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EXECUTIVE SUMMARY 

This report presents a description of the initial baseline geochemistry of the proposed Balama Central 

Graphite Mine near Pemba, Mozambique. 

This report is a specialist study as part of an Environmental Impact Assessment (EIA) of the proposed mining 

project. 

Specific objectives of the study include: 

 Assess interactions between different waste facilities and the groundwater systems (“waste facilities” 

are understood to include proposed ore, tailings material, waste rock material, and associated 

stockpiles)  

 Assess seepage concentrations from waste facilities 

 Identify oxidation and reduction processes that might emanate from the waste material 

 Recommend mitigation measures and management procedures to reduce possible impacts from 

contaminated seepage 

The scope of work and approach were based on internationally-applied guidelines and included: 

 Developing a sampling plan implemented by Suni Resources SA personnel on site 

 Formulation of composite samples of ore and sub-economic ore/waste rock as proxies of stockpile 

composition 

 Laboratory analysis of the composite samples and selected drillcore samples at UIS Laboratories in 

Centurion, South Africa 

 Interpretation of the analytical results 

 Numerical modelling of seepage quality using the PHREEQC open source software from USGS 

Results 

This preliminary geochemical assessment had the following outcomes: 

 It is understood that the material provided by Suni Resources for geochemical testing is representative 

of ore, sub-economic ore, and waste rock (email chain from Tarryn Martin, 15 November 2018). 

 Tailings were excluded from this assessment because a sample for geochemical testing was not available.  

 The key interaction between the stockpiles and the groundwater system(s) at the site will be infiltration 

of rainwater into the stockpiles that results in seepage from the stockpile footprints into the underlying 

soil profile. During its passage through the stockpile geochemical reactions will add acidity1 and dissolved 

elements to the water (the resulting water will not inevitably have a low pH, that will depend on the 

extent of sulphur oxidation in the stockpile).  

 Geochemical modelling indicated a range of potential values of aqueous parameters and components in 

seepage from stockpiles. The modelled ranges are presented in Table 6 of this report. In summary: 

                                                           

1 “Acidity” here is a measurable capacity of water to neutralise bases (refer to the Glossary in this report). 
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o Ore seepage pH is expected to be neutral in the short term, as determined from static 

geochemical test results. However, stockpiles of sub-economic ore/waste rock may 

eventually develop acid seepage. Whether acid seepage will develop, and the potential time 

frame, are unknown at this stage since kinetic test results were not conducted for this 

preliminary baseline assessment. 

o The salinity of ore seepage is expected to be in the range 5 000 to 15 000 mg/L. This may 

increase if the seepage turns acidic. 

o The salinity is mostly in the form of Na, Ca, and SO4 (sulphate) concentrations. 

o The sulphate concentration of ore seepage is expected to be in the range 1 000 to 

5 000 mg/L. Preliminary estimates suggest this may increase to 6 000 mg/L if the seepage 

turns acidic. However, this will need to be confirmed through kinetic geochemical testing. 

 Preliminary static geochemical testing results in this report indicate that the ore, especially the sub-

economic ore/waste rock, is potentially acid generating (PAG). However, the presence of acid-

neutralising calcite, its limited neutralisation potential, and the del S sulphur2 contribution to acid 

drainage risk remain uncertain. This is reflected in the NAG test result which suggests Composite S1 (ore) 

is non-PAG. It appears these factors may significantly change the acid drainage risk. Therefore, further 

geochemical testing is required.  

 As a precaution until further test results are available, acid seepage from the ore and sub-economic 

ore/waste rock stockpiles should be expected. 

 A trade-off study is required to balance the technical, financial, and engineering costs of measures to 

manage/mitigate this seepage against the potential benefits in terms of downstream impacts. As a 

precaution, management and control measures to reduce seepage from the ore and sub-economic 

ore/waste rock stockpiles is required. 

Recommendations 

Based on the work described in this report, Solution[H+] recommends the following: 

 Suni Resources SA should conduct further sampling and geochemical testing of ore and sub-economic 

ore/waste rock material from the Balama Central Project. The programme should be implemented 

sufficiently before construction begins that design changes, if required, can be made. The programme 

should include the following: 

o ABA analysis of a statistically significant number of samples. Fifty samples is recommended, 

but additional sampling and testing may be required. 

o Sulphur speciation, carbon speciation, and mineralogy should be conducted on all samples. 

o Kinetic testing of at least one composite sample each of ore, sub-economic ore and waste 

rock. Suni Resources SA should obtain advice from an experienced geochemist on the testing 

protocol and duration of the tests. 

