.3. This pH value is 0.5 pH units lower than the 

average rinse pH for waste rock from the Intermediate WRD, which suggests that shallow backfill 

materials from the pit may contain up to 50 kg H2SO4/t of existing acidity. The characterization data for 

this material shows that total existing acidity is dominated by jarosite as was the case for the 

Intermediate WRD. However, the titratable acidity content is highly variable, ranging from 0 to 30% of 

total existing acidity. This high variability is probably a reflection of the variable provenance and history 

(e.g. heap leach residue) of this material. 

4.5 XRD MINERALOGY OF WASTE ROCK 

As noted above the technique of XRD enables the mineral phases in a sample to be identified and their 

concentrations (in wt. %) to be estimated. In practice, routine XRD analysis has a detection limit of 1 

to 2 wt. %, so it does not detect mineral phases present at trace levels. Eleven samples spanning a 

wide range of sulphide and jarosite contents were analyzed by this method. The key findings are 

summarized below. 

• The mineralogy is dominated by quartz and alumino-silicate minerals. Muscovite dominated in 

the Intermediate WRD with much lesser amounts of chlorite and kaolinite. In contrast, while 

muscovite was still generally the dominant phase in the Main WRD, there were higher 

percentages of chlorite than in the material from the Intermediate WRD. 

• Jarosite was often present (up to 12 wt. %) in samples from the Intermediate WRD, which is 

consistent with the generally lower pH of material from this WRD. Lower jarosite concentrations 

were observed in samples from the Main WRD and no jarosite was detected in material from 

Dyson’s WRD.  

• Importantly, no alunite – the aluminum-based equivalent of jarosite – was detected. This 

means that jarosite is the only acid-storing secondary mineral that needs to be accounted for 

in the calculation of existing acidity. 

• Gypsum was detected only in the Main WRD, with concentrations between 1 and 4 wt. %. 
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• Magnesite and dolomite were found in significant concentrations in only one sample (TP1-P1-

3) from the Main WRD. This finding is consistent with the much higher values of ANC measured 

in this part of the TP1-P1 profile (see Appendix E). 

• The only sulphide mineral phase detected was pyrite. This affirms that the assumption that all 

sulphide is present as pyrite is valid (and that the use of the 30.6 multiplier to convert from % 

S to AP is appropriate for ABA). 

• No siderite was detected in any of the waste rock samples (so ANC values do not need to be 

‘siderite-corrected’ before being compared to AP for ABA).  

The above findings for the samples from the three WRDs are consistent with the results for XRD 

analysis reported in SRK (2012). SRK also submitted samples of shallow (up to 4 m) overburden 

material from the Dyson’s backfilled pit for XRD analysis. While these data were generally consistent 

with samples from the other WRDs, one sample was found to contain substantial siderite and one 

contained a high percentage of dolomite. Siderite was not detected in other samples, so it’s presence 

may indicate that the material placed as backfill in the top 4 m of the pit may be more heterogeneous 

than waste rock in the other WRDs  

4.6 METAL AND SULPHUR CONCENTRATIONS OF CONTAMINATED MATERIALS 

Strong acid extractable metal concentrations in samples of contaminated soils and waste rock from 

RGC’s ‘contaminated materials assessment’ survey are provided in Appendix J. For this report, Stotal 

concentrations are discussed, as they were used to identify materials that may be re-located on the 

basis of their AMD potential. The DPIR may also elect to consider concentrations of specific metals as 

a criterion for re-location in the context of a contaminated site assessment. 

Samples from the Main North WRD have a mean Stotal concentration of 0.5% (n = 27). Waste rock in 

this area is likely PAF material. The total volume of this WRD is only about 30,000 m3. Samples from 

near the former Copper Extraction Pad have a mean Stotal concentration of 0.3% (n = 19). Materials in 

this area are likely weakly acid-generating (and contaminated by historic activities in the area). The 

mean Stotal concentration in soil samples from test pits near the Main Pit (bund material) is 0.5% (n = 

35). These bund materials are likely PAF. The total volume of these materials is unknown. The Stotal 

concentration in samples of bund material near the Intermediate Pit are lower (0.1% mean) (n = 37). 

These bund materials are likely NAF, but are contaminated to some extent by metals as a result of 

historic activities.  

The mean Stotal concentration in samples from test pits near the Old Stockpile area is 0.2% (n = 23). 

These materials are likely NAF, but they are contaminated to some extent. The mean Cu concentration 

for these samples is 1346 mg/kg. Some of these materials are located within the footprint of the WSF 

and will be re-located during foundation preparation.   
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5 WASTE ROCK CLASSIFICATION AND ACIDITY CONTENT 

5.1 WASTE ROCK CLASSIFICATION AND GEOCHEMICAL CHARACTERISTICS  

5.1.1 Classification Criteria 

Classifying waste rock involved an initial screen using NAPP values. Specifically, any sample with a 

positive NAPP value was initially designated as PAF. Samples with negative NAPP were designated 

as NAF waste. However, to be finally classified as NAF, additional screening criteria were applied to 

reduce the risk of classifying a sample incorrectly. Thus a sample must be also characterized by an 

NPR value higher than two and an existing acidity content of less than 0.5 kg H2SO4/t. Other samples 

initially classified as NAF waste rock were re-classified as PAF-III waste rock when these more 

stringent criteria were applied.  

From the sub-set of PAF samples, any sample with an AP higher than 45 kg H2SO4/t was classified as 

PAF-I waste rock. Samples with an AP of 10 to 45 kg H2SO4/t were classified as PAF-II waste rock. 

The 45 kg H2SO4/t criterion for PAF-I waste rock was selected after waste rock from the Intermediate 

WRD was demonstrated to belong to a statistically different population than the PAF rock in the Main 

WRD and Dyson’s WRD (at a 1% significance level using a student t test). 45 kg H2SO4/t is the lower 

95% confidence limit for the PAF rock samples collected from the Intermediate WRD in 2014 (see 

Figure 5-1).  

 

Table 5-1. PAF and NAF Classification Criteria 

   PAF Criteria  NAF Criteria 

Type AMD Potential  NAPP 

(Initial Screen) 

AP, 

kg H2SO4/t 

 NPR 

(Initial Screen) 

Existing Acidity, 

kg H2SO4/t 

PAF-I High  Positive > 45   - - 

PAF-II Medium  Positive 10 to 45  - - 

PAF-III Low  Positive < 10  - - 

NAF Minimal*  - -  >2 <0.5 

 

 



Physical and Geochemical Characteristics of Waste Rock and Contaminated Materials Page 45 

 
 

 
Robertson GeoConsultants Inc.    Report No. 183008/2 

 

 

Figure 5-1. Box Plots for Selected ABA Parameters 

 

5.1.2 PAF Waste Rock Characteristics  

Average ABA parameters for PAF waste rock are summarized in Tables 5-2 and 5-3 (and conventional 

ABA plots are provided in Figure 5-2). The averages in Table 5-2 and 5-3 are calculated from samples 

collected in 2011 and 2014. The samples collected in 2011 were re-classified using the NAPP and AP 

criteria described in Section 5.1.1. These samples were not screened for existing acidity though, as it 

wasn’t estimated for these samples.  

PAF-I waste rock is characterized by an average AP of 101 kg H2SO4/t (and an average NAPP of 96.4 

kg H2SO4/t). This NAPP values suggests that PAF-I waste rock would generate an excess of acidity if 

it were allowed to continue to oxidize. PAF-II waste rock would also generate an excess of acidity (and 

metals), but less than PAF-I waste rock. This is consistent with the high existing acidity content of PAF-

I and PAF-II waste rock (most of which is related to jarosite) (see Table 5-3). These data suggests that 

substantial AMD has been produced in waste rock since it was placed in the 1950s and 1960s, and 

that most of that acidity is currently stored as jarosite (not as titratable acidity). 
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PAF-III waste rock is characterized by an average AP of 9.3 kg H2SO4/t. This value corresponds to an 

Ssulphide content of 0.5%. PAF-III waste rock is the least acid-generating of the PAF types and shares 

some geochemical characteristics with NAF waste rock (i.e. a negative NAPP). PAF-III waste rock 

would likely generate some acidity in the future if it were allowed to oxidize and, at the least, would 

generate SD (i.e. neutral pH drainage with high TDS).  

PAF-III waste rock with the highest AP may also generate NMD in the future. This is consistent with 

the leachable metals content of the PAF categories, which show that leachable SO4, Ca, and Mg 

concentrations from PAF-III waste rock are comparable to those of PAF-II waste rock (Table 5-4). 

However, leachable metals concentrations are much lower. NAF waste rock would also yield significant 

leachable SO4, Ca, and Mg, but the leachable metal content of NAF waste rock is very low (see Section 

5.1.3).  

 

Table 5-2a. Summary of Average ABA Parameters for PAF and NAF Rock Types 

Type AMD Potential Stotal, 

% 

Ssulphide, 

% 

AP, 

kg H2SO4/t 

ANC, 

kg H2SO4/t 

NAPP, 

kg H2SO4/t 

NPR 

Potentially Acid Forming (PAF) Waste Rock 

PAF-I High 3.6 (1.4) 3.7 (1.3) 100.6 (38.5) 4.3 (4.7) 96.4 (39.8) 0.05 (0.08) 

PAF-II Medium 1.1 (0.4) 0.8 (0.4) 25.6 (11.5) 8.0 (11.9) 17.9 (14.7) 0.3 (0.4) 

PAF-III Low 0.5 (0.6) 0.3 (0.5) 9.3 (13.6) 13.3 (23.1) -3.9 (11.4) 1.4 (1.6) 

Non Acid Forming (NAF) Waste Rock 

NAF Minimal* 0.1 (0.1) 0.04 (0.04) 1.7 (2.1) 19.8 (22.1) -18.1 (21.3) 36.1 (80.8) 

Notes: All values are averages with one standard deviation in parentheses. 

Samples from 2011 and 2014 are used to calculate averages. 

No. of samples (for Ssulphide): 40 for PAF-I, 25 for PAF-II, 32 for PAF-III, and 25 for NAF    

* NAF waste rock is unlikely to yield AMD, but it will leach major ions (i.e. SD) 
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Table 5-2b. Summary of 80th Percentile ABA Parameters for PAF and NAF Rock Types 

Type AMD Potential Stotal, 

% 

Ssulphide, 

% 

AP, 

kg H2SO4/t 

ANC, 

kg H2SO4/t 

NAPP, 

kg H2SO4/t 

NPR 

Potentially Acid Forming (PAF) Waste Rock 

PAF-I High 5.1 4.8 142.6 7.1 140.2 0.1 

PAF-II Medium 1.5 1.2 37.0 13.2 31.0 0.6 

PAF-III Low 0.8 0.5 14.2 19.8 -3.1 1.9 

Non Acid Forming (NAF) Waste Rock 

NAF Minimal* 0.2 0.06 2.2 23.4 -6.2 33.8 

Notes: All values are averages with one standard deviation in parentheses. 

Samples from 2011 and 2014 are used to calculate averages. 

No. of samples (for Ssulphide): 40 for PAF-I, 25 for PAF-II, 32 for PAF-III, and 25 for NAF    

* NAF waste rock is unlikely to yield AMD, but it will leach major ions (i.e. SD) 

 

Table 5-3a. Summary of Average Acidity Contents of PAF and NAF Rock Types  

Type AMD Potential Rinse pH Jarosite Acidity,  

kg H2SO4/t 

Titratable 
Acidity,  

kg H2SO4/t 

Incipient Acidity,  

kg H2SO4/t 

Total 
Acidity,  

kg H2SO4/t  

Potentially Acid Forming (PAF) Waste Rock 

PAF-I High 4.2 (0.8) 8.5 (10.2) 2.1 (2.4) 100.6 (38.5) 124.8 (40.7) 

PAF-II Medium 4.2 (1.0) 5.7 (6.0) 1.0 (0.9) 25.9 (11.5) 30.4 (13.8) 

PAF-III Low 4.8 (1.2) 2.3 (3.5) 0.7 (0.9) 9.3 (13.6) 12.3 (15.2) 

Non Acid Forming (NAF) Waste Rock 

NAF Minimal* 6.1 (1.2)  0.1 (0.1)  0.1 (0.1)  1.7 (2.1)  1.2 (1.1)  

Notes: one standard deviation provided in parentheses. 

Samples from 2011 and 2014 were used to calculate average incipient acidity. Jarosite, titratable, and total acidities are only 
available for the 2014 samples. All samples in each PAF class were used to calculate the average values for jarosite and 
titratable acidities 

No. of samples (for existing acidity): 40 for PAF-I, 25 for PAF-II, 32 for PAF-III, and 25 for NAF    

* NAF waste rock is unlikely to yield AMD, but it will leach major ions (i.e. SD) 
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Table 5-3b. 80th Percentile Values for Acidity Contents of PAF and NAF Rock Types  

Type AMD Potential Rinse 
pH 

Jarosite Acidity,  

kg H2SO4/t 

Titratable 
Acidity,  

kg H2SO4/t 

Incipient 
Acidity,  

kg H2SO4/t 

Total Acidity,  

kg H2SO4/t  

Potentially Acid Forming (PAF) Waste Rock 

PAF-I High 4.8  14.8  2.8  142.6  157.2 

PAF-II Medium 4.8 13.1 1.5 37.0 42.8 

PAF-III Low 6.1 3.2 1.2 14.2 18.5 

Non Acid Forming (NAF) Waste Rock 

NAF Minimal* 7.2  0.2  0.1  2.2  2.1  

Samples from 2011 and 2014 were used to calculate average incipient acidity. Jarosite, titratable, and total acidities are only 
available for the 2014 samples. All samples in each PAF class were used to calculate the 80th percentile values for jarosite and 
titratable acidities. 

* NAF waste rock is unlikely to yield AMD, but it will leach major ions (i.e. SD) 

 

Table 5-4a. Average Leachable Concentrations for SO4 and Metals   

for PAF and NAF Rock Types 

Type SO4, mg/L Ca, mg/L Mg, mg/L Cu, mg/L Co, mg/L Mn, mg/L Ni, mg/L Zn, mg/L 

PAF-I 1043 (1663) 48 (59) 178 (348) 51.2 (64.7) 9.4 (19.0) 3.0 (2.7) 9.2 (16.9) 36.5 
(100.5) 

PAF-II 462 (418) 92 (130) 50 (25) 9.2 (12.6) 0.8 (0.9) 1.7 (2.5) 0.8 (0.9) 0.6 (1.0) 

PAF-III 490 (498) 105 (165) 46 (36) 12.2 (21.9) 1.0 (1.9) 2.4 (3.7) 0.9 (1.3) 0.4 (0.8) 

NAF 266 (357) 28 (54) 57 (69) 0.1 (0.3) 0.05 (0.1) 0.2 (0.3) 0.04 (0.09) 0.02 (0.04) 

Notes: All values are average concentrations (in mg/L) with one standard deviation in parentheses. 

No. of samples (for existing acidity): 40 for PAF-I, 22 for PAF-II, 37 for PAF-III, and 21 for NAF    

Samples from 2014 were used to calculate averages. 

 

Table 5-4b. 80th Percentiles for Leachable Concentrations of SO4 and Metals   

for PAF and NAF Rock Types 

Type SO4, mg/L Ca, mg/L Mg, mg/L Cu, mg/L Co, mg/L Mn, mg/L Ni, mg/L Zn, mg/L 

PAF-I 1220 66 196 73 9.1 5.8 12.1 30.9 

PAF-II 584 115 73 12 1.4 2.5 1.1 0.6 

PAF-III 860 177 82 11 0.7 2.6 1.0 0.6 
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NAF 212 9 56 0.006 0.02 0.5 0.02 0.005 

Notes: All values are average concentrations (in mg/L). 

No. of samples (for existing acidity): 40 for PAF-I, 22 for PAF-II, 37 for PAF-III, and 21 for NAF    

Samples from 2014 were used to calculate averages. 

5.1.3 NAF Waste Rock Characteristics  

The characterization data for NAF waste rock are summarized in Tables 5-2 to 5-4 above along with 

PAF waste rock. NAF waste rock has an average Ssulphide content of only 0.04% (and an 80th percentile 

of 0.07%). The corresponding AP value is less than 2 kg H2SO4/t. The NAPP and NPR values and 

leachable metals contents data for NAF waste rock indicate that NAF waste rock would not generate 

AMD or NMD if it were to continue to oxidize. However, leachate from this rock type is likely to contain 

somewhat elevated SO4, Ca, and Mg (i.e. SD) Thus NAF material would have to be placed and 

managed accordingly if potential impacts to groundwater downgradient resulting from its use as surface 

or near surface cover material were unacceptable.  

NAF waste rock would also contribute to seepage produced from the WSF (see Section 5.2), although 

this would be a second order effect compared to the large amount of PAF-II material that would also 

be placed in the WSF. Groundwater flow modeling suggests that some of the closer-to-surface 

groundwater affected by the backfilled pit may report to the reinstated East Branch of the Finniss River. 

Use of NAF material for final pit backfill would only be acceptable if LDWQOs for the East Branch of 

the Finniss River were achieved after rehabilitation.   
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Figure 5-2a. Selected ABA Plots for 2011 and 2014 waste rock samples (NAPP) 
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Figure 5-2b. Selected ABA Plots for 2011 and 2014 waste rock samples (NPR) 
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5.1.4 Contaminated Materials Assessment  

Contaminated material is a generic term used to describe the material produced or affected by mining that 

is not contained in one of the three primary WRDs or in the shallow zone of Dyson’s Pit. This material 

ranges in type from sulphidic waste through to soils contaminated with metals.  

The volume of waste material in each zone was then estimated as the ‘space’ between the current ground 

surface and the underlying natural ground surface before waste was placed (i.e. a secondary surface that 

was inferred from test pit logs). This secondary surface was interpolated from depths to waste in the 

monitoring wells and test pits shown in Figure 5-3. The difference between current ground surface and the 

original surface is assumed to be 0 m along the green boundary lines – this is where waste pinches out. 

The red and yellow lines indicate that waste is present along this boundary at the given depth. 

Average Stotal and AP values for waste within each zone are summarized in Table 5-5. Stotal values were 

obtained from the aqua regia digestion data set, as the ABA suite of parameters was obtained for only 

selected samples. Some residual tailings material was (visually) identified in the Old Tailings Dam area, but 

tailings samples were not collected for geochemical analysis. The volume of tailings represents only a small 

fraction (5 to 10%) of the volume of material in for this zone. Waste in zones other than WR4 is 

predominantly PAF-III. There is a substantial amount of PAF-II waste rock in the Main North WRD (WR4) 

and its immediate surrounds.      

 

Table 5-5. Geochemical Characteristics of Contaminated Materials. 

Zone Description Estimated 
Volume, m3 

Stotal, 
% 

AP, kg H2SO4/t Category 

Fill Old Tailings Dam area 163,590 - - Residual tailings 

WR1 Old stockpile area 186,630 0.2 6 PAF-III 

WR2 South of Intermediate Pit 12,764 0.1 3 PAF-III 

WR3 Copper Extraction Pad area 146,301 0.3 9 PAF-III 

WR4 Near Main North WRD and Main Pit 220,440 0.5 15 PAF-II and PAF-III 
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5.2 WASTE ROCK PRIORITIZATION AND PROPOSED RE-LOCATION SEQUENCE 

This section proposes a re-location scheme for PAF-I, PAF-II, and PAF-III waste rock that would:  

• Minimize the potential for future AMD, and  

• Ensure that PAF and NAF materials are appropriately handled and placed during rehabilitation.  

The proportions of NAF and PAF waste rock in the WRDs and Dyson’s Pit is described in Section 5.2.1, 

and a proposed waste re-location scheme is provided in Section 5.2.2. 

5.2.1 Distribution of NAF and PAF Waste Rock in the Historic WRDs 

The occurrence of NAF and PAF types in the WRDs and Dyson’s Pit are shown in Figure 5-4. In To 

construct these diagrams it has been assumed that the proportions of NAF and PAF material in waste rock 

samples collected in 2011 and 2014 are representative of the WRDs as a whole. This assumption appears 

to be more valid for the Main WRD than for Dyson’s WRD, as it appears that the samples from TP6 may 

be less representative of Dyson’s WRD than TP1, TP2 and TP3 are of waste rock throughout the Main 

WRD (see Section 4.2.1). The implication is that less NAF waste rock from Dyson’s WRD may potentially 

be available for use during construction than indicated by Fig 5.4.  

 

 
Figure 5-4. PAF and NAF Types in the WRDs and Dyson’s (backfilled) Pit 

 

The global distribution of waste categories shown in Figure 5-4 has been used to infer potential bulk 

volumes of the different PAF and NAF waste types for planning purposes. However, a comprehensive field 

QC program would need to be implemented during the reclaim step to ensure the correct classification of 

the specific volume of waste that is being reclaimed at any one time.  

The total volumes and tonnages (assuming a waste density of 1.8) for the waste rock dumps, shallow fill in 

Dyson’s pit and miscellaneous contaminated soils around site are summarized in Table 5.6. 
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Table 5-6. Waste Inventory 

Current Location Volume Mm3 Tonnage, Mt 

Intermediate WRD 0.8 1.5 

Dyson’s Pit backfill 0.5 0.0 

Main WRD 4.9 8.8 

Dyson’s WRD 1.3 2.2 

Contaminated Soil 0.6 1.0 

TOTAL: 8.1 14.4 

 

5.2.2 Proposed Waste Re-Location Sequence  

The highest PAF (PAF-I and PAF-II) waste will be placed into the Main Pit such that it will be permanently 

submerged under the recovered water table in the backfilled pit. Thus, the predominantly high PAF-I waste 

from the Intermediate Pit and from the Dyson’s Pit backfill material will be placed first into the pit. The 

remaining storage volume remaining below the lowest dry season water table elevation will be taken up by 

higher PAF material from the Main Pit. It is estimated that the Main Pit will be able to accommodate a total 

of 2 Mm3 of waste. 

All remaining material from the Main WRD, all of Dyson’s WRD and the miscellaneous contaminated near 

surface materials from across the site will be contained in a new purpose built WSF.A rigorous field QC 

program would be needed for waste rock being re-located to either the Main Pit or to the WSF. The program 

would ensure that PAF waste rock types are placed appropriately in the Main Pit or the WSF and that the 

optimum amount of neutralant is added. The QC program is especially important for the Main WRD, as it 

contains a mixture of PAF and NAF waste rock types that each require different lime amendment amounts 

and placement destinations. In particular, segregation of PAF-II and PAF-III waste from the Main WRD 

would ensure that as much as possible of the PAF-II waste rock is re-located to the Main Pit.  

Dyson’s WRD also contains a mixture of waste types, but most of it is either PAF-III waste rock (>60%) or 

NAF waste rock. These waste types have similar enough geochemical characteristics that it may not be 

possible to identify and segregate them based on field parameters. Hence, the effort involved in conducting 

a field QC program may not be warranted. PAF-I and PAF-II waste rock from the Intermediate WRD and 

Dyson’s Pit backfill will not be segregated as all of this material will be re-located to the Main Pit. However, 

for this PAF-I and PAF-II material, it will be important that the correct amount of lime is added to neutralize 

existing acidity, so a QC program would be of benefit for this application.  

Further details of procedures and methods that could be used to characterize and segregate waste types 

are provided in Chapter 9 of this report. 
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5.3 WATER LEACHABLE METALS IN WASTE ROCK 

The sections above describe the process used to classify the potential of waste rock to produce AMD. This 

was done so that the different categories of waste present in each of the sources could be prioritized for 

placement in the pit or the WSF. However, this placement is only the first stage in minimizing the future 

potential for these materials to impact on the environment. 

Partially oxidized sulphidic waste contains both rapidly (e.g. acid and metals) and more slowly (e.g. 

secondary minerals such as jarosite) soluble oxidation products that can be dissolved and transported by 

water that contacts these materials. Determining the forms and amounts of soluble acidity, major ions and 

metals that are present is needed to determine geochemical source terms for the backfilled Main Pit and 

the WSF. Of particular interest in this context is:  

• The possible condition of porewater reporting to groundwater downgradient of the backfilled Main 

Pit.  

• Seepage from the WSF that may require management.  

The water extraction work described in this section was designed to measure the acidity, major ions and 

metals that comprise the rapidly-soluble component of the total extractable metals content of a sample. The 

acidity data were discussed above in Section 5.3.  A 5:1 liquid-to-solid ratio was used. The slurry of waste 

rock (-2 mm grind) was mixed in an end-over-end mixer for 5 hours before the supernatant was sampled 

for analysis.  

This type of leach test is not designed to simulate the actual concentrations of acidity, major ion salts (Mg, 

Ca, SO4) and metals produced in seepage under field conditions because:  

• The liquid-to-solid ratio in the WRDs is likely to be less than 0.1 to 1 (or about 50 times lower than 

used for the test).  

• The solubility of salts and metals in situ is much more likely to be controlled by the solubility of 

secondary mineral phases.  

However, the amounts of acidity, salts and metals that are extracted by this procedure can be used to 

estimate the concentrations likely to be produced in the water column of the Main pit in the event that the 

waste was to be deposited through the water column. 

Each sample collected from the primary profile of each test pit was screened by the leach test. The results 

are provided in Appendix H and are discussed below. Water extractable SO4 and metal concentrations 

were also measured for selected samples collected as part of the contaminated site assessment (and are 

also provided in Appendix H). There are two types of information that can be obtained from these data sets. 

Firstly, the leachable metals content allows the key soluble contaminants of potential concern to be 

identified. Secondly, these data provide an indication of how pH affects the release of these soluble species 
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(which is particularly useful because it informs selection of the optimal pH for metal removal by neutralant 

addition).  

The leach data for the three WRDs show that the content of leachable metals for material from Dyson’s 

WRD is much lower than for Intermediate and Main WRDs (see Appendix H). This is consistent with the 

low sulphide content of this waste rock (and its classification as NAF). In light of these low concentrations, 

the Main WRD and Intermediate WRD are the focus of the discussion below. Also, of the suite of metals 

reported in Appendix H, the discussion is limited to those metals that are considered to be of environmental 

significance at the Rum Jungle (namely, Fe, Al, Cu, Mn, Ni, and Zn). Major ions are assessed separately 

due to the different solubility controls on their dissolved concentrations.  

5.3.1 Major Ions 

The seepage from the WRDs is dominated by the major ions Ca, Mg and SO4. SO4 is produced directly 

from the oxidation of sulphide minerals, while Ca and Mg are released by reaction of the acid produced 

with the rock matrix. Solution speciation modeling from SRK (2012) suggests that gypsum (CaSO4·2H2O) 

is likely the primary control of Ca concentrations in seepage. Specifically, the formation of gypsum would 

limit the solution concentration of Ca to around 450 mg/L in those cases where the solubility product of 

gypsum is exceeded. Mg is not nearly so constrained, as the solubility of Mg (in the form of epsomite 

MgSO4·7H2O) is around 80,000 mg/L at 30 ºC.  

The large difference in the solubility of Ca- and Mg-containing sulphate minerals will affect the composition 

of seepage or leachate from waste rock. Specifically, whilst there is a ceiling on Ca concentrations, the 

concentration of MgSO4 in water percolating through the material can potentially rise to very high levels. 

The concentrations of Ca measured in the water leachates from all of the samples obtained from the three 

WRDs are compared in Figure 5-5. In general by far the highest extractable Ca concentrations come from 

the Main WRD, with a significant number of samples from this source close to, or above, the gypsum 

saturation concentration for Ca, for pH values greater than 5. The implications of this finding is that a liquid 

to solid extraction ratio of 5:1 may not have been sufficient to dissolve up all of the gypsum in those samples 

with the highest extractable Ca concentration. These findings are consistent with the results from XRD 

mineralogy analysis, which detected gypsum only in samples from the Main WRD.  
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Figure 5-5. Ca concentrations in water leachates 

 

If a notional scaling factor of 50 (to approximate the L/S ratio in the waste, as discussed above)  is applied 

to the data in Figure 5-5 (see Appendix H for source data), then each of the samples with an extractable 

concentration of Ca greater than 9 mg/L are likely to be oversaturated with gypsum in situ.  

The concentrations of extractable Mg from the three WRDs are compared in Figure 5-6. What is 

immediately apparent are the very high concentrations produced from Intermediate WRD samples with pH 

values less than about pH 4.5. The Mg data are re-plotted in Figure 5-7 to exclude the high Mg values for 

Intermediate samples at pH < 4.5. This has been done so that the behaviour of the three sets of samples 

can be more closely examined. It can be seen that for pH greater than 4.5 the concentrations of extractable 

Mg are consistently and substantially higher in Main WRD samples than those from Intermediate WRD, 

with the material from Dyson’s WRD lying between the two. It also appears that there is an uptrend in 

extractable Mg from Main WRD samples at pH values greater than 6.  
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Figure 5-6. Magnesium concentrations in leachate. 

 

The higher concentrations of extractable Mg from the lower pH Intermediate WRD material is important 

since this material will be the major source of Mg in the porewater that will be produced when this material 

is flooded in the Main pit. Unlike the other metals that are being considered, neutralization to a pH of around 

7 will not reduce the solubility of Mg. The original source of the extractable Mg is most probably the silicate 

mineral chlorite, (Mg,Fe)3(Si,Al)4O10(OH)2•(Mg,Fe)3(OH)6, that contains appreciable Mg. The weathering of 

chlorite to release Mg is much faster at acid pH. The data for Intermediate WRD shown in Figure 5-6 are 

consistent with this. The higher concentrations of Mg in leachate from the Main WRD samples at pH values 

greater than about pH 6 (Figure 5-7) are not as readily explained.  
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Figure 5-7. Magnesium concentrations in leachate (excluding high Mg at pH<4.5). 

 

5.3.2 Dissolved Metals 

For the purposes of data interpretation, three groups of metals were identified on the basis of their metal 

solubility as a function of pH. Fe and Al were grouped together as they are most affected by changes in pH 

at the low end of the range (between pH 2.5 and pH 4.5). Cu, Ni, and Zn were grouped together and Mn is 

considered separately. Key findings are summarized here: 

• Fe and Al. Figures 5-8 and 5-9 show the Fe and Al data for the Main and Intermediate WRDs, 

respectively. The pH-concentration responses for Fe and Al are consistent with the expected 

solubilities of ferric Fe and Al as a function of pH. Substantially higher concentrations of both Fe 

and Al were present in the most acidic Intermediate WRD samples. Given that these extractions 

were done under aerobic conditions it is possible that any ferrous iron present would have been 

oxidized and precipitated out as ferric hydroxide. 
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Figure 5-8. Al and Fe Concentrations in samples from the Main WRD 

 
Figure 5-9 Al and Fe Concentrations in samples from the Main and Intermediate WRDs 

 

• Cu, Ni, and Zn. Similar concentration trends as a function of pH are seen for these three metals 

from each of the WRDs, with the concentrations declining to low levels above pH 5 (Figures 5-10 

and 5-11). Note that the concentrations of Zn released from the Intermediate WRD samples with a 

pH of less than 4 are much higher than those from the Main WRD. Reference to Table H5 (in 

Appendix H) shows that these high extractable zinc values come from the Intermediate WRD TP7 

profile which contains much higher concentrations of Zn than in any of the other test pits from either 
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of the WRDs. In contrast the concentrations of extractable Cu are comparable for the Main and 

Intermediate WRDs. 

 

Figure 5-10. Cu, Ni, and Zn Concentrations in samples from the Main WRD. 

 

Figure 5-11. Cu, Ni, and Zn Concentrations in samples from the Intermediate WRD. 

 

• Mn. Similar concentrations of extractable Mn are present across the pH range for samples from 

the Intermediate and Main WRDs (Figure 5-12). Whilst there are generally higher extractable 

concentrations at pH values less than 5, there is a much smaller contrast in the concentrations 

between the lower and higher ends of the pH range compared with the other metals. The 
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persistence of Mn in solution at higher pH values is consistent with the geochemical properties of 

the Mn2+ ion, which contrasts markedly with that for Ni (Figure 5-13) in the extracts from the samples 

from the two WRDs. Ni displays a similar extractable concentration versus pH profile as for Cu and 

Zn, with only very low concentrations being in solution at pH values higher than 6. 

 

Figure 5-12 Mn Concentrations in samples from the Main and Intermediate WRDs. 

 

Figure 5-13. Ni Concentrations in samples from the Main and Intermediate WRDs. 

 

In summary, the extraction data indicate that readily-extractable Fe, Al, Cu, Ni, and Zn concentrations from 

waste rock with a rinse pH greater than 6 will be very low. However, elevated Mn concentrations may persist 
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at higher pH values. This suggests that waste rock with a pH of 6 or greater does not require treatment with 

a neutralizing agent to reduce concentrations of readily-soluble metals to low levels. NAF waste rock and 

some from Dyson’s WRD and the Main WRD would, therefore, not need to be amended with lime. Already 

acidic PAF material would require the addition of neutralant.      

5.3.3 pH Dependence of Metal Removal 
The potential dependence of extractable/soluble metal concentrations on pH can be inferred from the data 

presented above. However, a more robust assessment was needed to quantify the effect of adding 

neutralant to an initially acidic sample of waste rock. This was done by titrating with sodium hydroxide 

solution each of the 5:1 liquid-to-solid extract mixtures that had a starting pH of less than 5.   

Jones (2015) found that a pH around 7 appeared to be the optimum value for removal of a broad suite of 

metals from slurries of acidic waste rock from Rum Jungle. This conclusion was based on the results 

obtained from four acidic samples of waste rock from the Intermediate WRD. This subset of samples was 

obtained from the archive of material that was collected in 2011 by SRK (SRK 2012). The detailed metals 

removal data for one of these samples (INT 3008) are shown in Figure 5-14.  

 

 

Figure 5-14 Removal of metals as a function of pH from Intermediate WRD sample INT 3008 (from 
Jones 2015). 
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The metals concentration data for the titrations to pH 7 for the current program of work are compiled in 

Appendix I. The average percentages of metals remaining in solution at pH 7 for the samples from each of 

the three WRDs are tabulated in Table 5-6. 

 

Table 5-7. Average percentages of key metals remaining in solution at pH 7 

WRD Fe Al Co Cu Mn Ni U Zn 

Main 0.3 0.2 50 3.1 102 25 2.7 20 

Intermediate 0.3 0.2 49 3.0 102 25 2.6 20 

Dyson’s 0.6 0.3 52 5.2 117 27 4.1 20 

Notes: Concentrations are in ug/L. 
 

The removal of metals as a function of pH is broadly consistent between Figures 5-14 and Table 5-6. 

However, there is an indication that for the much larger set of samples represented by Table 5-6 that the 

target neutralization pH may need to be higher than 7 to ensure that most of the Zn (a key metal) is removed 

from solution. It would appear that the broader population of samples has a metal removal profile that is 

shifted slightly more to the right (i.e. higher pH needed) than indicated by Figure 5-14. However, given the 

sensitivity of metal removal to pH between pH 6 and 7 it is possible that subtle differences between the 

methods used for the pilot neutralization test work done in Darwin (see Jones, 2015, for additional details) 

and that by ALS for the samples reported here could have been responsible for this.  

The complete data sets for these metals (apart from Fe, which is identical to Al in behaviour; and Co which 

is identical to Ni) are plotted for these metals in Figures 5-15 to 5-20 to illustrate two important points. Firstly, 

there is a very large range of starting concentrations spanned by these metals, with U being the lowest and 

Cu and Zn the highest (for Intermediate WRD). This is a function of both the relative abundances of these 

metals in the waste and the starting pH of the waste sample.  Secondly, the percentage of metal remaining 

in solution rises sharply at the low end of starting concentrations. The reason for this rise at very low starting 

concentrations (typically corresponding to higher starting pH values) is that the concentrations of the metal 

in solution are close to, or below, instrument detection limit.  

The addition of sodium hydroxide solution and the extra sample manipulation steps required for the titration 

to pH 7 invariably caused trace level contamination, resulting in higher concentrations of some metals being 

measured in the pH 7 extract than at the start of the titration for which only ultra-pure water was the medium 

(see primary data in Appendix I). Thus there is seen to be a substantial upswing in the percentage of metals 

remaining in solution after neutralization for those samples with initially only very low metal concentrations. 

This is an artifact of the method and so the results at the very low concentration end are not reliable 

indicators of metal removal. 
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Figure 5-15. Al Removal at pH 7 

 

Figure 5-16. Cu Removal at pH 7 
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Figure 5-17. Zn Removal at pH 7 

 

Figure 5-18. Ni Removal at pH 7. 
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Figure 5-19. Mn Removal at pH 7 

 

Figure 5-20. U Removal at pH 7 

 

Reference to the plots for Zn, and Ni shows that there are a substantial number of Intermediate (INT) 

samples for which the percentage of metal remaining is in excess of 20%. This result indicates that the pH 

was not sufficiently high in these extracts to remove the majority of the dissolved metal from solution, and 

is consistent with the averaged data reported in Table 5-6. The majority of samples tested indicated 

relatively poor removal of Mn consistent with what had been observed previously for the pH dependence 

of removal of this metal. 



Physical and Geochemical Characteristics of Waste Rock and Contaminated Materials    Page 69
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/2 

 

Further work is needed to confirm the optimum neutralization pH and to test the effectiveness of the 

neutralants that will most likely be used in practice (see below). This will involve mixing samples of acidic 

waste rock with graded amounts of calcium carbonate (CaCO3) and hydrated lime (Ca(OH)2). The amount 

of neutralant corresponding to 100%, 120%, and 150% of the existing acidity (i.e. titratable acidity plus 

jarosite acidity) present in selected samples will be used. These samples will be allowed to react for 2 

weeks, and nominally for 1 month and 2 months prior to the supernatants being subsampled to be measured 

for residual metal concentration. These periods of time will be needed to test how long it might take for the 

jarosite to react with the added neutralant under optimum conditions.  

5.3.4 Neutralant Demand as a Function of pH 

As described previously the existing acidity for the three WRDs follows the order: 

Intermediate>Main>Dyson’s. Accordingly the main focus of this section will be on assessing the data from 

the Intermediate and Main WRDs. Since the objective is to determine the dependence of neutralant demand 

on pH, the entire population of pH and existing acidity data for each WRD has been assessed on this basis. 

The sample population for each WRD has therefore not been split into the PAF and NAF waste types 

defined above. 

Several approaches to estimating neutralant demand were tested and the advantages and disadvantages 

of each are discussed. 

Intermediate WRD 

The complete set of total existing acidity data for the Intermediate WRD is plotted as a function of pH in 

Figure 5-21. The data show only very low total existing acidity for pH values greater than 4.5, with a steep 

rise (dominated by jarosite) at pH values below 4.5. This behaviour is consistent with the geochemical 

stability domain for jarosite. Rather than fitting an existing acidity vs. pH function to the entire data set, 

which would over emphasize the importance of the >pH 4.5 data, it is more appropriate to consider the 

pH<4.5 data (Figure 5-22) as the most relevant for estimating neutralant demand.  
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Figure 5-21 Distribution of total existing acidity for Intermediate WRD. 

 

The best linear fit to the <pH 4.5 data (r2 = 0.61) is shown by a linear function overlain on Figure 5-22. 

However, use of such a function would most likely result in an underestimation of the neutralant demand 

for those samples with the highest content of jarosite. For this reason it is proposed that a (fitted by eye) 

linear function that includes all of the maximum total acidity values below pH 4.5 could be used to most 

effectively define existing acidity (and hence neutralant demand) as a function of pH. Use of this 

“bracketing” or “bounding” fit means the increase in total acidity with pH can be accounted for by the 

neutralant dosing regime, without the risk of under-dosing. Reference to Figure 5-22 suggests that for pH 

values greater than 4.5, a default value of 2 kg H2SO4/t should be used. 
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Figure 5-22. Total existing acidity for pH<4.6 showing overlain least-squares fitted-linear function 
and proposed bracketing linear function. 

 

An alternative approach would be to use the 80th percentile of the existing pH less than 4.5 acidity data set 

to apply to all material that has a pH of less than 4.5, with the value of 2 kg H2SO4/t applying for pH greater 

than 4.5. The 80th percentile is 28.6 kg H2SO4/t. This method for specifying the dosing amount would have 

the practical attraction of applying a conservative binary approach to neutralant dosing, with only a single 

pH cutoff point being used to determine which of the two dosing rates is required. This would be potentially 

easier to implement in practice than the “bracketing function” approach described above, noting that the 

use of a bracketing function would result in an overall more efficient use of neutralant. 

If the maximum instead of the 80th percentile measured value of existing acidity was to be applied then this 

would correspond to 44 kg H2SO4/t. This approach is not recommended as it would substantially overdose 

the majority of the acidity population distribution. Given the geochemical similarity of the material in the 

surface horizon of Dyson’s backfilled pit to the Intermediate WRD it would be appropriate to apply the same 

bracketing function or 80th percentiles derived for Intermediate WRD to this source.  