                                                           

2 Del S sulphur is sulphur with an intermediate oxidation state (and intermediate acid potential) between sulphide-
sulphur and sulphate-sulphur 
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 Considering the uncertainties around the acid rock drainage risk, pending further geochemical testing, 

and evaluation of downstream groundwater quality impacts, Suni Resources SA should consider ripping 

and compacting the ore and sub-economic ore/waste rock stockpile footprints to reduce seepage to 

groundwater. This mitigation should be re-evaluated once groundwater assessment results are available. 

 Once groundwater assessment and additional geochemical test results are available, Suni Resources SA 

should evaluate the feasibility of selective handling of PAG and non-PAG material to reduce acid drainage 

risk in ore and sub-economic ore/waste rock stockpiles. 

Limitations of this assessment 

This study incorporates one geochemical sampling campaign, the first at Balama. Further, 20 drillcore 

samples were collected, which is not sufficient to characterise the potential variability in geochemistry. The 

conclusions of this assessment assume that the sample results indicate the general geochemistry of the 

Balama ore, sub-economic ore/waste rock, and pegmatite. Therefore, this study is a preliminary geochemical 

assessment and follow-up sampling may be required to better understand potential water quality risks. The 

level of detail is sufficient to identify geochemical impacts and their significance.  

Mitigation measures are also provided in this report. However, an improved understanding of the 

geochemistry of the site is required, which should be combined with understanding of the hydrogeological 

and hydrological systems to inform the selection of mitigation measures. This should be done during the 

detailed feasibility phase of the project. 
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GLOSSARY AND ABBREVIATIONS 
ABA Acid-base Accounting. An analytical method to assess the potential of a rock sample to 

produce acid drainage 

Acidity The capacity of a water sample to neutralise a base. A measurable acidity in a water sample 
does not necessarily mean it has a low pH. 

Alkalinity The acid-neutralising capacity of a water sample (usually measured in mg CaCO3/L) 

AMD Acid Mine Drainage. An environmental hazard at many mining sites that arises from the 
exposure of sulphide mineral bearing rocks to oxidising conditions. This can give rise to 
runoff/seepage that is acidic with high sulphate and high concentrations of elements of 
environmental significance (see Minor or trace elements in this glossary) 

Analyte A chemical parameter measured in a laboratory 

AP Acid Potential. The acid producing capacity of a rock sample (usually measured in 
kg CaCO3/tonne) 

Del S Sulphur with an intermediate oxidation state (and intermediate acid potential) between 
Sulphide-S and Sulphate-S 

EIA Environmental Impact Assessment 

GAI Geochemical Abundance Index. The main purpose of the GAI is to provide an indication of 
any elemental enrichments that may be of environmental importance. GAI is calculated 
from a formula and the values are truncated to integer increments (0 through to 6, 
respectively). As a general guide, a GAI of 3 or above (more than 12 times enrichment) is 
considered significant and such an enrichment may warrant further examination 

Kinetic (geochemical) 
tests 

A suite of analytical tests to assess the rate of element release/oxidation from a mineral 
material 

Major ions Chemical components making up the greatest dissolved mass in natural and mine waters 
(generally greater than 1 mg/L) (Hem 1985). Generally considered to include: sodium (Na), 
potassium (K), calcium (Ca), magnesium (Mg), alkalinity (HCO3, CO3), fluoride (F), chloride 
(Cl), sulphate (SO4), nitrate (NO3). Can include other components, e.g. ammonium (NH4

+) 
and silicon (Si), among others 

mamsl metres above mean sea level 

MAP Mean Annual Precipitation 

Mine water Any water originating on a mine site from the interaction of natural water (rainfall, 
groundwater, surface water) with mineral residues and/or exposed rocks, e.g. tailings, 
waste rock, pit walls, ore stockpiles, etc. 

Mineral residue Any by-product of mining or mineral processing. May include waste rock, overburden, ore, 
tailings, discard, backfill, marginal ore, etc. 