Main WRD 

Total existing acidity as a function of pH for Main WRD is plotted in Figure 5-23. The distribution of acidity 

across the pH range is very different to that for Intermediate WRD. Firstly, the peak values at the lower end 

of the pH range are less than half of that for Intermediate WRD at equivalent pH points. Secondly, high 
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values of total existing acidity are distributed across a very broad range of pH values, with elevated (relative 

to the maximum) values occurring as high as pH 7. This apparent inconsistency with the pH stability field 

of jarosite (the dominant contributor to existing acidity) suggests a very short range (relative to Intermediate 

WRD) lateral heterogeneity in the distribution of acidic and neutral pH domains within the Main WRD. Thus 

acidic and pH neutral domains are co-mingled within the samples that were collected for characterization.  
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Figure 5-23 Distribution of total existing acidity for Main WRD 

 

The distribution across the pH range of existing acidity displayed in Figure 5-23 means that it is not possible 

to fit the data to linear, logarithmic or power functions with a reasonable degree of confidence (as measured 

by the value of r2), even if only the pH less than 4.5 population is used. This type of distribution best lends 

itself to the use of a split percentile approach. Visual inspection of the data suggests that there is a natural 

divide in the population around pH 5.5, with 60% of the total data set lying at less than 5.5. If data higher 

than this pH were used in the evaluation then this would lead to an underestimate of neutralant demand for 

the lower pH values. The 80th percentile for pH less than 5.5 is 14.7 kg H2SO4/t. The 80th percentile for pH 

greater than 5.5 is 3.2 kg H2SO4/t. Figure 5-24 below shows the 80th percentiles for the pH less than 5.5 

and pH greater than 5.5 segments marked on the acidity versus pH plot.  
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Figure 5-24 Distribution of total existing acidity for Main WRD showing the 80th percentiles for the 
pH<5.5 and pH >5.5 segments 

Dyson’s WRD 

Total existing acidity as a function of pH for Dyson’s WRD is plotted in Figure 5-25. These data display a 

very similar profile to that for Intermediate WRD, albeit with a 10-fold lower peak value at low pH. 

Accordingly, a similar bracketing linear function could be used to estimate the neutralant demand for pH 

values less than 5. For pH values greater than 5 the 80th percentile corresponds to an acidity value of 0.2 

kg H2SO4/t. For pH<5 the 80th percentile is 4.6 kg H2SO4/t. 
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Figure 5-25 Distribution of total existing acidity for Dyson’s WRD. 

 

5.3.5 Extrapolating from Laboratory to Field Scale 

It is expected that there will be a strong inverse correlation between particle size and acidity, since the 

products of oxidation reside on the surfaces of particles, and the surface area to volume ratio decreases 

with particle size. In addition it is expected (Smith et al., 2000) that the secondary mineral products of sulfide 

oxidation will be more concentrated in the lower end of the particle size range. 

The work reported above used the less than 2 cm fraction of the collected bulk sample that had been further 

crushed to less than 2 mm to produce the material used for water extraction and pH titration. Whilst this 

procedure represents a standardized approach to producing a consistent set of geochemical 

characterization data to enable all collected samples to be compared, no information is obtained about how 

acidity varies as a function of particle size in the original bulk sample, and certainly not how it varies as a 

function of particle size in the waste rock dump as a whole. A measure of how acidity varies with particle 

size is critical to be able to scale parameters measured in the laboratory to the waste dump as a whole. 

A priori, it might be expected that the un-reacted cores of particles would exhibit similar incipient 

acidity/tonne and ANC/tonne across the particle size range (assuming similar mineralogy). However, this 

would not be the case for oxidation products (as manifest by existing acidity or leachable solutes) since this 

will primarily be a function of the extent of surface reaction processes. The mass per unit volume of this 

reacted zone will decrease as function of particle size. Figure 5-26 below is reproduced from Jones (2015). 

This shows how the mass fraction of a 1 mm thick reaction rind varies with particle diameter, assuming the 
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particles are spherical. The 1 mm thickness used is consistent with visual observation of the thickness of 

reaction products on the surfaces of material excavated from the WRDs at the Rum Jungle. 

 

 

Figure 5-26 Mass fraction of 1mm rind of oxidized material versus particle diameter  

(from Jones 2015). 

It can be seen that the mass of material in the assumed 1mm thick rind is a steeply decreasing function of 

particle size. Thus it follows that the mass of neutralant per tonne required to neutralize the existing acidity 

(largely jarosite) present in this rind would also follow a similar function. Application of a neutralant dosing 

factor based on the less than 2 cm fraction alone would thus grossly overestimate the neutralant demand 

for the bulk of waste rock that is present.  

A pilot investigation of the issue of scaling was done for an archived bulk sample of material from Main 

WRD that had a maximum particle diameter of about 4cm. The bulk sample was initially sieved to produce 

the following size ranges: +2 cm; 1 to 2 cm, 0.2 to 1 cm, and -0.2 cm. The three size fractions greater than 

0.2 cm were then crushed to less than 20 mm. Representative (riffle split) sub-samples of each of the four 

size fractions were titrated to determine direct acidity and leachable metals, and then extracted with sodium 

carbonate to determine the jarosite content.  

The mass of extractable Mg for each of the four size fractions normalized to the value for the less than 0.2 

cm fraction, is overlain in Figure 5-27 over the corresponding part of Figure 5-26. Mg was used for this 

comparison because the solubility of secondary minerals containing Mg (largely MgSO4) will not be limited 
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under the conditions of the extraction (10:1 L/S ratio) that was used. The decrease over the 0.2 to 2 cm 

range predicted by the model is very similar to that shown by the extractable Mg from the four size fractions 

of the waste rock sample. Essentially the same dependence is shown by the titratable acidity and jarosite 

acidity that together comprise existing acidity. 

 

 

Figure 5-27 Comparison of normalized mass fraction of Mg leached from the 4 size fractions of 
waste rock sample compared with the 1mm rind model (from Jones 2015). 

 

The conclusion from this work was that using the existing acidity determined from the <2 cm size fraction 

may result in a very conservative estimate of neutralant demand if this is applied to the waste rock as a 

whole (see Appendix E for the particle size distribution for each of the bulk samples excavated from each 

1m horizon in each test pit excavated in October 2014). Further work was needed to confirm these initial 

findings. This work involved repeating the work described above for a number of samples, as well as 

extending the top size range to be assessed. A selection of the retained (un-sieved) bulk samples collected 

during the October/November 2014 sampling campaign was for this purpose (see Section 7 for the results 

from this work). 

5.4 PROPOSED LIME AMENDMENT STRATEGY FOR WASTE ROCK 

5.4.1 Estimated Neutralant Demand for Waste Rock    
It is currently proposed that PAF waste rock placed into the Main Pit or into the WSF is amended with 

enough neutralant to neutralize existing acidity only. The final recommendation for the WSF is contingent 

on the performance modeling data for the selected design. In this section, waste rock has been split into 
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PAF and NAF types, so that the amounts of existing acidity can be apportioned to the rock types that will 

be reporting to the pit or to the WSF. 

A very conservative approach that will result in over-liming the majority of waste rock, and under-liming a 

small amount, has been proposed in the first instance. An additional degree of conservatism is provided by 

using the existing acidity content of the less than 2 cm particle size range in the WRDs (as opposed to the 

much coarser PSD of the WRDs as a whole). Here, the neutralant demand of each type of waste rock has 

been estimated to be the 80th percentile of the existing acidity content of samples that have a field rinse pH 

less than 5 (see Table 5-8). These represent the most acidic material within each PAF category, so applying 

the indicated dose rate across the complete pH range would be highly-conservative. This approach could 

be further refined, and overall amount of neutralant reduced, by adopting a split percentile approach as 

described in Section 5.4. 

 

Table 5-8. Acidity Contents of PAF Waste Rock (Rinse pH < 5)  

Type AMD Potential Rinse 
pH 

Jarosite Acidity,  

kg H2SO4/t 

Titratable 
Acidity,  

kg H2SO4/t 

Existing Acidity,  

kg H2SO4/t 

Total Acidity,  

kg H2SO4/t  

Potentially Acid Forming (PAF) Waste Rock 

PAF-I High 4.5  16.1  3.0  23.8  159.7 

PAF-II Medium 4.6 14.4 1.6 15.3 42.8 

PAF-III Low 4.5 6.7 1.6 7.9 12.8 

Notes: All values are 80th percentiles. 

2011 and 2014 sampled for incipient acidity (only 2014 samples used for jarosite and titratable acidity). 

 

The target pH for neutralization is estimated to be around pH 7 based on the concentrations of soluble 

metals remaining in solution as a function of pH. Agricultural lime (i.e. calcium carbonate, CaCO3) would 

likely be used to amend waste rock that is placed dry in the Main Pit or the WSF. Magnesite, Mg(CO3), 

could also be used, but it will react slower than limestone and more leachable Mg would be present in 

neutralized waste rock after rehabilitation. Should a higher pH be needed to remove metals, hydrated lime, 

Ca(OH)2, may also be used as a neutralant.  

5.4.2 Lime Amendment Requirements 
If limestone only is used as the neutralant then based on the neutralant demand figures derived above 

PAF-I waste rock would require 24 kg CaCO3/t whereas PAF-II and PAF-III waste rock will require 16 kg 

CaCO3/t and 8 kg CaCO3/t, respectively. Fine-grained limestone would be used to maximize contact with 

waste rock. It would be mixed with waste rock during excavation or while it is being placed.  
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Assuming that each of the WRDs could be perfectly segregated into each of the proportions of PAF and 

NAF waste identified by the geochemical characterization program then the neutralant demand values can 

be combined with the estimated mass of each waste rock type to yield a total amount of neutralant (Table 

5.9). In total, up to 162,300 t CaCO3 could be needed to amend waste rock during rehabilitation, assuming 

complete segregation can be achieved. Of this total, 64% would be needed for PAF-I and PAF-II waste 

rock re-located to the Main Pit and 36% would be needed for waste rock re-located to the WSF.  

However, it is possible/probable that the engineering pragmatics of the rock reclaim operation may mean 

that this segregation cannot be achieved. In this case it may need to be conservatively assumed that the 

highest applicable PAF category of waste is being reclaimed, and the corresponding neutralant dosage 

loading applied. This approach would make good practical sense for the Intermediate WRD and the shallow 

Dyson’s backfill sources since they contain the highest AMD risk (PAF-I and PAF-II) material, with PAF-I 

comprising >70% (Figure 5.4) of the total. Thus, all material from both these sources would be classified 

as PAF-I for estimating neutralant demand. 

The biggest potential gain from segregation would be for Main WRD since it represents by far the largest 

source of material to be moved. However, it is also potentially the most difficult to segregate given the range 

of material it contains. It is very heterogeneous in composition by virtue of its initial method of construction 

and the subsequent reworking of the surface horizons that occurred during the 1980s rehabilitation works.  

It was initially anticipated that the 2014 geochemical characterization program would provide greater insight 

into the spatial distribution of materials in this WRD. However, contrary to this expectation, neither the 2014 

program, nor the previous one conducted in 2011 were able to pinpoint where specific waste types were 

concentrated. This situation is completely different to a green field site where best practice AMD 

management can be applied with in-place strata being selectively mined and placed in the most appropriate 

containment, based on AMD hazard (PAF and existing acidity) classification.  

The time and effort required to attempt to classify sections of the Main WRD at the level of spatial resolution 

required to fully realize the benefit in advance of reclaim could mean substantial delays in the mining 

schedule – which means less material moved per unit time and a possible extension of the work into more 

problematic parts of the annual seasonal cycle. Potential in-field characterization methods that could be 

used to classify waste in advance of reclaim are provided for reference later in this report. 

Reference to Figure 5.4 shows that Main WRD consists of PAF-I (15%); PAF-II (35%); PAF-III (25%) and 

NAF (25%) materials. In this case (in contrast to the Intermediate WRD) it is not appropriate to specify for 

the whole WRD the neutralant demand for the highest PAF-I category since it represents only 15% of the 

total volume of material. A conservative assumption would be to classify all of the material in the Main WRD 

as PAF-II for estimating the mass of neutralant required. A similar argument can be made to classify all of 

the material in Dyson’s WRD as PAF-III for neutralant demand.  
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If the above assumptions about the maximum PAF category for each of the sources are applied to the 

volume data contained in Table 5.6 then the neutralant demand amounts for the non-segregated WRDs 

can be derived (Table 5.10). 

It can be seen that about 32% more neutralant will be needed, but that is the consequence of the higher 

degree of conservatism that is required for the non-segregate scenario. 

Given the likely practical difficulties associated with waste classification for the Main WRD at point of reclaim 

another option would be to assess waste once it has been placed on the new WSF, and apply and mix in 

the appropriate amount of neutralant at this time. This option would likely be much more feasible to 

implement since the waste will have been spread out as a thin (0.5m thick) strip on the developing surface 

of the WSF. Thus, it could easily be accessed (with much less OH&S issues than at reclaim), sampled and 

characterized for neutralant demand. This operation would not be nearly as time-constrained as at reclaim, 

since one strip could be being assessed while the next one was being laid. The most practical method for 

assessing this waste would be via measurement of paste pH using a grid-based sampling protocol.  

The concept of using field paste pH to determine neutralant demand was developed in section 5.4.4 of this 

report. In particular, it was found that the neutralant demand for material from the Main WRD could be 

operationally divided into two classes based on whether the pH was greater or less than 5.5. 

The 80th percentile total existing acidity for pH less than 5.5 is 14.7 kg H2SO4/t (15 kg CaCO3/t equivalent). 

The 80th percentile for pH greater than 5.5 is 3.2 kg H2SO4/t (3.3 kg CaCO3/t). The pH < 5.5 value is very 

similar to the PAF-II dosing rate of 16 kg CaCO3/t given above. This close correspondence means that use 

of the pH<5.5 dosing rate for a field pH<5.5 is essentially the same as the default dosing rate given above 

for all (non-segregated) Main WRD material placed in the new WSF. However, additional flexibility (adaptive 

management) is provided by the field measured pH in that if pH > 5.5, which it will be the case for NAF and 

non-oxidised PAF, then a much lower dosing rate can be applied for this material than would be the case 

using the default PAF-II neutralant dosing rate.  The total mass of neutralant required by this adaptive 

management option cannot be estimated a priori since the distribution of materials throughout the dump is 

not known. However, it will lie between that estimated for total segregation (Table 5.9) and for the use of 

the bulk dosing approach (Table 5.10). 
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Table 5-9.  
Estimate of Lime Requirement With Segregation of PAF Types 

Type Current Location Lime requirement, kg CaCO3/t Tonnage Re-Located, Mt CaCO3 Required, t 

PAF-I Intermediate WRD 24 1.2 28,800 

PAF-II Intermediate WRD 16 0.3 4,800 

PAF-I Dyson’s Pit backfill 24 0.6 14,400 

PAF-II Dyson’s Pit backfill 16 0.2 3,200 

PAF-III Dyson’s Pit backfill 8 0.09 700 

PAF-I Main WRD 24 1.3 31,200 

PAF-II Main WRD 16 3.1 49,600 

PAF-III Main WRD 8 2.2 17,600 

NAF Main WRD 0 2.2 0 

PAF-II Dyson’s WRD 16 0.3 4,800 

PAF-III Dyson’s WRD 8 0.9 7,200 

NAF Dyson’s WRD 0 1.0 0 

Soils* Around the site 0 1.0 0 

 TOTAL: - 14.4 162,300 

Note 1: If the PAF types cannot be segregated as indicated in this Table then a larger amount of neutralant will be needed to  
maintain the required conservatism (see Table 5.10). 

Note 2: Main WRD includes the small Main North WRD.  

Note 3: NAF waste rock would not be amended with lime (assuming it could be segregated from PAF waste rock). 

 

Table 5-10. 

Estimates of Lime Requirement for Waste Rock without segregation of PAF types 

Type Current Location Lime requirement, kg CaCO3/t Tonnage Re-Located, Mt CaCO3 Required, t 

PAF-I Intermediate WRD 24 1.5 36,000 

PAF-I Dyson’s Pit backfill 24 0.9 21,600 

PAF-II Main WRD 16 8.8 140,800 

PAF-III Dyson’s WRD 8 2.2 17,600 

Soils* Around the site 0 1.0 0 

 TOTAL: - 14.4 216,000 
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6 NEUTRALIZATION TESTWORK 

6.1 INTRODUCTION 

6.1.1 Scope and Objectives 

A key objective of rehabilitation is to substantially reduce the existing (soluble) load of acidity and metals to 

groundwater and surface water by amending re-located PAF waste rock with enough neutralant to achieve 

a pH of 7. This target pH was derived from scoping test work done using sodium hydroxide (NaOH) as a 

neutralant. NaOH is appropriate for laboratory testing, but it would not be used for large-scale amendment 

of waste rock. Instead, agricultural lime (limestone, CaCO3) or hydrated lime (Ca(OH)2) would be likely 

used. Evaluating these two neutralants as well as magnesite (MgCO3) is the focus of this section. Specific 

objectives are to: 

• Determine whether amending waste rock with limestone will increase the pH of matrix porewater 

to pH 7 (and thereby reduce metal concentrations in solution). 

• Define the target pH for a water treatment process that involves hydrated lime addition.  

This work is relevant to the estimation of geochemical source terms for waste rock in the WSF and backfilled 

Main Pit (see Section 8), and any future evaluation of water treatment alternatives.  

6.1.2 Background on Available Neutralants and Amendment Strategies 

Limestone (calcite/agricultural lime), hydrated lime, and magnesite are potential neutralants for re-located 

waste rock. A brief description of the merits of each is provided here: 

• Limestone (CaCO3). Less costly than hydrated lime, and therefore preferred if adequate removal 

of dissolved metals can be achieved. The highest pH that can be attained by using limestone is 

around 6.5 to 7.0 by virtue of the bicarbonate/carbon dioxide buffer system (which moderates pH), 

so concentrations of Fe, Al, Cu, and most other metals would be substantially reduced. Elevated 

residual concentrations of Co, Ni, and Mn may persist. Some reduction in the leachable 

concentrations of Ca, Mg and SO4 may occur if limestone is used, but the reduction would be much 

less than if hydrated lime was used. 

• Hydrated lime (Ca(OH)2). More expensive than limestone, but can achieve much higher initial pH 

values (pH 9.5 or higher) so concentrations of most metals (including Co, Ni, and Mn) would be 

reduced to lower levels. However, this high pH can cause issues with dissolution of those metals 

or metalloids (e.g. Al, As) that have increased solubility at higher pH. The higher pH will also cause 

the removal of Mg from solution by precipitation of Mg(OH)2 and the higher concentrations of Ca 

will facilitate the removal of SO4 as CaSO4.  

• Magnesite (MgCO3), whilst being substantially less reactive than CaCO3 (see Morse and 

Mackenzie, 1990), could possibly be used as an alternative to limestone. Key advantages are 
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achieving slightly higher pH values than if limestone were used as a neutralant (which would further 

reduce the concentrations of certain metals in solution, namely Mn and Ni), and the fact that 

magnesite is less prone to passivation than limestone due to higher solubility of MgSO4 than 

CaSO4. A key disadvantage of using magnesite is that the already high leachable load of MgSO4 

that is present in waste rock would be increased. Magnesite, depending on availability and price, 

could be a contender for use as a neutralant for the waste to be backfilled in the Main Pit since 

increased soluble Mg will be much less of an issue for this application. 

A good discussion of the issues associated with the use of limestone and hydrated lime as neutralants for 

acidic waste rock is provided in Catalan and Yin (2003). 

6.1.3 Background on Processes Controlling Neutralization 

The concentrations of metals in leachate from waste rock will be controlled by the solubilities of hydroxide 

and carbonate phases, and by the adsorption of metal ions to both the primary bulk solid phases (e.g. 

chlorite, muscovite) and to secondary, precipitated Fe and Al hydroxide phases (see McLean and Bledsoe, 

1992). These controlling processes (solubility and adsorption) are a function of pH, with the extent of metal 

precipitation and metal adsorption typically increasing as the pH increases from an acidic initial condition, 

to near-neutral or alkaline pH conditions.  

Adsorption is likely to be the more important process at lower metal concentrations, and when the pH of 

porewater initially increases from a more acidic starting value. The latter typically occurs over a 1 to 2 unit 

pH range for the types of aluminosilicate phases that dominate the mineralogy of the wastes at Rum Jungle. 

The pH interval over which metal adsorption increases abruptly is referred to as the “pH adsorption edge”. 

The exact range of pH values that define the pH adsorption edge for a given combination of metal and 

mineral phase reflects a range of processes that act to remove metals from porewater at a site or in a WRD 

(see below). 

6.2 METHODS AND APPROACH  

6.2.1 Overview  

A batch contact procedure has been used here to assess what is likely to happen when neutralant is added 

to a concentrated slurry of waste rock in de-ionized water (i.e. a mixture with a 0.9 liquid-to-solid ratio, or 

‘L/S ratio’, by mass). This empirical approach was used, rather than geochemical modeling, because (i) 

there exists such a large range of initial metal concentrations in seepage/porewater at the site and (ii) there 

are numerous metal adsorbing phases present in waste rock that would need to be better defined to support 

a robust geochemical modeling approach.  

The batch contact procedure used here is designed to maximize contact and the rate of reaction between 

neutralant and waste rock. It may, therefore, better represent the situation where waste rock is flooded in 

the Main Pit. However, results also provide an indication of what will ultimately happen in the unsaturated 
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environment presented by the WSF, where the rate of reaction is likely to be slower than in the saturated 

environment of the pit. 

6.2.2 Sample Selection  

Neutralization testwork was done using three waste rock samples that spanned a range of total acidity 

contents and pH values (Table 6-1). Jarosite acidity was the predominant acidity type in these samples. 

Jarosite is a poorly-soluble and slowly-reacting secondary mineral phase that often comprises a substantial 

proportion of the existing acidity content of waste rock at the Rum Jungle (see RGC, 2016a for additional 

details). Note that sample TP7-P1-11 represents the top end of the range of existing acidities found for the 

104 samples from the 2014 field program and therefore provides the most rigorous test for evaluating 

neutralant effectiveness. 

 

Table 6-1 Samples used to test the efficacy of neutralization with limestone and hydrated lime. 

Sample 5:1 pH 5:1 EC, Jarosite Acidity Titrable Acidity (to pH 
7), 

Total Existing Acidity, 

  µS/cm kg H2SO4/t kg H2SO4/t kg H2SO4/t 

Main WRD      

TP3-P2-2 
(PAF-III) 

4.7 1,450 14.2 0.9 15.1 

Intermediate WRD 

TP4-P1-4 
(PAF-I) 

4.0 703 8.5 1.3 9.8 

TP7-P1-11 
(PAF-I) 

3.6 3,770 33.3 2.9 36.1 

 

6.2.3 Batch Contact Procedure  

The bulk samples of sieved (<2 cm) waste rock were crushed to produce a homogenous, <2 mm sample 

to be used for batch testing. 100 g sub-samples of this crushed rock were weighed out amended with the 

requisite amount of finely-ground neutralant (i.e. limestone, hydrated lime or magnesite) and then mixed 

with 90 mL of water to make up a thick slurry. The characteristics of the neutralant products used are 

summarized below. 

• Limestone – finely ground, 100% reagent grade calcium carbonate. 

• Hydrated lime – finely ground, industrial product purchased from a Bunnings Hardware™ outlet, 

and determined to be 88% Ca(OH)2 by titration. 



Physical and Geochemical Characteristics of Waste Rock and Contaminated Materials    Page 84
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/2 

 

• Magnesite – finely ground sample of high grade material extracted from the Thessally Resources 
Huandot magnesite deposit (in the NT), and determined to be of 94% purity based on the supplied 
analysis. 

The slurries were mixed twice daily by manually inverting the sample containers several times. Filtered 

(0.45 µm) samples of the supernatants were collected after 14, 33 and 77 days. The pH and EC values 

were measured and the solutions then analyzed for SO4 and a suite of dissolved metals.   

6.3 RESULTS 

The compositions of supernatants produced by amending samples with limestone and hydrated lime are 

compiled in Tables 6-2 and 6-3, respectively. Only the 100% addition amounts (denoted with a ‘1’ in the 

tables) are shown because identical results were produced for the higher percentage additions (i.e. 120% 

and 150%). In general the pH values rise slightly through time for the limestone-amended samples with the 

concentration of most metals, apart from Ca, showing a corresponding decrease. In the case of hydrated 

lime, the pH decreased slightly through time. 

The data in Table 6-2 indicate that there is at least 95% removal of metals by limestone addition to the 

three samples tested compared with the extractable concentrations in the un-neutralized samples. Mn was 

the exception, as only an average of 87% was removed. The pH values for all samples neutralized with a 

100% equivalent of limestone is around 6.5. Despite this being half a pH unit lower than the “optimum” 

value identified by the titrations with NaOH, most of the contaminants of interest have been substantively 

removed. Moreover, there was also a slight decrease in the concentrations of Mg and SO4, whereas Ca 

concentrations increased due to dissolution of limestone in response to the neutralization of acidity.  

The concentrations of all of the metals are reduced to below instrumental (ICP-MS) detection limit following 

the addition of hydrated lime (Table 6-3). In addition, most of the dissolved Mg is removed for the three 

samples tested (with the majority of SO4 also being removed for sample TP7-P1-11). Only one sample, the 

“worst case” TP7-P1-11, was initially tested with magnesite (Table 6-4) at a stoichiometric ratio of one. The 

results show that even after two weeks there had been only partial neutralization of existing acidity, with 

correspondingly little reduction in the concentrations of key dissolved metals. This very slow rate of reaction 

means that the magnesite product does not compare well with the benchmark set by agricultural limestone 

for this type of application.  
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Table 6-2 Compositions of supernatants produced by neutralization with limestone (CaCO3) over 14 days, 33 days, and 70 days.  

Sample pH 
EC, 

(µS/cm) 

SO4, 

mg/L 

Al, 

mg/L 

Ca, 

mg/L 

Co, 

mg/L 

Cu, 

mg/L 

Fe, 

mg/L 

Mg, 

mg/L 

Mn, 

mg/L 

Ni, 

mg/L 

Zn, 

mg/L 

TP3-P2-2             

0 – 14d 5.0 3,111 2,140 7.3 439 0.775 1.08 1.05 268 3.9 0.7 1.8 

1 – 14d 6.4 2,752 1,980 <0.02 672 0.045 0.02 <0.05 228 0.4 0.03 <0.005 

1 – 33d 6.5 2,642 1,970 <0.1 658 <0.02 <0.02 <0.2 218 0.3 0.04 <0.02 

1 – 77d 6.7 2,554 1,980 0.002 614 0.009 0.002 <0.02 202 0.2 0.01 0.003 

TP4-P1-4             

0 – 14d 4.4 3,090 2,200 57.5 349 13.7 208 10.2 166 8.1 15.9 6.8 

0.2 – 14d 5.3 2,838 1,900 1.4 556 7.91 18.7 0.1 129 4.2 8.2 2.9 

0.5 – 14d 6.4 3,292 1,730 <0.02 742 0.29 0.095 <0.05 121 1.3 0.2 0.03 

1 – 14d 6.5 3,252 1,740 <0.02 733 0.245 0.105 <0.05 125 1.1 0.2 0.03 

1 – 33d 6.6 3.136 1,680 <0.1 712 0.155 0.085 <0.2 119 0.9 0.2 <0.02 

1 – 77d 6.7 2.998 1,720 0.002 654 0.093 0.032 <0.02 111 0.7 0.07 0.008 

TP7-P1-11             

0 – 14d 4.1 16,720 17,900 84.1 260 74 68.3 88 4,280 45.2 61.8 359 

1 – 14d 6.6 14,030 14,400 <0.02 475 9.26 <0.005 <0.05 3,910 17.9 5.2 7.2 

1 – 33d 6.7 12,740 14,400 <0.4 472 6.54 0.02 <1 3,800 15.9 3.5 4.9 

1 – 77d 6.9 13,550 13,900 0.009 440 3.28 0.005 <0.02 3,610 10.0 1.47 2.3 

Notes: 0 = no neutralant added (i.e. the starting condition).  

1 = 1 stoichiometric equivalent of neutralant based on amount needed to account for the total existing acidity. 
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Table 6-3 Compositions of supernatants produced by neutralization with hydrated lime, Ca(OH)2. 

Sample pH 
EC, 

(µS/cm) 

SO4, 

mg/L 

Al, 

mg/L 

Ca, 

mg/L 

Co, 

mg/L 

Cu, 

mg/L 

Fe, 

mg/L 

Mg, 

mg/L 

Mn, 

mg/L 

Ni, 

mg/L 

Zn, 

mg/L 

TP3-P2-2 
  

  
        

0 - 14d 4.98 3,111 2,140 7.32 439 0.775 1.08 1.05 268 3.88 0.67 1.8 

1 - 14d 8.93 2,239 3,360 <0.02 679 <0.005 0.01 <0.05 2.9 <0.005 <0.01 <0.005 

1- 33d 8.38 2,093 2,950 <0.1 750 <0.02 0.03 <0.2 8.8 <0.02 <0.02 <0.02 

1 – 77d 8.7 2,149 1,800 0.005 642 0.0005 0.005 <0.02 18.8 0.0005 0.0003 0.002 

TP4-P1-4 
  

  
        

0 - 14d 4.44 3,090 2,200 57.5 349 13.7 208 10.2 166 8.1 15.9 6.8 

1 - 14d 9.29 2,439 2,360 0.54 772 0.015 0.035 <0.05 0.1 <0.005 <0.01 <0.005 

1 - 33d 9.14 2,104 2,230 0.64 805 <0.02 0.06 <0.2 <0.5 <0.02 <0.02 <0.02 

1 – 77d 8.30 2,250 1,890 0.11 652 0.0009 0.05 <0.02 3.4 0.003 0.0008 0.003 

TP7-P1-11 
  

  
        

0 - 14d 4.11 16,720 17,900 84.1 260 74 68.3 88 4,280 45.2 61.8 359 

1-  14d 9.5 2,299 2,130 <0.02 535 0.015 0.01 <0.05 0.5 <0.005 <0.01 0.01 

1- 33d 9.43 1,506 2,020 <0.1 631 <0.02 <0.02 <0.2 <0.5 <0.02 <0.02 <0.02 

1 – 77d 10.08 1,592 2,120 0.02 605 <0.0001 <.0009 <0.02 0.2 0.001 0.0001 <0.0001 
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Table 6-4 Composition of supernatants produced by neutralization with Magnesite, MgCO3  

Sample pH 
EC,  

(µS/cm) 

SO4,  

mg/L 

Al,  

mg/L 

Ca,  

mg/L 

Co,  

mg/L 

Cu,  

mg/L 

Fe,  

mg/L 

Mg,  

mg/L 

Mn,  

mg/L 

Ni,  

mg/L 

Zn,  

mg/L 

TP7-P1-11 
  

  
        

0 - 14d 4.1 16,720 17,900 84.1 260 74 68.3 88 4280 45.2 61.8 359 

1 - 7d 4.4 11,850 26,200 86.9 353 111 17.1 129 6150 54.2 93.6 759 

1- 14d 4.7 11,520 26,500 25.4 398 109 11.3 34.3 6340 55.2 96.6 742 
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6.4 DISCUSSION 

6.4.1 Neutralant Effectiveness (for Major Ions and Dissolved Metals) 

The extent of metal removal by limestone and hydrated lime is compared visually in Figures 6-1a and 

6-1b. While hydrated lime results in greater overall removal, it is questionable whether this would be 

required to meet the objectives of the rehabilitation (as hydrated lime could cost 2 to 3 times more than 

limestone). The only reason to use hydrated lime would be if substantial removal of Mn, Mg and SO4 

were required. 
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Figure 6-1a Comparison of metal removal by treatment with CaCO3 and Ca(OH)2. 
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Figure 6-1b Comparison of metal removal by treatment with CaCO3 and Ca(OH)2. Scale 
expanded to show residual metal concentrations. 
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6.4.2 Neutralant Effectiveness (for As, Cd, Se, and U removal) 

The 77d supernatants were analyzed by a combination of ICP-AES and ICP-MS methods to provide 

both lower detection limits and to provide concentration data for other potentially relevant 

metals/metalloids. Three metals/metalloids (Cd, Se and U) were identified as requiring further 

assessment because by virtue of them being bio-accumulators (Cd, Se) and hence of specific 

environmental relevance, or of being of particular interest (U) because of the mining provenance of the 

site. The 77d data for these elements are compiled in Table 6-5. 

 

Table 6-5 Concentration data for selected metals and metalloids in 77d neutralant extracts 

Sample 
As, 
µg/L 

Cd, 
µg/L 

Se, 
µg/L 

U, 
µg/L 

Limestone     

TP3-P2-2 (PAF-III) 1.5 <0.2 68 587 

TP4-P1-4 (PAF-I) 36.0 0.2 146 85 

TP7-P1-11 (PAF-I) 1.0 20.8 144 33 

Hydrated lime     
TP3-P2-2 (PAF-III) 2.5 <0.2 94 0.4 

TP4-P1-4 (PAF-I) 55.5 <0.2 128 1.6 

TP7-P1-11 (PAF-I) 3.5 <0.2 54 <0.01 

 

The concentration data for As and Cd suggest that only low concentration of these solutes are likely to 

be present in the pore water of neutralized waste, noting that the samples selected for this neutralisation 

testwork are at the higher end of content of leachable solutes. In the case of U the measured 

concentrations are much higher in the calcium carbonate neutralised samples. This finding is consistent 

with the solution geochemistry of U, with carbonate complexes of the uranyl ion being quite soluble. 

However, there is a very broad scatter in the results for the CaCO3-treated samples indicating that this 

may not be a generic issue.  

In contrast to the variable behaviour for As, Cd and U, the concentrations of Se are elevated across the 

board, and for both neutralants. It was initially suspected that these high values may have been the 

result of matrix interference with the ICP-MS method used to measure the Se. However, these values 

were confirmed to be correct using the method of standard additions to check the validity of the 

measurement. The metalloid Se has not previously been identified as a potential issue at Rum Jungle. 

This is presumably because all of the previous measurements have been made in iron rich and acidic 

pH seepages. The dissolution of Se will be suppressed under these circumstances. However, the 

addition of neutralant to raise the pH will favour the extraction of this oxyanion from the waste material.  

Although the samples chosen for the neutralization testwork are at the high end of the solute source 

spectrum it is recommended that Se be included in the water quality monitoring suite for seepage from 
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neutralised waste rock stored in the WSF. The Se will not be a potential issue for the waste contained 

within the backfilled Main pit. 

6.4.3 Rate of Reaction of Jarosite – Implications for pH Trends and Water Treatment 

The total neutralant demand for a given sample is the sum of ‘titratable acidity’ and ‘jarosite acidity’(i.e. 

total existing acidity). The batch neutralant demand tests described above were run for a two month 

period in the first instance to obtain an indication of how long it might take for the jarosite component to 

react. However, recognising in advance the potential need for longer term measurements, the mixtures 

of neutralant and waste were archived to facilitate measurements over a much longer time frame.  

In principle decrease in pH, and increases in the concentrations of K and SO4, could be used to monitor 

the reaction of jarosite. Unfortunately, none of these indicators could be used in practice to monitor the 

rate of decomposition for the following reasons: 

1) The pH was buffered by the carbonate/bicarbonate buffer system so measuring pH was not a 

reliable direct indicator of the rate of reaction 

2) The concentration of SO4 in solution was being controlled by both the precipitation of gypsum 

and the decomposition of jarosite, and  

3) K was also being released as a contaminant from the neutralants as they reacted. 

Given that the concentrations of ions in solution could not be used to infer the rate of reaction, the only 

remaining option was to utilise a technique that could directly measure the amount of jarosite present. 

Thus the mineral composition of the samples of un-neutralised and neutralised materials was 

determined by quantitative x-ray diffraction (XRD). This method enables the loss of jarosite to be 

quantified. Sample TP7-P1-11 (from the Intermediate WRD) was used for this work and the results are 

compiled in Table 6-6. Provided is the initial mineralogical composition of the untreated (acidic) sample 

from the field and compositions after 115 and 245 days of reaction with sufficient neutralant added to 

account for the ‘existing acidity’ content. The pH values for these samples have been included in the 

Table 6-6 for reference. 

The un-treated (reference) material contains 10.5 wt. % jarosite. Progressively lesser amounts of 

jarosite are contained in the treated samples indicating that decomposition of this acidic phase is 

occurring through time. Calcite is consumed during the neutralization process. Gypsum is produced by 

the reaction between calcium (released from the neutralants as they react with the existing acidity) and 

by sulfate (released from both the bulk waste material and the decomposing jarosite) A small amount 

of calcite is present in the sample treated with hydrated lime. The most likely source of this calcite is an 

impurity in the lime, noting that the hydrated lime product was only about 88% Ca(OH)2, determined by 

titration. 
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Table 6-6 Mineral phase compositions (wt% by XRD) through time for TP7-P1-11 treated with neutralant. 

Phase Initial (t=0) + CaCO3 - 115d + CaCO3 -242d +Ca(OH)2 – 115d +Ca(OH)2 – 242d 

Quartz 23.0 21.7 25.2 22.6 24.6 

Pyrite 4.0 3.6 4.0 3.9 3.6 

Calcite ND 2.6 5.6 1.3 2.9 

Gypsum ND 1.6 2.8 3.3 4.6 

Jarosite 10.5 8.8 5.7 7.4 5.5 

Chlorite 2.5 3.2 2.0 2.4 1.3 

Illite/mica 37.4 36.1 40.9 38.4 37.4 

Smectite 6.6 7.2 7.2 3.8 8.6 

Non-
diffracting/unidentified 

16.1 15.2 5.6 17.0 11.1 

pH (for reference) 4.11 7.08 6.92 9.25 9.12 

Note: ND denotes ‘non-detectable’ concentrations 
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The concentration data for jarosite are plotted as a function of time in Figure 6-2. It is apparent that the 

jarosite is decomposing at a similar rate for both neutralants with a half time of approximately 300d. 

 

 

Figure 6-2: Plot showing the decomposition of jarosite through time following the addition of 
neutralants to sample TP7-P1-11 

 

Of particular interest from Table 6-6 is the implication that jarosite is decomposing quite slowly. 

Assuming a linear rate of reaction, for instance, it would take at least two years for all of the jarosite to 

decompose in the sample that has been treated with CaCO3. This slow rate of reaction has practical 

implications for the pit backfilling strategy that is used, and the associated water treatment. For example, 

it might be possible to only partially neutralize waste that is being placed in the lower horizons of the 

Main Pit to reduce the demand on the surface water treatment system. Thus if only the titratable acidity 

was initially neutralized to bring soluble metals out of solution, then the supernatant water being 

withdrawn from the pit would be much cleaner than if this was not done. It should be possible to use 

the much cheaper limestone for partial neutralization as distinct from the hydrated lime that will be 

needed for use in a conventional water treatment plant.  

The slow rate of decomposition of jarosite found above provides support for the efficacy of a partial 

neutralization option. A laboratory batch test was done to test if this concept might be viable. Two 

samples were treated with sufficient CaCO3 to just neutralize the titratable acidity, and pH measured as 

a function of time. These data are plotted in Figure 6-3, noting that the un-neutralized starting pH values 

were 3.3 and 3.4 for TP7-P1-13 and TP2-P1-2, respectively. Figure 6-3 indicates a downward trend in 

pH as a result of the buffering reaction by jarosite. However, the pH for samples TP1-P1-13 appears to 

be declining much more slowly than for TP2-P1-2 (suggesting that the jarosite in TP1-P1-13 is less 

reactive).  
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The implication from Figure 6-3 is that it would be prudent to add a stoichiometric excess (e.g. 20% in 

excess of titratable acidity) of neutralant to waste being deposited in the pit. This would increase the 

time that the pH remained sufficiently elevated before buffering by jarosite decreased the pH to values 

that would result in re-dissolution of initially precipitated metals. 
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Figure 6-3 Effect of neutralizing titratable acidity component only 

 

6.4.4 Neutralant Demand for Water Treatment Process 

For a water treatment plant the sources of input water will be made up of combinations of seepage from 

existing waste rock dumps and from pit waters produced by the interaction between waste rock and 

rainwater or groundwater entering the pit. Thus the water requiring treatment will likely vary significantly 

in composition and acidity demand through time. Rather than trying to pre-empt all possible 

combinations, a realistic ‘worst case’ scenario is described here to define a target pH for a water 

treatment process that involves the addition of hydrated lime.  

Treatment of Seepage/Leachate from Waste Rock 

The lime demand for treatment of seepage of water from the toe of the Intermediate WRD is proposed 

here as a realistic ‘worst case’ scenario for water from the Main Pit that would require treatment during 

backfilling of the pit with rock from the Intermediate WRD. To approximate the composition of seepage 

from the Intermediate WRD4 (which varies seasonally), a synthetic seepage solution was prepared, 

using a sample of waste rock, to approximate observed concentrations in Table 2-1. The selection of 

                                                      
4 Initially it was considered that the neutralization testwork would be done on samples of seepage obtained from the field. However 
the seasonal nature and variability of flow and composition from the seepage locations meant that there were too many variables 
implicit in the collection of the “ideal” sample(s) from the field. 
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the sample was informed by the composition of the 5:1 L/S leachates (see Appendix H). The 5:1 water 

extract of sample TP7-P1-13 was identified as providing the closest match to the 2010 data for Seep 4 

near the Intermediate WRD (Table 2-1).  

The sample of leachate was produced by rotary mixing for 12h a suspension of the TP7-P1-13 material 

(< 2 cm fraction crushed to <2 mm) in water. This mixture was agitated by rotary mixing for 12 hours 

and a sub-sample was collected, filtered, and then titrated by adding small aliquots of hydrated lime 

(see Figure 6-3). Two replicate samples were titrated in this way. Both replicates behaved identically 

so only the results from Replicate A are presented here. The titration curve is shown in Figure 2-3. 

Aliquots of filtered supernatant were withdrawn at the start and at nominal pH points of 7.0, 8.0 and 9.5 

for analysis (Table 6-7). 

The metals concentration data in Table 6-7 indicate that a target pH of 9.5 may be required to produce 

treated water of a quality that would be suitable for direct discharge to receiving waters. However, given 

that it is intended to store treated water in Intermediate Pit during the dry season and to discharge 

during the wet, then a pH target of 8 may be suitable. However, since the proportional amount of lime 

that would be saved by this latter action would only be small, it may be prudent to adopt the higher pH 

target for treatment. 

The pH dependence of metal removal reported in Table 6-7 is consistent with the findings from the test 

work that was done to develop the water treatment process used for the treatment of pit water during 

the 1980s site rehabilitation (Cooper et al, 1982). 

 

 

Figure 6-4 Titration of 5:1 extract of TP7-P1-13 with hydrated lime (90% purity) 
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Table 6-7 pH dependence of metal removal from synthetic seepage (5:1 extract) from TP7-P1-13.  

Sample pH EC, 
µS/cm 

Ca, 
mg/L 

Mg, 
mg/L 

SO4, 
mg/L 

Al, 
mg/L 

As, 
mg/L 

Cd, 
mg/L 

Co, 
mg/L 

Cu, 
mg/L 

Fe, 
mg/L 

Mn, 
mg/L 

Ni, 
mg/L 

Se, 
mg/L 

U, 
mg/L 

Zn, 
mg/L 

Main Pit Lens 3.8 8,300 475 900 7,800 150 - 0.02 13.5 32.0 - 220 11 - - 5.8 

Int. WRD Seep 4 
(August 6th, 2010) 3.3 12,600 362 2,760 13,800 199 - 

 
74.7 34.9 349 84.3 64.9 - 1.8 156 

TP7-P1-13A 3.1 7,630 32 1,210 6,260 55 0.0135 0.5 72.9 62.9 139 6.5 67.9 0.016 0.7 381 

TP7-P1-13A 7.0 7,150 569 1,110 5,850 0.011 0.0025 0.3 17.6 0.021 <0.02 4.2 12.1 0.01 0.004 33.1 

TP7-P1-13A 8.0 7,150 595 1,100 5,850 0.028 0.0005 0.1 5.5 0.009 <0.02 2.9 2.6 0.01 0.004 3.3 

TP7-P1-13A 9.4 7,120 694 1,040 5,730 0.027 <0.0005 0.009 0.03 0.002 <0.02 0.2 0.028 0.01 0.004 0.05 

Compositions of seepage from Intermediate WRD (INT Seep 4) and of the highly contaminated water at the bottom of the Main Pit are provided for comparison. 
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Treatment of Recovered Groundwater 

An occurrence of acidic and high copper groundwater has been identified between Intermediate and 

Main Pits (RGC, 2012). This water most likely originated as seepage from the unlined trial Copper 

Extraction Pads that were located in this area. The extent of the contamination has been investigated 

by a targeted program of monitoring bore installation (MB10-22, MB 10-23, MB 10-24 and MB 12-35). 

This array of bores (plus others) indicates high short range lateral variability in copper concentrations, 

making it difficult to quantify the volume of water that is involved.  

One option is to remove the contaminated groundwater, via a pump and treat approach. Accordingly, a 

sample of water from the bore (MB 12-35) representing the high end of copper concentrations was 

collected recently as part of the routine groundwater monitoring program. This sample was titrated with 

hydrated lime, using the same method as described above, to determine the extent of metal removal 

as a function of pH. 

The historical water quality data from this monitoring bore are summarised in Table 6.8. These data 

show that the composition has been steady through time, indicating that the recent sample that was 

collected is representative of the long term composition at this location. The water was anoxic (dissolved 

oxygen <0.01 mg/L) when collected. This has important implications for water treatment, since aeration 

will likely be needed to facilitate removal of the contained Fe and Mn. 

Duplicate 500mL sub-samples of the water were titrated by successive additions of small aliquots of 

hydrated lime (90% purity). Since both replicates were essentially identical only the results from 

Replicate A are presented here. The titration curve is shown in Figure 6.5. 

 

Table 6-8 Time series water quality data (concentrations in mg/L) for bore MB 12-35. 

Parameter 28/02/2013 8/10/2013 21/02/2014 20/10/2014 April 2016 

EC µS/cm 10820 10400 9380 9420 8696 

pH 4.53 4.23 4.2 4.38 4.33 

Acidity mg/L 1220 1394 1476 1410 na 

Ca 430 380 353 407 350 

Mg 1520 1310 1210 1480 1019 

SO4 8700 8180 7470 8500 6810 

Al 9.24 16.2 15.8 12.5 13.1 

Co 96.7 79.3 86.7 90 88.1 

Cu 481 472 516 511 502 

Fe 68.3 89.1 92.2 79.1 82.1 

Mn 342 272 310 330 310 

Ni 87.8 70.3 76.5 80.3 78.5 

U 0.041 0.059 0.055 0.093 0.056 

Zn 14.5 10.6 11.1 11.6 11.0 
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Aliquots of filtered supernatant were withdrawn at the start and at nominal pH points of 7, 8 and 9.5 for 

analysis (Table 6.9). It was noted that an initially greenish-coloured precipitate was produced, which 

turned brown on standing. This suggests that ferrous hydroxide (green) was the initial iron phase that 

was precipitated and that it subsequently oxidised to ferric hydroxide. This observation is consistent 

with ferrous iron being the initial form of iron present in the anoxic groundwater. 
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Figure 6-5 Titration of MB12-35 bore water with hydrated lime (90% purity) 

 

Reference to Table 6.9 shows that all metals, except Mn, are substantively removed at the highest pH 

value. Substantial concentrations of Co and Ni are still present in solution at pH 8, in contrast to the 

results for TP7-P1-13 (Table 6.7). This suggests that there has been less effective adsorption of these 

metals on to other precipitating phases as the pH rises. This is perhaps the result of the iron being 

present in the ferrous form and initially precipitating as ferrous hydroxide. 

A higher pH will be needed to substantially remove the initially very high concentrations of Mn from 

solution. The use of a higher pH will invariably result in substantially higher lime demand since 

precipitation of magnesium hydroxide will occur in addition to manganous hydroxide. This water will 

also need to be aerated during treatment to oxidise ferrous iron and to maximise effectiveness of metal 

removal by co-precipitation or by adsorption on ferric hydroxide. 
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Table 6.9 pH dependence of metal removal from MB 12-35 water. Concentrations units are mg/L. 

 pH Ca Mg SO4 Al As Cd Co Cu Fe Mn Ni Se U Zn 

                

Start 4.27 350 1080 6810 13.1 0.014 0.018 88.1 502 82.1 310 78.5 <0.02 0.056 11 

                
Titration A 6.86 732 1120 6750 <0.004 0.009 0.011 57.6 12.3 <0.08 280 44.4 <0.008 0.002 4.21 

 7.85 745 1120 6740 0.007 0.006 0.007 50.8 1.23 <0.08 274 35.1 <0.008 0.002 1.06 

 9.38 868 1090 6530 0.012 <0.002 0.002 2.89 0.12 <0.08 171 1.43 <0.008 0.001 0.017 
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7 EFFECT OF PARTICLE SIZE DISTRIBUTION ON ESTIMATED NEUTRALANT 
DEMAND 

7.1 INTRODUCTION  

7.1.1 Scope and Objectives 

It was postulated (Section 4) that using geochemical data for the <2 cm size fraction of waste could 

substantively over-estimate the overall neutralant demand for an entire WRD. The objective of the 

testing described in this section is to more comprehensively assess the influence of particle size on 

neutralant demand.  

7.1.2 Sample Characteristics  

Four samples that span a range of pH values, extractable major ions and jarosite and titratable acidity 

were chosen for this work. Two of the samples are classified as PAF-I waste rock and the other two 

samples are PAF-II waste rock (Table 7-1). PAF-I waste rock would be re-located only to the Main Pit, 

whereas PAF-II waste rock would be re-located to the Main Pit and to the WSF. 

 

Table 7-1 Geochemical Characteristics of the 4 samples Selected for Particle Size 
Characterization 

Sample pH EC 
µS/cm 

SO4, 
mg/L 

Ca, 
mg/L 

Mg, 
mg/L 

Ssulphide 
% ANC AP Jarosite 

Acidity 
Titratable 

Acidity 

PAF-I waste rock (Intermediate WRD) 

TP4-P1-4 4.0 703 516 86 40 3.4 <0.5 104 8.5 1.3 

TP7-P1-11 3.6 3,770 3,240 44 770 3.3 <0.5 100 33.3 2.9 

PAF-II waste rock (Main WRD) 

TP1-P1-15 5.0 547 341 29 71 1.2 8.4 37 12.5 0.7 

TP2-P1-2 3.4 2,421 1,610 423 80 1.2 <0.5 37 15.2 4.1 

Notes: pH, EC, SO4, Ca, and Mg concentrations are from 5:1 extracts; ANC, MPA, and acidity contents are in kg H2SO4/t;  

All data are for < 2 cm size fraction of waste rock. 

 

7.1.3 Grain Size Distribution in the WRDs 

For each of the four samples, a 10 kg sub-sample of the bulk (<75 mm) material that was collected in 

the field was removed for further processing. The four sub-samples were oven-dried at 50 ºC in a fan-

forced oven before being separated using stainless steel sieves into the following size ranges: 75-53 

mm, 53-37.5 mm, 37.5-19 mm, 19-10 mm, 10-4 mm, 4-2 mm and <2 mm. The weights reporting to 

each of the size fractions are compiled in Table 3-2 and plotted in Figure 7-1. The size distributions for 

each of the samples are quite similar, with peaks in the 19 to 37.5 and <2 mm size ranges. The average 
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has been shown for comparison. These weight distributions are directly comparable since the total 

mass comprised about 9.5 kg (dry weight) in each case. 
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Figure 7-1 Mass distribution in the <75 mm size fraction. 

 

Table 7-2 Weight Distribution of Size Fractions 

Size Range, mm TP1-P1-15 TP2-P1-2 TP4-P1-4 TP7-P1-11 Average 

>53 1.3 0.8 0.5 0.9 0.9 

37.5 to 53 1.5 0.6 1.4 1.0 1.2 

19 to 37.5 2.3 1.5 2.0 2.3 2.0 

10 to 19 1.1 1.3 1.3 1.3 1.2 

4 to 10 1.0 1.3 1.2 1.2 1.2 

2 to 4 0.5 0.8 0.8 0.6 0.7 

<2 1.7 2.9 2.3 1.9 2.2 

Note: Weights expressed in kg 

 

During test pitting, the percentage of waste rock that is more or less than 75 mm in size was visually 

estimated. This diameter corresponds to the mesh size of the sieve bucket on the excavator that was 

used during the 2014 test pitting program. These visual estimates allow the grain size distribution of the 

entire WRD to be contextualized.  

On average, about 30% of the waste rock in the Main and Intermediate WRDs was greater than 75 mm 

in size. This is quite low by contemporary mining standards and is probably a reflection of the relatively 
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small scale of the operation and the blasting methods that were used. It is possible that a negative bias 

could have been caused in the top size able to be retrieved from the profile as a result of the size of the 

excavator bucket that was used. However, visual examination of the walls of the pits that were dug, and 

of the bulk excavated material, suggested that there was not much large diameter material present 

(apart from at TP3). 

Bulk samples were obtained for each of the 97 <75 mm profile samples collected from the Main and 

Intermediate Pits. Subsamples of each of these bulk samples were sieve fractionated in the field to 

obtain a more detailed PSD of this size fraction. These data are reported in the Appendix E. By this 

means it was found that an average of 36% of the <75 mm material from the Main WRD was contained 

in the 19-75 mm range, while the average was 32% for material from the Intermediate WRD.  

Overall the following average gross mass distribution of particle sizes was found for the Main and 

Intermediate WRDs: 

• > 75 mm 30% 

• 19 to 75 mm 23% 

• <19 mm 47% 

Thus the <19 mm size fraction, the one used for the primary geochemical characterization work, 

represents the largest single mass fraction of material in the waste rock dumps as a whole. This is an 

important finding as it significantly influences the estimate of neutralant demand and how this may be 

able to be scaled to account for the bulk PSD. 

7.2 METHODS USED FOR CHARACTERIZATION OF SIZE FRACTIONS 

Each of the size fractions were dispatched to ALS Brisbane laboratories for the same series of 

measurements that are described in Section 5.5.2. However, measurement of the Net Acid Generation 

(NAG) capacity of each sample was also requested. This was done to inform a preliminary assessment 

of the potential for a field NAG test to be able to discriminate between the categories of PAF material 

as the waste was being reclaimed from the WRDs. 

7.3 RESULTS 

All of the characterization data for the size fractions for each of the four samples are compiled in the 

Appendix K to this report. Of most relevance to the objective of this section is the dependence of total 

existing acidity on particle size. These data are summarized in Table 7-3. The average for the <19 mm 

cohort of individual size fractions compares very favourably with that measured independently for the 

<19 mm fraction as a whole (bulk <19 mm). The data for the <19 mm “bulk” were used to derive the 

neutralant demand for the various categories of waste.  

The total existing acidity, normalised to the <2mm value for each of the four samples, is plotted as a 

function of particle size in Figure 7-2. It can be seen that the acidity is a steeply rising function of size 

below the 4-10mm size range. For sizes greater than this the acidity is tending to plateau out. 
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Table 7-3 Distribution of Existing Acidity Content of Specific Particle Size Ranges 

Size Range, mm 

 Existing Acidity, kg H2SO4/t  

 TP1-P1-15 
(PAF-II) 

TP2-P1-2 
(PAF-II) 

TP4-P1-4 
(PAF-I) 

TP7-P1-11 
(PAF-I) 

Average 
 

53 to 75  4.3 5.8 2.6 4.8 4.4  

37.5 to 53  4.5 5.7 5.4 13.1 7.2  

19 to 37.5  2.8 5.1 3.5 14.4 6.5  

Average (19  to 75 
mm) 

 
3.9 5.6 3.9 10.8 - 

 

10 to 19  3.7 10.4 5.7 19.5 9.8  

4 to 10  3.7 9.7 7.3 23.4 11.0  

2 to 4  10.3 17.8 12.3 33.6 18.5  

<2  22.8 42.4 28.8 52.9 36.7  

Average (<19 mm)  10.1 20.1 13.5 32.3 -  

Bulk (<19 mm)  13.2 19.3 9.8 36.1 -  
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Figure 7-2 Normalized acidity as a function of particle size 
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7.4 DISCUSSION  

7.4.1 Dependence of neutralant demand on particle size 

It was noted in Section 5 that the neutralant demand based on the <19 mm fraction was likely to 

significantly over-estimate neutralant demand for the waste rock as a whole, and that this should be 

investigated as part of the phase 2 characterisation work program. The data in Table 7-3, taken together 

with the mass distribution of the waste rock as a whole (estimated above), enables this proposition to 

be quantitatively tested.  

Reference to Table 7-3 shows that the amount of acidity in the <19 mm fraction is about 3 times higher 

than in the 19-75 mm fraction. If it is further (conservatively) assumed that this same factor applies to 

the >75 mm size range then it is possible to derive the relative amount of acidity needing to be 

neutralised for: 

(1) Condition 1 where three times the amount of neutralant is applied to the <19 mm fraction as 

for the >19 mm fractions. 

(2) Condition 2 where the same relative amount of neutralant is applied for the whole size range.  

The results of this analysis are summarised in Table 7-4 below. It can be seen that for Condition 2 55% 

more neutralant needs to be added than for Condition 1. Condition 2 corresponds to the current default 

case where it has been assumed that the amount of neutralant derived from the characterisation data 

for the <19 mm fraction should be applied to all of the waste. Based on this analysis a dosing rate based 

on Condition 2 will result in about 55% more neutralant being used than is required. Thus preliminary 

dosing rates from Section 5 are conservative. An additional substantial degree of conservatism is 

provided by the use of the 80th percentile of the less then pH 5 dataset to derive the amount of neutralant 

to be applied to all of the waste of a given PAF type. 

 

Table 7-4 Comparison of neutralant amounts required by Conditions 1 (neutralant demand a 
factor of particle size) and Condition 2 (neutralant demand based on the <19mm size fraction) 

Size Fraction wt. % Condition 1 Relative Acidity Condition 2 Relative Acidity 

Average > 75 mm 30 1 30 3 90 

Average 19-75 mm 23 1 23 3 69 

Average < 19 mm 47 3 141 3 141 

   
194  

 
300 

 

7.4.2 Total Sulfur Content as Indicator of PAF status 

In Section 5 it was noted that there were strong linear correlations between Stotal and NAPP and Stotal 

and MPA, indicating the potential to be able to use field measurements of Stotal to delineate waste types 
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during the reclaim operation. However, this correlation was based on the use of Stotal data obtained from 

the finely-crushed pulp produced from the <19 mm size fraction.  

For a field screening method to be practically viable, it will require the minimum of sample preparation 

prior to presentation to the analysis method. In practice this would likely involve isolating a size fraction 

by sieving, with about 2 mm being the upper limit to balance representativeness of sampling with the 

mass required to be analysed. Such sieving was done routinely during the large October 2014 field 

sampling program and, based on this experience, is considered to be feasible. 

The PSD characterisation work has provided the opportunity to rigorously assess the dependence of 

sulphur content on particle size and to determine how comparable the results would be from using a 

<2mm sieve fraction with the “benchmark” <19 mm crushed material. The Stotal data are compiled in 

Table 7-5. The results clearly show that use of the <2 mm size fraction would yield a classification 

outcome identical to that provided by the <19 mm data, noting that a pulp was used for the analysis of 

Stotal by a chemistry-based method (Leco furnace or aqua regia digest). 

 

Table 7-5 Stotal as a Function of Particle Size 

Size 
Range, 
mm 

 Stotal, wt. % S  

 TP1-P1-15 
(PAF-II) 

TP2-P1-2 
(PAF-II) 

TP4-P1-4 
(PAF-I) 

TP7-P1-11 
(PAF-I) 

 

53 to 75  1.4 2.6 3.4 4.2  

37.5 to 53  1.6 1.6 4.3 2.9  

19 to 37.5  1.3 1.5 4.8 2.7  

10 to 19  1.4 1.5 4.3 3.6  

4 to 10  1.0 1.3 3.7 3.3  

2 to 4  1.0 1.4 2.9 3.8  

<2  1.8 2.5 3.3 5.5  

<19 Bulk  1.8 2.1 3.9 5.2  

Note: Each size class was crushed to a pulp (<75 µm) prior to sub-sampling for analysis 

           

Of note from Table 7-5 is the relative constancy of Stotal across the size range. This is a reflection of the 

fact that the bulk of the sulphur is present as Ssulphide which is distributed throughout the mass of the 

rock. This contrasts with the produced acidity component which is primarily surface-related and for 

which there will be a strong inverse dependence on particle size (Figure 7-2) as the surface area to 

volume ratio increases. 
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It was initially proposed that Stotal be measured using the method of XRF analysis. This technique does 

not require the sample to be chemically treated, although use of a smaller particle size is recommended 

for greater accuracy and precision. This is especially the case for a light element such as S, for which 

the stimulated emission is only relatively weak with a short effective path length. Initial measurements 

on finely ground pulps using the DPIR’s handheld field XRF analyser have shown promise. However, 

for the method to be of most utility in the field it should work well with the <2 mm sieve fraction. The 

response of the uncrushed, <2 mm sieve fraction initially prepared for the PSD work will be compared 

(see below) with the pulp sub-samples produced by ALS to run its geochemical suite, the results from 

which have been presented above. 

7.4.3 NAG test as an indicator of PAF status 

Another potential method that could be used to classify waste in the field is a NAG (Net Acid Generating) 

test. This involves reacting the sample with excess hydrogen peroxide and measuring the amount of 

acid produced by the oxidation of contained sulphide. It is called a NAG test because acid that is 

produced is simultaneously consumed by ANC present in the material. Most of the material from Rum 

Jungle (especially the PAF-I and PAF-II categories) has negligible ANC so measuring the NAG pH 

should provide a direct indication of PAF category. Further quantification can be provided if required by 

titrating the NAG test supernatant to pH 7 with standard NaOH solution.  

The NAG test was not done on the samples collected in October 2014 since work that had been done 

previously by SRK (SRK 2012) showed an excellent correlation between NAPP and NAG 

measurements for waste from Rum Jungle. It was only later, when the possibility of using a field NAG 

test to screen for waste type was being considered, did the need to more intensively asses this method 

become apparent.  

SRK ran a NAG test on only a selection of the samples that were collected. The results (titre to pH 7) 

have been compiled and grouped (Table 3-6) into the currently designated PAF categories. There were 

only 2 samples for the PAF-III category for the Main WRD so the average was not reported. These data 

indicate that the NAG test could have considerable discriminating power for the waste types. However, 

it is a wet chemical method that would be intrinsically more complicated to implement than XRF 

analysis, and require much more time to produce a result. This could be a significant practical issue 

depending on the rate of reclaim and the numbers of samples being produced per day for 

characterisation. 
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Table 7-6 NAG Test Results for Selected Samples Collected in 2010  

  NAG Results (titrated to pH 7), kg H2SO4/t  

Waste Type  Dyson’s Pit Dyson’s WRD Int. WRD Main WRD  

PAF-I  26.0 (18.0) - 48 (27) 49 (21)  

PAF-II  2.9 (4.2) 3.9 (2.3) 10 (10) 21 (18)  

PAF-III  1.8 (1.8) 0.9 (0.7) - 6  

NAF  - 0.4 (0.6) - 0.2 (0.2)  

Note: One standard deviation in parentheses 

Data from SRK (2012) 

 

The samples produced by the PSD work provided the opportunity for an assessment of the potential of 

the method to be used on a <2 mm sieve fraction, the reasons for which have been discussed above. 

The initial pH values of the solutions produced by the NAG test treatment are compiled in Table 7-7. 

There is a systematic difference between the first 2 samples (PAF-II from Main WRD) and samples 3 

and 4 (PAF-I from Intermediate WRD). Although this does not appear to be large in absolute terms, pH 

is a log 10 scale and a difference of 0.3 units equates to an approximate doubling (or halving) of free 

acidity. 

 

Table 7-7 NAG pH values as a Function of Particle Size 

  NAG pH Data  

Size Range mm  TP1-P1-15 TP2-P1-2 TP4-P1-4 TP7-P1-11  

53-75  2.8 2.4 2.3 2.2  

37.5-53  2.7 2.7 2.2 2.7  

19-37.5  2.6 2.6 2.2 2.5  

10-19  2.6 2.6 2.2 2.3  

4-10  2.9 2.7 2.4 2.4  

2-4  3.1 2.8 2.5 2.4  

<2  2.7 2.8 2.6 2.3  

Average  2.8 2.7 2.3 2.4  

 

The NAG titre to pH 7 (expressed as kg H2SO4/t) provides a much clearer distinction between the PAF-

I and PAF-II categories, with the titres for the PAF-I samples (TP4-P1-4 and TP7-P1-11) being on 
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average three times that of the PAF-II samples (Table 3-8). These NAG titre values are also consistent 

with the PAF classes delineated by the SRK data in Table 3-6. They provide strong support for the use 

of the NAG titre value for the <2 mm size fraction to discriminate between the PAF-I and PAF-II 

categories. 

 

Table 7-8 NAG Results for Selected Samples Collected in 2014 

  NAG Results (titrated to pH 7), kg H2SO4/t  

Size Range mm  TP1-P1-15 TP2-P1-2 TP4-P1-4 TP7-P1-11  

53 to 75  29.4 61.2 79.5 106  

37.5 to 53  35.7 38.5 98.8 41.2  

19 to 37.5  24.9 22.2 102 44.3  

10 to 19  25.0 25.0 94.0 104.0  

4 to 10  16.8 19.2 77.2 54.7  

2 to 4  12.1 19.8 54.3 55.2  

<2  21.1 20.3 47.9 81.2  

Average  22.6 24.2 79.0 63.4  

 

Given the positive findings from this pilot assessment it is recommended that further investigation be 

undertaken of the use of the NAG test on the <2 mm fraction to discriminate other PAF categories, in 

particular PAF-III and NAF materials. This will be especially important for the Main WRD. 
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8 GEOCHEMICAL SOURCE TERMS  

8.1 INTRODUCTION 

8.1.1 Scope and Objectives 

Each type of PAF waste rock at Rum Jungle contains substantial concentrations of soluble Ca, Mg, and 

SO4 that would not be substantively reduced by neutralization. After the WSF is complete, these ions 

may be dissolved from PAF waste rock by small amounts of infiltrating rainwater (or moisture draining 

from elsewhere within the facility), and would then report as seepage. The objective of this section is to 

estimate the concentrations of Ca, Mg, SO4, and dissolved metals in seepage from the WSF that may 

require treatment and/or dilution in the Intermediate Pit.     

8.1.2 Supporting Data 

Tables 2-2 and 2-3 show that the maximum observed concentrations of Ca in seepage and groundwater 

adjacent to the WRDs are consistent with solubility control by gypsum. However, the maximum 

concentrations of Mg that have been measured are only a small fraction of what would be expected 

based on the solubility of epsomite (MgSO4·7H2O). This suggests that waste rock is not being effectively 

leached (due to preferential flow within the WRDs), or that seepage observed near the toes of the WRD 

originates mainly from a thinner ‘wedge’ of waste rock in the batter slopes (so effective liquid-to-solid 

rations are relatively high). The maximum concentration of Ca that can be present in solution would be 

limited to 400 to 500 mg/L Ca by the solubility of gypsum. The maximum concentration of Mg in solution 

that could occur, assuming solubility control by epsomite could be 80,000 mg/L Mg at 30oC.  

In the WSF, waste rock will be placed and compacted on a liner, and a layer of finer-grained waste rock 

will likely be placed between each lift. Also, the top and sides of the WSF will be covered to limit 

infiltration. The result of reducing infiltration and using ‘thin lift, paddock-style’ construction methods 

would be to minimize the development of preferred flow pathways, and therefore create a more even 

wetting front that will contact the bulk of waste rock and leach out available soluble Ca, Mg, and SO4. 

The seepage that is ultimately produced is thus likely to contain much higher concentrations of Mg than 

are currently observed. However, the volume of this seepage will likely be much lower than the seepage 

volume produced now. For reference, the 80th percentile leachable amounts of each these three ions 

are similar for the PAF II, PAF-III and NAF waste types that will comprise the majority of material to be 

placed in the WSF.  

8.2 LEACH TESTING METHODS 

8.2.1 Stage 1 – Inverse Leach with No Neutralant Added 

An inverse batch leach method was used to investigate the factors controlling the solubility of major 

ions and metals in waste rock from Rum Jungle. This method involves (i) mixing water and waste rock 

to produce a sample of leachate and (ii) mixing that leachate with a fresh batch of solids to produce 

another leachate. That leachate, in turn, is then mixed with another fresh batch of solids, and so on until 

four solutions have been produced.  
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The number of contact steps was limited to four by the progressively lower volumes of leachate 

produced at each step. The initial mixture produced 300 mL of leachate from 700 g of solid and 700 mL 

of water (i.e. a 1:1 L/S ratio by mass). By Step 3 only 90 mL of leachate was available to produce a 

leachate corresponding to a L/S of 1:4 (i.e. 90 mL leachate, 360 mL solids). Thus, four solutions were 

produced for analysis corresponding to L/S ratios of 1:1, 1:2, 1:3, and 1:4.  

For comparison, a 5:1 L/S ratio is typically used to characterize the leachable (readily soluble) 

component of mine waste, whereas the L/S ratio in a WRD containing 10% moisture is about 1:10. The 

reason that a 5:1 ratio is used for a standard extraction test is to minimize the likelihood of solubility 

limitations by moderately soluble secondary minerals such as gypsum. However, it should be noted that 

a 5:1 water extraction will not dissolve up poorly soluble secondary minerals, such as jarosite or alunite.  

In order to investigate solubility controls, two samples from the Main WRD and two samples from the 

Intermediate WRD were selected for the inverse leach tests. These samples spanned a range of pH 

values and extractable metal concentrations (Table 8-1). The pH 6.4 sample (TP1-P1-3) was selected 

to be an analogue for material that has been neutralized to a target pH of 6 to 7, whereas the other 

three acidic samples were selected to span a range of starting Mg and Ca concentrations. Specifically 

for Ca the selected range spanned initial under-saturation (TP7-P1-6 and TP7-P1-13) through to 

saturation (TP1-P1-3 and TP2-P1-2) with gypsum, based on the findings from the 5:1 water extractions.  

 

Table 8-1 Composition of 5:1 (L/S) water extracts of the four samples selected for the inverse 
leach procedure 

Sample pH 
EC, 

uS/cm 

Ca, 
mg/L 

Mg, 

mg/L 

SO4, 

mg/L 

Al, 

mg/L 

Co, 

mg/L 

Cu, 

mg/L 

Fe, 

mg/L 

Mn, 

mg/L 

Ni, 

mg/L 

Zn, 

mg/L 

TP1-P1-3 6.4 2,056 582 148 1,930 <0.01 0.08 0.04 <0.05 2.7 0.5 <0.01 

TP2-P1-2 3.4 2,421 423 80 1,610 42.6 0.4 5.7 7.5 3.6 0.7 0.2 

TP7-P1-6 4.5 481 21 39 256 0.3 4.7 6.1 0.1 0.5 5.1 13.6 

TP7-P1-13 3.3 6,740 34 1,360 6,770 46.2 80.1 57.5 202 6.4 70.7 418 

 

8.2.2 Stage 2 – Inverse Leach Testing with Limestone-Amended Samples 

Stage 1 of the inverse leach test work was run without added neutralant, with a range of starting pH 

values being spanned by the four samples that were chosen. One sample (TP2-P1-2) was also tested 

with added neutralant to specifically investigate the effect of this addition on solubility of major ions and 

metals. Dissolution of the added limestone will increase the activity of both Ca and bicarbonate (HCO3) 

ions in solution, which could have a secondary effect on the solubility of Mg and SO4. Of course, the 

rise in pH will also remove initially soluble metals from solution. 
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The Stage 2 test procedure was identical to that used in Section 5, apart from the addition of sufficient 

limestone at each step to account for the total existing acidity contributed by the fresh sample of waste 

used for each leach step. 

8.3 RESULTS 

8.3.1 Stage 1 – Inverse Leach with No Neutralant Added 

The objective of this work is to track the solution concentration as a function of decreasing L/S ratio to 

determine at which point solubility control for any given solute species starts to occur. This will inform 

estimates of seepage quality in the context of comparison with actual observed seepage concentrations. 

In particular if the maximum concentration of a given solute that is measured is much greater than that 

which has been observed in seepage in the field, then this implies that solubility controls are not limiting 

what is being observed. The full extraction data set for the four samples is compiled in Table 8-2. 

The Ca, Mg, and SO4 concentration data for sample TP1-P1-3 are plotted as a function of concentration 

factor (L/S ratio for each leach step scaled against the starting 5:1 ratio a function of L/S ratio) in Figure 

8-1. Note that the title of this figure indicates that the pH was 7 for this series of leachate solutions. This 

contrasts with the pH value of 6.4 recorded for the 5:1 leach extraction which was done on a different 

sub-sample by ALS. 

It is clear from Figure 8-1 that the concentration of Ca is essentially constant (albeit decreasing slightly) 

across the range of concentration factors. This behaviour is consistent with solubility control by gypsum 

across the L/S range spanned by this series of extractions. In contrast, Mg concentrations increase 

linearly, which is consistent with lack of solubility control across the range of L/S values. Whilst 

concentrations of SO4 increase across the range, the behaviour is curvilinear rather than linear as for 

Mg. 
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Figure 8-1 Concentrations of Ca, Mg and SO4 as a function of  

concentration factor for TP1-P1-3 
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The concentration data for five key metals are plotted in Figure 8-2. Cu, Co and Zn concentrations 

remain very low across the range of L/S ratios, with the only the concentration of Zn displaying a linear 

trend. Mn and Ni display similar curvilinear behaviour with the increase in concentration leveling out at 

the lower (higher concentration factor) L/S ratios. This suggests that the concentrations of Mn and Ni 

are starting to become solubility controlled as the L/S ratio approaches the ratio that likely characterizes 

the interior of a WRD. It is not straightforward to numerically model the solubilities of these metals under 

the high ionic strength conditions pertaining in these extractions, so the empirical data provided by the 

leach extractions provides the most definitive indication of the conditions under which solubility control 

is likely to occur. 
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Table 8-2 Concentration data for inverse leach testwork in the absence of added neutralant 

Sample L/S ratio pH 
Mg,  

mg/L 

SO4, 

 mg/L 

Ca,  

mg/L 

Al,  

mg/L 

Co,  

mg/L 

Cu,  

mg/L 

Fe,  

mg/L 

Mn,  

mg/L 

Ni,  

mg/L 

Zn,  

mg/L 

TP1-P1-3 5 6.4 148 1,930 582 <0.01 0.1 0.04 <0.05 2.7 0.5 <0.005 

 1 6.2 451 2,990 506 <0.02 0.4 0.4 <0.05 5.1 3.0 0.1 

 0.5 7.0 752 4,040 482 <0.02 0.6 0.7 <0.05 7.3 4.4 0.1 

 0.33 7.2 940 4,790 460 <0.02 0.6 0.8 <0.05 8.0 5.0 0.8 

 0.25 7.1 1,080 5,250 443 0.06 0.7 0.6 <0.05 8.5 5.3 1.1 

TP2-P1-2 5 3.4 80 1,610 423 42.6 0.4 5.7 7.5 3.6 0.7 0.2 

 1 3.3 308 3,170 495 130 1.3 16.8 5.8 13.2 2.8 0.8 

 0.5 3.3 557 4,640 482 229 2.5 30.1 9.4 25.3 5.1 1.5 

 0.33 3.5 764 5,880 460 308 3.4 40.0 9.2 35.5 7.0 3.3 

 0.25 3.5 870 6,450 426 355 3.8 43.9 10.6 39.8 8.0 4.5 

TP7-P1-6 5 4.5 39 256 21 0.37 4.7 6.1 0.1 0.5 5 14 

 1 4.0 264 1,630 82 9.9 32 38 19.8 3.5 34 103 

 0.5 4.2 364 2,420 159 11.4 54 68 16.5 6.2 59 150 

 0.33 4.5 525 3,480 226 16.5 79 116 5.6 8.7 85 220 

 0.25 4.4 657 4,400 283 23.5 102 141 11.1 11.1 109 284 

TP7-P1-13 5 3.3 1,360 6,770 34 46.2 80.1 58 202 6.4 71 418 

 1 3.3 6,210 31,700 157 345 371 257 688 32.2 330 2,010 

 0.5 2.8 12,600 63,900 314 691 736 471 1,700 62.8 648 3,880 

 0.33 2.8 19,100 94,700 461 1,050 1,080 685 2,620 92.4 950 5,740 

 0.25 2.8 26,860 132,600 539 1,507 1,541 955 3,774 129.0 1326 8,035 
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Figure 8-2 Concentrations of metals as a function of concentration factor for TP1-P1-3 

 

The opposite end of the spectrum to the circum-neutral and gypsum-saturated TP1-P1-3 is provided by 

the highly acidic TP7-P1-13 in which gypsum is well under saturation and the concentration of Mg is 

10-times higher than in TP1-P1-3 at the starting 5:1 L/S ratio. The extraction data for Ca, Mg and SO4 

are plotted in Figure 8-3. The concentrations of Ca, Mg, and SO4 increase linearly across the L/S range 

indicating no solubility constraints. In particular the highest concentration of Mg (27,000 mg/L) is still 

well below the epsomite solubility limit of 80,000 mg/L.  

The concentrations of extractable metals are orders of magnitude higher than for TP1-P1-3, consistent 

with the much lower pH (Figure 8-4). The extractable concentrations increase linearly across the L/S 

ratio range and show no evidence of solubility limitations at the lowest L/S ratio. 
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Figure 8-3 Concentrations of Ca, Mg and SO4 as a function of concentration factor  

for TP7-P1-13 
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Figure 8-4 Concentrations of metals as a function of concentration factor for TP7-P1-13 

 

Plots of the data for TP2-P1-2 and TP7-P1-6 are not shown here because the behaviours of the major 

ions and metals are consistent with those shown above for comparable pH values and initial 

concentrations of Ca and Mg. The key question is, how do the concentrations of major metal ions and 

metals at the high concentration factor end of the water extractions compare (at comparable pH) with 

observed concentrations in groundwater or seepage from the Main and Intermediate WRDs. In 

summary there is no consistent agreement across the range of major ions and metals that have been 

assessed above. What is clear, however, is that gypsum is limiting the solubility of Ca, and that 

neutralization of acidic waste rock would be required to substantially limit the concentrations of metals 
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in seepage from the WSF. In the case of Mg, observed concentrations in seepage and groundwater in 

the vicinity of Main and Intermediate WRDs contain concentrations that are one to two orders of 

magnitude below the limit imposed by the solubility of epsomite. 

The WSF will be constructed very differently to the existing ones (i.e. it will be built in layers from the 

ground up, with compaction of fine-grained material between lifts). This method of construction coupled 

with a high performance cover to reduce infiltration to less than 5% of MAR will facilitate the more even 

and homogeneous penetration of a wetting (leaching front) downwards through the waste. This will 

result in a much more uniform leaching condition than for the current WRDs such that more of the 

existing available soluble salts will be dissolved. Consequently, it is anticipated that the concentrations 

of Mg emerging in seepage from the WSF will be much higher than is currently the case. Since the 

bottom of the WSF will be perched above the influence of the seasonally near-surface groundwater flow 

field, there will also be no opportunity for dilution like there is for the existing WRDs.  

The materials that will be placed in the WSF will be tailings (assuming tailings are to be removed before 

backfilling the Main Pit), contaminated materials, and waste rock from the Main and Dyson’s WRD. This 

provenance is very important, since we know that the concentrations of leachable metals that are 

present in these materials are much lower than for materials from the Intermediate WRD. Also, a pH 

cutoff of 5 was applied to the water extract data sets used to produce Table 8-3 because the solubility 

of the key suite of metals is typically much higher at pH values less than 5. 

 

Table 8-3 80th percentile concentrations of metals present in the 5:1 water extracts of samples 
with pH values <5 collected from test pitting in October 2014 

WRD n Cu, mg/L Mn, mg/L Ni, mg/L Zn, mg/L 

Intermediate 27 72 6.5 13 45 

Main 26 26 2.4 1.0 0.4 

Dyson’s 6 1.2 1.1 0.6 0.1 

 

The data in Table 6-2 show that removal of Fe, Al and Cu from solution to very low levels can be 

achieved using limestone as a neutralant. This level of performance is consistent over a one to two 

orders of magnitude range of starting concentrations. Greater than 90% removal of Co, Ni and Zn was 

also achieved for the three samples that were tested. The worst performance occurred for Mn where 

65% was removed from sample TP7-P1-11. However, TP7-P1-11 represents the most extreme end of 

the samples that were obtained from the Intermediate WRD. Given the relatively much lower 

concentrations of leachable metals in extracts of material from the Main and Dyson’s WRDs (Table 8-

3) it is anticipated that substantive removal of all of these metals would be achieved by neutralization 

with limestone.  
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8.3.2 Stage 2 – Inverse Leach Testing with Limestone-Amended Samples 

The results are compiled in Table 8-4, and compared with what was found in the absence of neutralant. 

The concentrations of each of the standard suite of metals were reduced by in excess of 98% in the 

end member 1:4 L/S ratio extraction. Uranium and Se have been included in the data reported for the 

plus neutralant sample as these solutions were analyzed by ICPMS. The extracts produced in the 

absence of neutralant (apart from the 5:1 extract) were analyzed by ICPAES which did not include U 

and Se.  

The Se concentration data are consistent with those reported above for the neutralization testwork.  

Importantly there is no increase with decreasing L/S ratio implying that the concentration of this 

metalloid has become solubility limited. A similar situation pertains for U, noting that the extent of 

reduction in concentration of U, based on comparison with the single 5:1 L/S ratio concentration point 

available for the un-neutralized material, is not nearly as great as for the other metals. This behaviour 

for U is due to the formation of soluble U carbonate species under these conditions of elevated soluble 

carbonate activity. 

Reference to the data for the major ions (Ca, Mg, SO4) shows a substantial (up to 3 to 4 times) reduction 

in the concentrations of Mg and SO4 in the limestone-treated material (Table 8-4). Included for 

comparison in Table 8-4 are the 1:4 L/S ratio leach data for the T1-P1-3 sample, for which the pH of 

7.1 is closest to that produced by the addition of neutralant to TP2-P1-2.  

 



Physical and Geochemical Characteristics of Waste Rock and Contaminated Materials              Page 117
 

 

 
Robertson GeoConsultants Inc.    Report No. 183008/2 

 

Table 8-4 Inverse leach concentration data for sample TP2-P1-2 in the presence and absence of neutralant.  

L/S 
Ratio pH Mg, 

mg/L 
SO4, 
mg/L 

Ca, 
mg/L 

Al, 
mg/L 

Co, 
mg/L 

Cu, 
mg/L 

Fe, 
mg/L 

Mn, 
mg/L 

Ni, 
mg/L 

Zn, 
mg/L 

U, 
mg/L 

Se, 
mg/L 

TP2-P1-2 (limestone added) 

1 6.9 177 1,730 753 0.01 0.013 0.01 <0.02 0.9 0.06 0.012 0.01 0.03 

0.5 7.0 240 1,830 672 0.02 0.019 0.01 <0.02 1.1 0.09 0.014 0.01 0.04 

0.33 7.2 277 1,990 700 0.2 0.019 0.03 <0.02 1.1 0.08 0.018 0.01 0.05 

0.25 7.5 282 2,030 669 0.01 0.014 0.05 <0.02 0.9 0.05 0.016 0.01 0.04 

TP2-P1-2 (no limestone) 

5 3.4 80 1,610 423 43 0.4 5.7 7.5 3.6 0.7 0.2 0.03 na 

1 3.3 308 3,170 495 130 1.3 16.8 5.8 13.2 2.8 0.8 na na 

0.5 3.3 557 4,640 482 229 2.5 30.1 9.4 25.3 5.1 1.5 na na 

0.33 3.5 764 5,880 460 308 3.4 40.0 9.2 35.5 7.0 3.3 na na 

0.25 3.5 870 6,450 426 355 3.8 43.9 10.6 39.8 8.0 4.5 na na 

TP1-P1-3 

0.25 7.1 1,080 5,250 443 0.06 0.7 0.6 <0.05 8.5 5.3 1.1 na na 

Note: The 0.25 L/S ratio data for TP1-P1-3 have been included for comparison 
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In the absence of added neutralant the starting concentrations (i.e. at 5:1 L/S ratio) of Mg are similar 

in both TP1-P1-3 and TP2-P1-2. It might have been expected that the concentrations would have also 

been similar for the corresponding 1:4 leachate produced when neutralant was added to TP1-P1-2. 

However, this is not the case, with the neutralant-treated leachate containing only one-quarter of the 

Mg seen for TP1-P1-3 (Figure 8-5).  
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Figure 8-5 Inverse leach extraction of Mg in presence and absence of neutralant 

 

A similar effect is seen for SO4 where the concentration in the 1:4 leachate with neutralant added is 

about is about one-third that in the absence of neutralant (Figure 8-6). It is presumed that this reduction 

is due to the precipitation of gypsum formed by the reaction between addition Ca released by the 

dissolution of calcite and the existing dissolved SO4. The XRD results in Table 3-5 showed the 

formation of gypsum when neutralant was added. Sample TP1-P1-3, for which no additional soluble 

Ca was supplied, displays very similar sulfate concentrations in the 1:4 leachate as does TP1-P1-2 

without neutralant. 
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Figure 8-6 Inverse leach extraction of SO4 in presence and absence of neutralant 

 

8.4 SUMMARY 

Based on information presented above, it is inferred that the concentrations of Fe, Al, Co, Cu, Mn, Ni 

and Zn in seepage from the WSF (assuming neutralization of existing acidity with limestone) will be in 

the sub mg/L range. There is a high degree of confidence that for Fe, Al, Cu and Zn the concentrations 

will be less than 0.2 mg/L.  

The concentration of Ca will be limited by the solubility of gypsum and will be around 500 to 600 mg/L. 

This is higher than would be predicted if the system was in equilibrium with the atmosphere and is a 

consequence of the increased partial pressure of CO2 caused by the reaction of the CaCO3 with acid 

in a closed system.  

The behaviour of Mg is more complex. For un-neutralized acidic material, the concentration in solution 

is a linear function of decreasing L/S ratio. Potentially the concentration of Mg under these 

circumstances could be limited by the solubility of epsomite, which is equivalent to 80,000 mg/L Mg 

(and 320,000 mg/L SO4). However, the inverse leach work with added neutralant indicates that the 

solubility of Mg is being controlled by the formation of a secondary mineral phase of much lower 

solubility than epsomite. Thus, for neutralized material, the seepage could contain much lower 

concentrations of Mg (e.g. 1,000 to 5,000 mg/L Mg) than would be the case if solubility was controlled 

by epsomite. 

As for calcium, the primary control on SO4 concentration is gypsum. However, the amount of SO4 is 

generally far in excess of that which can be removed by the formation of gypsum. The inverse leach 

testwork with added neutralant suggests a substantial reduction in sulfate relative to the non-

neutralized material, owing to the supply of additional Ca by the dissolution of calcite. Thus the 
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concentration of SO4 in leachate from neutralized material is likely to be of the order of 10 to 20 g/L 

rather than the much higher concentrations that would occur if neutralization did not occur  

The test work that has been done thus far has focused on those materials that are at the higher end of 

the range of existing acidity, so as to confirm the initial estimates of neutralant demand and to 

investigate how fast the jarosite component is consumed. It is recommended that further work be done 

on the lower end of the range since this this material will comprise the bulk of the WSF. In particular 

some additional inverse leach work should be done on the PAF-II and PAF-III material from Main WRD 

and PAF-III material from the Dyson’s WRD. Limited column testwork, with up to 3 samples of PAF-II 

and PAF-III material should be initiated to further assess the composition of the seepage likely to be 

produced from water infiltrating through the WSF. 
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9 FIELD METHODS FOR WASTE CHARACTERIZATION 

9.1 INTRODUCTION 

9.1.1 Scope and Objectives 

As noted above in-field materials characterization QC programs using geochemical data could 

potentially be used to: 

1. identify PAF waste rock types at point of reclaim to optimize the placement and storage of the 

different PAF types (specifically to ensure as much as possible of the PAF-I and PAF-II 

materials are placed in the pit):  

2. optimize the amount of neutralant to be added, and  

3. confirm the effectiveness of the mixing process used for blending of neutralant with waste in 

the new WSF.   

 A Type 1 QC program would be of most potential benefit for the Main WRD, as this is by far the largest 

WRD on site and contains a mixture of PAF and NAF waste rock types spanning a range of materials 

handling and lime dosing requirements.  

Notwithstanding the issues identified above (Sect 5.5.2) for achieving segregation on reclaim the 

geochemical work has identified a number of potential indicators, namely pH and Stotal, that could be 

used to implement QC programs for more precise control of neutralant delivery (pH) and identification 

of PAF categories (Stotal). Also described here are the potential of handheld XRF and field Net Acid 

Generation (NAG) testing to be used for identification of PAF categories.  

9.2 POTENTIAL INDICATORS 

9.2.1 pH 

As shown by the characterization data for the samples collected in the field, total existing acidity and 

hence neutralant demand can potentially be inferred from pH (Section 5.4.4). However, these 

relationships were based on the pH that was measured in the laboratory for the crushed <19 mm 

fraction at a 5:1 L/S ratio and equilibration time of 5 hours. The key question is how do these laboratory-

measured pH values compare with the pH values measured in the field using the <2 mm sieve fraction? 

This comparison can be made since every bulk sample collected in the field was size-fractionated on 

site and the field rinse pH measured for a 2:1 L/S slurry of the <2 mm fraction following a 1 hour 

equilibration time. 

The data sets for PAF-II in the Main WRD and PAF-III in the Main and Dyson’s WRDs have been 

plotted in Figures 9-1 and 9-2, respectively. This has been done assuming that the PAF-II and PAF-III 

waste types can be identified and segregated during re-location. Most of the PAF-II waste rock will 
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come from Main WRD with a substantial fraction of this going to the Main Pit. The residual PAF-II 

material from Main WRD would then be re-located to the WSF (as it is intended that all of the PAF-III 

material will go to the WSF). 

All of the pH data from the Intermediate WRD samples have been plotted together in Figure 9-3 

because it is not intended to segregate PAF-I and PAF-II waste rock from this WRD (i.e. it would all be 

re-located to the Main Pit). The fitted linear trend lines for all three plots exhibit slopes of close to one. 

In the case of Figures 9-1 and 9-2 there is also a very high r2 value. Although the r2 value is less for 

Figure 9-3 there is still quite a good correlation between lab and field pH data.  

Based on the above, it is considered that measurement of the field rinse pH of the <2mm sieve fraction 

could be used to infer neutralant demand for material either as it is being reclaimed or following 

placement in the new WSFs. It is suggested that a grid-based sampling regime be implemented based 

on a 25m2 grid array. The challenge will be to develop a field protocol with sufficient spatial resolution 

and short enough turnaround time to be able to coordinate with the waste re-location schedule.  
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Figure 9-1 Lab pH versus field pH for Main PAF-II materials 
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Figure 9-2 Lab pH versus field pH for Main and Dyson’s PAF-III materials 
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Figure 9-3 Lab pH versus field pH for Intermediate PAF-I and PAF-II materials 

 

9.2.2 Total Sulphur 

There are good correlations between the AP and Stotal values across the range of samples that were 

characterized during the initial phase of testing (Figures 9-4 and 9-5). The data points for the 

Intermediate WRD (Figure 9-4) are clustered to the upper right consistent with the predominant PAF-I 

and PAF-II categories in this WRD. This behaviour contrasts with the Main WRD (Figure 5-5) where 

there is a concentration to the lower left that reflects the greater amounts of PAF-II and PAF-III materials 

in this WRD. Figure 9-6 is a scale-expanded version of Figure 9-4 that allows the PAF-II and PAF-III 

categories to be distinguished. In each of these three plots, the correlation coefficient for a linear fit to 
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the data exceeds 0.8. Thus measurement of Stotal could potentially be used to inform the waste rock 

re-location process. 

 

y = 25.23x + 6.242
R² = 0.8504

0

50

100

150

200

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

AP
 k

g/
t H

2S
O

4

Total S%

INTERMEDIATE

 
Figure 9-4 AP versus Total S% for Intermediate WRD 
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Figure 9-5 AP versus Total S% for Main WRD 
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Figure 9-6 AP versus Total S% for Main WRD - expanded scale highlighting the PAF-II and 

PAF-III categories 

 

Stotal can be measured by three methods: 

(1) Oxidizing acid (aqua regia) digestion followed by measuring S by ICP-AES or gravimetrically 

by precipitation of barium sulfate. 

(2) Combustion furnace (e.g. Leco™). 

(3) X-ray fluorescence. 

Of the three methods, (1) is the most complex as it involves a wet chemical digestion step followed by 

a secondary method of detection. The furnace combustion method with IR (infrared) detection of SO2 

could potentially be directly applied to a field sieved <2mm fraction. Similarly the XRF method could 

potentially be directly applied following appropriate preparation of the sample 

The XRF method was considered to be the most promising approach to initially assess because: 

• this technique does not require the sample to be chemically treated, and 

• the DPIR has a part share in a hand held XRF unit that can detect S.  

The intrinsic problem with the determination of S by XRF is that S is a light element, the emission from 

which is weak with only a very short path length for penetration of the excitation beam. It is only over 

the past five years that handheld XRF source technology has advanced to the point where S can be 

measured directly in the field. Prior to that the measurement of S by XRF was restricted to bench top 

units with much more powerful Xray sources and/or vacuum or helium purged cell capability.   
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The issues with beam attenuation mean that the measurement will be particularly sensitive to moisture 

content and to the method of presentation of the sample to the instrument. Ideally the sample should 

be dry and finely ground to minimize heterogeneity and void space. 

The first test of the XRF method was done using a group of dried pulp samples of known total S content. 

These were sourced from the archive of samples that had been produced by SRK in 2012 (SRK 2012) 

for the initial geochemical characterization work. These samples were packed into special plastic cells 

and contained in place by a thin layer of Mylar™ film. Mylar film is transparent to x-rays. The results 

are summarized below (Figure 9-7). While there is a linear correlation between total S measured by 

the reference Leco furnace method and the XRF analyzer the slope of the line is 0.255. While this 

result suggested a calibration issue with the instrument the straight line correlation obtained indicted 

that the method has promise.  

 

 

Figure 9-7 Comparison between XRF S and Leco (reference) data in selected samples of pulps 
(<85 µm) from the Intermediate WRD. 

 

Sample preparation needs to be kept to a minimum if XRF is to be of practical use for field screening 

in advance of reclaim. The <2mm sieve fraction is routinely used to measure paste pH, the value of 

which will guide the neutralant dosing regime. It has been shown above that the S content of the < 

2mm fraction also represents the S content of the waste as a whole. Hence it would be ideal if the 

<2mm fraction could also be used for the measurement of total-S by XRF. 

The range of samples produced for the particle size distribution work described in Chapter 4 provided 

what was needed to compare the XRF response of intact <2mm material with a subsample that had 

been crushed to a pulp. The three samples used for this test were TP1-P1-5 (18200 mg/kg S), TP2-

P1-2 (24800 mg/kg S) and TP7-P1-11 (55300 mg/kg S). The results are presented in Figure 5.8, which 
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shows good linear correlations between both the intact <2mm material and the corresponding pulps, 

and the reference Leco-S values. 

 

 

Figure 9.8 Comparison between XRF-S and Leco-S (reference) data for intact <2mm material 
and corresponding pulps. 

 

The intrinsic replication for both the intact and pulped <2mm fraction was about 10%, based on 4 repeat 

measurements of each sample. This indicates no issues with use of the <2mm size fraction to measure 

total-S. In fact there is higher sensitivity for S in the coarser material. 

The slopes of the correlation lines are appreciably higher than in Figure 9.7. This is presumably the 

result of a recalibration of the instrument that occurred between the two sets of measurements. 

However, the slope is still low indicating that a specific method (program) will need to be set up for the 

XRF analyser using the actual concentrations of S in these well characterized samples from Rum 

Jungle.  

Given the number of samples that would need to be analyzed in the field, and the length of time (i.e. 

an entire dry season), the equipment for the QC program will be required on site on a full-time basis. If 

another hand held unit was to be purchased/rented it should contain a Rh anode which gives superior 

performance for the analysis of S. 

In the event that only S was to be analyzed, a Leco (or equivalent) furnace combustion analyzer might 

be less costly than an XRF analyzer. An evaluation could be made of the Leco method for measuring 

total S. However, initial enquiries about the application of this method indicates substantial technical 
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issues in applying it to the weight of sample needed to ensure representative sub-sampling of a <2mm 

sieve fraction. Small samples of finely ground pulps are the feed that is specified for a standard furnace-

based analyser. Having to dry samples and grind them prior to analysis would add substantially to the 

time required for this method compared to XRF. 

9.2.3 Net Acid Generation (NAG) Testing 

This method shows promise as indicated by the findings from the particle size characterization work 

reported in Section 7 above. It is recommended that further investigation be undertaken of the use of 

the NAG test on the <2mm fraction to discriminate other PAF categories, in particular PAF-III and NAF 

materials. This will be especially important for the Main WRD. 

9.3 PROPOSED QA/QC PROGRAM 

If waste is to be characterized in advance of reclaim the proposed sampling program would be based 

on  delineating 25 x 25 m grid squares in advance of earthmoving equipment. At least ten grab samples 

would then be collected from the previously-cut waste surface or from shallow test pits within each 

square. Grid squares would be delineated ahead of the earthworks crew so each square can be 

appropriately designated for re-location before it is cut and hauled away.  

With respect to analyses, the field component of the QC program will involve measuring the rinse pH 

and the Stotal content of each of the ten samples. These samples would be pulverized (or sieved) and 

then assayed using a handheld X-ray fluorescence (XRF) analyzer. For one of the samples, Stotal would 

be analyzed with a Leco furnace to provide a check on the XRF measurements and ANC would be 

measured by titration. These analyses would be done on site and the data used to classify waste rock 

within the grid square and determine the appropriate dose of lime for the assigned PAF category (and 

where it should be placed). 

A similar design sampling program could be applied to waste being deposited in thin lifts on the new 

WSF. Measurements of field pH would facilitate optimization of neutralant dosing. Assessment of the 

efficiency of mixing and effectiveness of neutralization of existing acidity could also be done using 

samples collected on a similar grid pattern. 

 

 

  



Physical and Geochemical Characteristics of Waste Rock and Contaminated Materials   Page 129
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/2 

 

10 SUMMARY AND RECOMMENDATIONS 

10.1 WASTE ROCK CLASSIFICATION  

Three categories of PAF waste rock were identified:   

• PAF-I waste rock is characterized by the highest sulphide content (and lowest acid-neutralizing 

capacity). PAF-I waste rock will generate the most AMD in the future if it were allowed to 

oxidize.  

• PAF-II waste rock would generate substantial AMD in the future, but less than PAF-I waste 

rock.     

• PAF-III waste rock is the least acid-generating PAF type.  

NAF waste rock is defined by an NPR value of two or higher and an existing acidity content of 0.5 kg 

H2SO4/t or less. NAF waste rock does not require specific containment, so it could be used to construct 

the WSF or to backfill the un-saturated zone of the Main Pit. However, it should be noted that NAF rock 

does contain significant leachable amounts of major ions so this may limit where it can be used. 

Segregating NAF waste rock from PAF-III waste rock would require an intensive QC program to be in 

place during re-location (see below).  

10.2 WASTE INVENTORY AND PROPOSED RE-LOCATION SEQUENCE  

PAF-I and PAF-II waste rock (initially from Intermediate WRD and Dyson Pit shallow backfill) would be 

used to backfill the Main Pit. Remaining PAF-II and all of the PAF-III waste rock would be placed in the 

WSF together with NAF waste rock (see Table 10-2). Geochemically benign material would then be 

placed to a sufficient thickness to provide a barrier layer between the high sulfide waste and the 

overlying pit lake. While the majority of this material would likely be sourced from an offsite borrow 

area, the amount ultimately required will depend on whether NAF waste rock can be effectively 

segregated from PAF waste rock during the re-location of the Main WRD. The East Branch of the 

Finniss River would then flow through the shallow lake to be created after rehabilitation is complete. 

About 2,000,000 m3 of waste rock (25% of total re-located material) can be placed underwater in the 

Main Pit. Submerging this waste rock will eliminate further oxidation of contained sulphide minerals. 

The remaining 6,000,000 m3 of waste rock and contaminated materials will be contained in a new WSF. 

The WSF will be designed to (i) minimize the oxidation of sulphide minerals by limiting the ingress of 

oxygen and (ii) to reduce the volume of seepage by restricting rainfall infiltration. Small amounts of SD 

(i.e. neutral pH drainage with high TDS) may need to be managed after rehabilitation.  
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10.3 ESTIMATED NEUTRALANT DEMAND FOR WASTE ROCK    

10.3.1 Neutralant Demand 
PAF waste rock that is placed into the Main Pit or the WSF would likely be amended with enough 

neutralant to neutralize existing acidity only. The neutralant demand of waste rock was estimated to be 

80th percentile of the existing acidity content of the PAF waste rock samples that have a rinse pH less 

than 5. These are the more acidic samples within each PAF category, so this is a conservative 

approach that would lead to over-liming the majority of waste rock and under-liming a small proportion.  

Testwork to investigate the dependence of neutralant demand on particle size showed that use of the 

existing acidity data for the <19mm size fraction would overestimate by about 55% the neutralant 

demand for the waste rock dump as a whole. Thus derivation of the neutralant demand from the <19mm 

size fraction provides a factor of conservatism additional to that already introduced by using the 80th 

percentile value for samples with an initial paste pH of less than 5.  

10.3.2 Target pH for Neutralization 
The target pH for neutralization is estimated to be around pH 7 based on the concentrations of soluble 

metals remaining in solution as a function of pH. Agricultural lime (i.e. calcium carbonate, CaCO3) will 

likely be used to amend waste rock that is placed dry in the Main Pit or the WSF. Magnesite, Mg(CO3) 

could also be used, but it will react slower than limestone and more leachable Mg would be present in 

neutralized waste rock after rehabilitation.  

Amendment of waste rock with limestone consistently achieved a pH of 6.5 to 7.0. Extract 

concentrations of most metals were reduced by at least 95%. Mn is an exception, as it was only reduced 

by an average of 87%. Amendment with hydrated lime removes greater than 99% of all dissolved 

metals, including Mn, from solution.  

10.3.3 Use of Hydrated Lime as a Neutralant 
Should a higher pH be needed to remove metals, hydrated lime, Ca(OH)2, may also be used as a 

neutralant. Amendment with hydrated lime to a pH in excess of 9.5 removes greater than 99% of all 

dissolved metals, including Mn, from solution. Hydrated lime also substantially reduces the 

concentrations of dissolved Mg and SO4. However, the only reason to use Ca(OH)2 would be if more 

complete immobilization of Mn and substantial removal of Mg and SO4 were required in the waste rock 

being treated with neutralant. Hydrated lime dose rates needed to achieve nominal target pH values of 

7, 8 and 9.5 for a high range sample of leachate from waste rock and for a high copper groundwater 

are summarized below:  

• Sample TP7-P1-13 (Intermediate WRD). 

o Nominal pH 7.0, 1.27 kg/1000 L 

o Nominal pH 8.0, 1.42 kg/1000 L 
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o Nominal pH 9.5, 1.62 kg/1000 L 

• Groundwater from MB12-35 

o Nominal pH 7.0, 1.09 kg/1000 L 

o Nominal pH 8.0, 1.13 kg/1000 L 

o Nominal pH 9.5, 1.51 kg/1000 L 

10.3.4 Neutralization with Fine-Grained Limestone 

Treatment with CaCO3 results in at least 90% removal, with the exception of Mn, of metals compared 

with water extractable concentrations produced by un-neutralised samples of waste rock. While 

Ca(OH)2 does result in greater overall removal of dissolved metals it is questionable whether this would 

be required to meet the objectives of the rehabilitation project, noting that Ca(OH)2 will likely cost 2 to 

3 times more than CaCO3. The only reason to use Ca(OH)2 would be if more complete immobilisation 

of Mn and substantial removal of Mg and SO4 were required in the waste rock being treated with 

neutralant. In contrast, hydrated lime will definitely need to be used for the water treatment plant to be 

constructed on site to manage seepage and pit waters during the construction period. 

The slow rate of reaction of jarosite with added neutralant indicates it might be possible to only partially 

neutralise waste that is being placed in the lower horizons of the Main Pit to reduce the demand on the 

surface water treatment system. However, it would be prudent to add a stoichiometric excess (e.g. 

20% in excess of titratable acidity) of neutralant to waste being deposited in the pit. This would increase 

the time that the pH remained sufficiently elevated before buffering by jarosite decreased the pH to 

values that would result in re-dissolution of initially precipitated metals. 

10.3.5 Limestone Requirements during Rehabilitation 
Assuming limestone is used, PAF-I waste rock would require 24 kg CaCO3/t of waste rock. PAF-II and 

PAF-III waste rock will require 16 kg CaCO3/t and 8 kg CaCO3/t, respectively. In total, up to 162,300 t 

CaCO3 could be needed to amend PAF waste rock during rehabilitation, assuming that the different 

PAF types can be segregated as indicated in Table 5.9. 64% of this amount is for PAF-I and PAF-II 

waste rock re-located to the Main Pit and the other 36% is for PAF-II and PAF-III waste rock re-located 

to the WSF. Alternatively, 216,000 t of limestone will be needed if waste is not segregated on reclaim 

and the default maximum (defined in section 5.5.2) neutralant addition rates are applied (Table 5.10).  

Fine-grained limestone would be used to maximize contact with waste rock. CaCO3 would be mixed 

with waste rock during excavation or while it is being placed Initial results indicate that the neutralant 

demand estimate based on existing acidity are correct and that fine-grained limestone performs well 

for the neutralization of acidity and removal leachable metals. Future laboratory test work will be 

conducted using a wider range of samples to confirm the neutralant demand estimates provided above.  
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The effectiveness of agricultural lime (limestone, CaCO3), hydrated lime (Ca(OH)2), and magnesite 

(MgCO3) were evaluated in Section 6 of this report. Specific objectives were to: 

• Determine whether amending waste rock with limestone would increase the pH of matrix 

porewater to pH 7 (and thereby reduce metal concentrations in solution). 

• Define the target pH for a water treatment process that involves hydrated lime addition.  

A batch contact procedure was used to assess the effect of adding neutralant to a concentrated slurry 

of waste rock and de-ionized water (i.e. a mixture with a 0.9 liquid-to-solid ratio, or ‘L/S ratio’, by mass). 

The testwork was done using three waste rock samples that spanned a range of total acidity contents 

and pH values.  

Some key findings are summarized below: 

• The ag lime and hydrated lime  substantially reduced concentrations of most metals of interest, 

including Fe, Al, and Cu, and lowered concentrations of dissolved SO4, Ca, and Mg. 

Concentrations of metals and major ions were lowest after the addition of hydrated lime. 

• Concentrations of dissolved As and Cd, which are of special interest here because they are 

bio-accumulators, and dissolved U will likely be low in neutralized seepage from the Main Pit 

or the WSF. Concentrations of Se, however, may be elevated.    

• It could take years for the jarosite component of existing acidity to be neutralized, so it may be 

appropriate to only neutralize titratable acidity in waste rock that is placed in the lower horizons 

of the Main Pit (to reduce the demand on the water treatment system).  

• A target pH of 9.5 may be required to produce treated effluent that could be released directly 

to the East Branch of the Finniss River, whereas a lower pH may be needed if effluent were to 

be stored in the Intermediate Pit prior to its release during the wet season. Only hydrated lime 

can produce a target pH higher than 8. 

• Even after two weeks there had been only partial neutralization of existing acidity by 

magnesite, with correspondingly little reduction in the concentrations of key dissolved metals. 

This very slow rate of reaction means that the magnesite product tested does not compare well 

with the benchmark set by agricultural limestone for this type of application.  

10.4 GEOCHEMICAL SOURCE TERMS 

An inverse batch leach method was used to the factors controlling the solubility of major ions and 

metals in waste rock. This method involves (i) mixing water and waste rock to produce a sample of 

leachate and (ii) mixing that leachate with a fresh batch of solids to produce another leachate. That 

leachate, in turn, is then mixed with another fresh batch of solids, and so on until four solutions have 

been produced. Tests on un-amended waste rock and waste rock amended with limestone were 

completed. 
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Based on the information presented above, it is inferred that the concentrations of Fe, Al, Co, Cu, Mn, 

Ni and Zn in seepage from the WSF (assuming neutralization of existing acidity with limestone) will 

each be less than 1 mg/L. There is a high degree of confidence that for Fe, Al, Cu and Zn the 

concentrations will be less than 0.2 mg/L. The concentration of Ca will be limited by the solubility of 

gypsum and could be around 500 to 600 mg/L. This is higher than would be predicted if the system 

was in equilibrium with the atmosphere and is a consequence of the increased partial pressure of CO2 

caused by the reaction of the CaCO3 with acid in a closed system.  

The behaviour of Mg is more complex. For un-neutralized acidic material, the concentration in solution 

is a linear function of decreasing L/S ratio. Potentially the concentration of Mg under these 

circumstances could be limited by the solubility of epsomite, which is equivalent to 80,000 mg/L Mg 

(and 320,000 mg/L SO4). However, the inverse leach work with added neutralant indicates that the 

solubility of Mg is being controlled by the formation of a secondary mineral phase of much lower 

solubility than epsomite. Thus, for neutralized material, the seepage could contain much lower 

concentrations of Mg (e.g. 1,000 to 5,000 mg/L Mg) than would be the case if solubility was controlled 

by epsomite. SO4 concentrations in seepage from the WSF will likely be controlled by gypsum solubility 

(and be on the order to 10,000 to 20,000 mg/L).  

The test work that has been done thus far has focused on those materials that are at the higher end of 

the range of existing acidity, so as to confirm the initial estimates of neutralant demand and to 

investigate how fast the jarosite component is consumed. It is recommended that further work be done 

on the lower end of the range since this this material will comprise the bulk of the new WRD. In particular 

some additional inverse leach work should be done on the PAF-II and PAF-III material from Main WRD 

and PAF-III material from the Dyson’s WRD. Limited column testwork, with up to 3 samples of PAF-II 

and PAF-III material should be initiated to further assess the composition of the seepage likely to be 

produced from water infiltrating through the WSF. 

10.5 QUALITY CONTROL (QC) PROGRAM 

Robust  QA/QC programs will be  required to ensure that:  

1. PAF waste rock types are correctly identified during re-location and placed appropriately (pit 

or WSF. 

2. The optimum amount of lime is added to neutralize existing acidity; and  

3. that lime has been well mixed with the waste rock  

The use of potential indicators, namely pH and Stotal, that could be incorporated into the QC program 

to classify PAF type and neutralant demand have been evaluated. The use for the field characterization 

program of handheld XRF (to estimate Stotal) has been evaluated by a laboratory test program and a 

preliminary assessment undertaken of the potential utility of the Net Acid Generation (NAG) test.  
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In the event that characterization was to be done in advance of reclaim the sampling program could 

involve collecting samples in advance of earthmoving equipment or from selected haul trucks. The field 

component of the QC program would involve measuring the rinse pH and the Stotal content of each of 

ten samples collected from the area to be reclaimed. These samples would be sieved to <2mm and 

then screened for Stotal S using an XRF analyzer. A NAG test on the <2 mm size fraction might also be 

done to discriminate samples that are indicated to be PAF-III or NAF based on the Stotal value. These 

analyses would be done on site. For one or more of the samples, Stotal could also be analyzed with a 

Leco furnace or by Aqua Regia digestion (to approximate AP) to provide confirmation of the Stotal 

measured by XRF. ANC would be measured by titration of spot samples. The rinse pH data would be 

used to determine the appropriate dose of lime for the assigned PAF category.  

A materials characterization program on reclaim would be of most benefit for the Main WRD since it is 

by far the largest WRD and contains a mixture of PAF and NAF waste rock that will each require 

different lime doses and ideally different locations (pit or WSF) for final placement. A targeted drilling 

program sufficiently in advance of start of reclaim (see below) for the Main WRD could potentially 

identify what waste rock should be re-located first to the WSF – so as to minimize both the amount of 

higher PAF material initially placed in the WSF and the amount of lower PAF and NAF materials that 

could initially be left behind to take up valuable space in the pit in subsequent years of construction. 

However, even if such characterization is successful in delineating location, it might not be possible to 

physically access this material when it is required, owing to operational constraints on the pit backfill 

and WSF construction sequencing. 

In section 5..4.4 it was noted that even if testing cannot be done in advance of reclaim there exists the 

option of measuring field pH for the thin lifts being placed on the new WSF, and using these data to 

optimize the amount of lime that needs to be added rather than using a bulk default value for neutralant 

addition. A QC sampling program would then be needed to confirm that the lime had been well mixed 

through the lift and that sufficient had been added to account for the existing acidity.   

10.6 RECOMMENDATIONS  

10.6.1 Waste Prioritization  

It is intended that PAF-I waste rock (and most PAF-II waste rock) will be re-located to the Main Pit, 

whereas the WSF will contain residual PAF-II, PAF-III, and NAF waste rock. About 3 Mm3 of waste rock 

would be placed in the Main Pit. Clean NAF material would be used to cover the placed waste to the 

required by the final selected cover type. The majority of this material will likely be sourced from an 

offsite borrow area.  
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10.6.2 Neutralization Scheme 

The following recommendations pertain to the neutralization testwork:  

•  A target pH of 9.5 is indicated for a water treatment plant set up to treat de-watering flows 

from the Main Pit, supernatant produced in the Main Pit by contact between water and 

backfilled rock, and groundwater pumped from the Copper Extraction Pad area. 

• The neutralization results obtained for high Cu groundwater recovered from the heap leach 

pad area indicates that a pH higher than 9.5 will be needed to substantially remove the initially 

very high concentrations of Mn from solution.  

• A LDWQO for Se may be required given the finding of elevated concentrations of this metalloid 

in the neutralization test work.  

• Partial neutralization of PAF waste rock placed deep in the Main Pit, based on titratable acidity 

only (plus a 20% additional loading), should be considered. This would prolong the period of 

elevated pH values and reduce neutralant demand for water treatment, before buffering by 

jarosite decreases the pH to values that would result in re-dissolution of initially precipitated 

metals. Such delayed re-dissolution occurring at depth in the backfilled pit is unlikely to 

materially affect rehabilitation outcomes. However, this assertion could be tested by including 

an increased deeper groundwater source term in the groundwater modelling being done to 

assess post rehabilitation environmental performance. 

10.6.3 Recommended Future Work 

• Neutralization Testwork: 
o The neutralization test work that has been done thus far has focused on those 

materials that are at the higher end of the range of existing acidity to confirm the initial 

estimates of neutralant demand and to investigate how fast the jarosite component is 

consumed following addition of neutralant.  

o Further work is recommended on the lower end of the range of existing acidity since 

this material will comprise the bulk of the WSF and some additional inverse leach work 

should also be done on the PAF-II and PAF-III material from Main WRD and PAF-III 

material from the Dyson’s WRD5. Limited column testwork, with up to 3 samples of 

                                                      
5 This work was completed in 2017/18 and is reported in Jones D (2019) Geochemical Characterisation- Waste 
Rock Solute Source Terms Stage 2 and Main Pit Tailings. In summary, the findings of the Stage 2 work are 
consistent with those reported here 
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PAF-II and PAF-III material should be initiated to further assess the composition of the 

seepage likely to be produced from water infiltrating through the WSF.   

o Further testing Net of the Acid Generation (NAG) method is indicated for application 

in the field QC program. This method shows promise to discriminate. PAF-III and NAF 

materials which are otherwise difficult to differentiate based on Stotal.  

• Field Mixing Trials: 
o A field mixing trial should be done in advance of the main construction program. The 

objectives of this work would be to develop an effective approach to dry mixing of lime 

and waste rock that can be operationally implemented, and to provide refined cost 

estimates for this component of the rehabilitation project. The mixing methods that are 

tested by the trial(s) must use the same type and size of equipment that will be used 

for pit backfilling and the construction of the WSF. Current options include dry mixing 

with waste rock during excavation, mixing it before it is placed using a conveyor 

system, or by tyne ripping of lime applied to the thin layers (0.9m lifts) to be used for 

construction of the WSF. The field mixing trial will also facilitate development of a fit-

for-purpose QC sampling and analysis program to verify the extent of mixing achieved 

for each layer completed during the construction program. 

• Targeted Drilling and/or Field QC Program. 
o Targeted drilling could be used better define locations of low PAF and NAF material in 

the Main WRD. The key objective would be  to identify areas of the Main WRD that 

are predominantly low sulphide PAF and NAF material that could be re-located first to 

the WSF. Drilling would likely be done on a 50 m grid.  
o Further study of field validation of potential PAF waste classification methods is also 

recommended, possibly in conjunction with the field mixing trial for lime addition and/or 

targeted drilling program in the Main WRD. Of particular interest is the potential for 

application of portable XRF equipment, as this will inform the practicality of classifying 

waste as it is being reclaimed.  
o Effective and efficient classification could have major cost implications in relation to 

determining neutralant dosing rate and reducing water treatment costs, so any QC 

program should be developed with these issues in mind.  
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11 CLOSURE 

Robertson GeoConsultants Inc. and DR Jones Environmental Excellence Ltd. are pleased to submit 

this report entitled ‘Physical and Geochemical Characteristics of Mine Waste Materials at Rum Jungle’ 

to the DPIR.  

We trust that the information provided in this report meets your requirements at this time.  Should you 

have any questions or if we can be of further assistance, please do not hesitate to contact the 

undersigned. 

 

Respectfully Submitted, 

       

                                         

Dr. Paul Ferguson    Dr. David Jones  

Principal Geochemist (RGC)   Principal (DR Jones Environmental Excellence) 
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Appendix A 
Selected Photos from Waste Rock Test Pitting 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Photo A 1: Dozer used to clear vegetation and excess waste rock throughout test pit program 

 
 
 
Photo A 2: Test pit excavation and stockpiled waste rock on Main WRD 

   
 



Photo A 3: Waste rock cover at TP1-P1 

 
 
 
Photo A 4: A waste rock sample from each meter was sieved using 75 mm sieve bucket 

 
 
 



Photo A 5: Sieved waste rock (TP3) 

 
 
 
Photo A 6: Desired depth of test pit was confirmed with measuring tape and/or range finder prior to sieving 

  
 



Photo A 7: Excavation process at TP1 to lower platform down 5 m 

   
 
 
Photo A 8: Lowering of TP1 platform to 5 m 

  
 
 



Photo A 9: Progression of TP1 platform lowering - 10 m (left) and 15 m (right) 

  
 
 
Photo A 10: TP1 platform at 15 m 

 
 
 
Photo A 11: TP1 platform at 20 m 

 



Photo A 12: Plus 75 mm waste rock sample from TP1-P1 taken at 2 mbgs 

  
 
 
Photo A 13: TP1-P1 profile from 0 to 4m (left) and waste rock sample from 4 m (right) 
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Photo A 16: TP1-P1 profile from 5 to 6 m (left) and sample taken from 7 m (right) 

   
 
Photo A 17: Copper sulphate samples found at 7m depth at TP1-P1 

 
 
 
 



Photo A 18: Waste rock samples from TP1-P1 collected at 8 m depth 

  
 
 
Photo A 19: TP1-P2 profiles from 5 to 8 m 

  
 
 



Photo A 20: Waste rock samples collected along TP1-P1 platform between 5 and 10 m 

   
 
 
Photo A 21: Excavator on TP1-P1 10 m platform  

 
 
 



Photo A 22: TP1-P1 profile from 10 to 12m (left) and waste rock collected from this depth (right) 

    
 
 
Photo A 23: TP1-P1 profile from 10 to 15m (left) and sample collected from 15 m (right) 

  
 
 



Photo A 24: TP1-P1 profile from 15 to 18m 

 
 
 
Photo A 25: Waste rock found at TP1-P1 from 18 m (left) and 19 m (right) 

  
 
 



Photo A 26: TP1-P1 sieved samples from 16 to 20 m (furthest 16 m; left); quartz found from 19 to 20 m (right) 

  
 
 
Photo A 27: Wall face of TP1-P1 from 15 to 20 m (left); groundwater at 20 m (right) 

   
 
 



Photo A 28: TP1-P1 at 22 m (left); TP1-P1 ground surface sample encountered at 21.5 m (right) 

   
 
 
Photo A 29: Waste rock along TP1-P1 platform from 15 to 23m  

 
 
 



Photo A 30: Waste rock along TP1-P1 platform from 15 to 23m  

   
 
 
 
Photo A 31: Salt crystals (~2 cm) at TP1-P1 along platform wall from 15 to 23m 

 
 



Photo A 32: Waste rock along TP1-P1 platform from 15 to 23m  

  
 
 
Photo A 33: Initial dozing and excavation at TP2-P1  

   

 
 



Photo A 34: Cover at TP2-P1 (left) and profile from 0 to 5m (right) 

   
 
 
Photo A 35: TP2-P1 6m platform (left) and profile from 6 to 10 m (right) 

   
 
 



Photo A 36: Close up of TP2-P1 wall at 8 m  

 
 
 
Photo A 37: TP2-P1 rock sample from 8m (left) and sieved rock sample with wood debris from 11m (right) 

  
 
 



Photo A 38: TP2-P1 platform at 11 m facing North 

 
 
 
Photo A 39: TP2-P1 profile of northern wall from 0 to 11 m 

 
 
 



Photo A 40: TP2-P1 platform at 11m facing South 

 
 
 
Photo A 41: TP2-P1 profile from 11 to 16 m (left) and sample collected from 12 m (right) 

  
 

 



Photo A 42: Waste rock samples of TP2-P1 collected from 12 m 

   
 
 
Photo A 43: Waste rock samples of TP2-P1 collected from 13 m 

  
 

 



Photo A 44: TP2-P1 samples collected from 14 m (left) and 16 m (right) 

 
 
 
Photo A 45: TP2-P1 sample collected from 16 m 

 
 
 



Photo A 46: TP2 platform at 16m facing South (left) and North (right) 

 
 
 
Photo A 47: TP2-P1 profile from 16 to 20 m  

 
 

 



Photo A 48: TP2-P1 wall at 16 m (left) and sample taken from 19 m (right)  

 
 
 
Photo A 49: TP3-P1 intial excavation (left) and cover (right) 

  
 
 



Photo A 50: TP3-P1 profile from 0 to 4 m  

 
 
 
Photo A 51: TP3-P1 samples found at 2m  

  
 
 



Photo A 52: TP3-P2 profile from 0 to 1 m (left), zoom of waste rock below cover (right) 

 
 
 
Photo A 53: TP3-P2 at 2 m depth (left) and plus 75 mm sample collected (right) 

  
 

 



Photo A 54: Highly reacted waste rock boulder from TP3-P2 at 3m 

   
 
 
Photo A 55: Close up of boulder above  

 
 
 
 



Photo A 56: Initial excavation of TP4-P1  

 
 
 
Photo A 57: First meter profile of TP4-P1 (left) and waste rock sample found at this depth (right) 

 
 
 



Photo A 58: TP4-P1 profile from 0 to 3 m  

 
 
 
Photo A 59: TP4-P1 sample collected from 5 m  

 
 
 



Photo A 60: TP4-P1 platform lowered to 5 m  

 
 
 
Photo A 61: TP4-P1 samples collected from 6 m (left) and 8 m (right)  

   
 
 



Photo A 62: TP4-P1 profile from 5  to 10 m (left) and collected sieved sample from 11 m (right) 

 
 
 
Photo A 63: TP4-P1 profile from 10 to 13 m (left) and mixed waste rock ground/sample from 13 m (right)  

   
 
 



Photo A 64: Final excavation at TP4-P1  

 
 
 
Photo A 65: Initial excavation of TP5-P1 

 
 
 



Photo A 66: TP5-P1 profile from 0 to 1.5 m (left) and to 5 m (right) 

   
 
 
Photo A 67: TP5-P1 sample collected from 2 m  

 
 
 