Minor or trace 
elements 

Chemical components present in minor concentration in natural water (generally less than 
1 mg/L) but often significantly greater in mine water. Includes elements of environmental 
significance (Langmuir et al 2004): aluminium (Al), antimony (Sb), arsenic (As), barium (Ba), 
beryllium (Be), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), lead (Pb), 
manganese (Mn), mercury (Hg), molybdenum (Mo), nickel (Ni), selenium (Se), silver (Ag), 
strontium (Sr), thallium (Tl), vanadium (V), and zinc (Zn). Can include, e.g. iron (Fe) and 
uranium (U) among others 

NAG Net Acid Generation. An analytical test which oxidises all sulphide minerals in a rock sample 
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GLOSSARY AND ABBREVIATIONS 
NP Neutralisation Potential. The acid neutralising capacity of a rock sample (usually measured 

in kg CaCO3/tonne) 

PAG Potentially Acid Generating – material classification according to MEND Report 1.20.1 
(2009) 

pH The negative log of the H3O+ concentration [H3O+] in a water sample. Numerically equal to 
±7 for neutral solutions, pH decreases with increasing H+, but pH increases as H+ decreases 

 

Static (geochemical) 
tests 

A suite of analytical tests to assess the geochemistry of a sample. May include ABA, NAG, 
XRD, and leach tests among others. These tests do not indicate the rate of element leaching 
or sulphide oxidation 

TDS Total Dissolved Solids, an estimate of the salinity of a water sample, or the sum of the 
masses of all elements dissolved in the sample 

TMF Tailings Management Facility (also known as a tailings dam) 

XRD X-ray Diffraction. An analytical technique to determine the amount of crystalline minerals 
in a rock sample 

XRF X-ray Fluorescence. An analytical technique to determine the mass of each element in a 
rock sample (Note: Major element amounts are reported as oxides by convention. 
However, this does not imply that these oxides actually exist in the sample) 
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1 INTRODUCTION 

This report presents a description of the initial baseline geochemistry of the proposed Balama Central 

Graphite Mine near Pemba, Mozambique. Exigo3 commissioned Solution[H+] to conduct the work. Suni 

Resources SA, a Mozambican subsidiary of Battery Minerals, own the Balama Central project. 

The following sections of this introduction describe the location of the project, the objectives of this study, 

and the layout of this report. 

1.1 Background and site location 

The Balama Central project consists of two graphite resources (Byron and Lennox) located about 5 km 

southwest of Balama in Mozambique (Figure 1). Balama is about 200 km west of the port of Pemba.  

 

Figure 1: Locality image of the Balama Central project area 

 

1.2 Terms of reference and objectives 

This report is a specialist study as part of an Environmental Impact Assessment (EIA) of the proposed mining 

project. This geochemistry baseline is required to indicate the potential impact of the project on the quality 

of local water resources. Specific objectives outlined in Solution[H+] proposal PMM18-298-D1 (31 January 

2018) include the following: 
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 Assess interactions between different waste facilities and the groundwater systems (“waste facilities” 

are understood to include proposed ore, tailings material, waste rock material, and associated 

stockpiles)  

 Assess seepage concentrations from waste facilities 

 Identify oxidation and reduction processes that might emanate from the waste material 

 Recommend mitigation measures and management procedures to reduce possible impacts from 

contaminated seepage 

1.3 Structure of this report 

The following structure guides the layout of this report: 

 Section 1 comprises this introduction 

 Section 2 describes the approach to the work, including the relevant guidelines, standards and modelling 

software applied 

 Section 3 presents the results, including geochemical analysis of samples of rock and water and numerical 

modelling of seepage quality 

 Section 4 discusses the results, including a significance rating of potential geochemical impacts 

 Section 5 presents the conclusions of the work 

 Section 6 lists the recommendations developed from the conclusions 

References and appendices to this report follow the above sections. 

 



BALAMA GRAPHITE PROJECT - GEOCHEMISTRY SPECIALIST STUDY  APPROACH 

 

©Terry Harck 2018  PMM18-298-D5 | 25 September 2019 
Solution[H+] www.solutionhplus.com   3 | 58 

 

2 APPROACH 

This section summarises the methods, standards, and models used to assess the environmental geochemistry 

of the Balama Central project and potential geochemical impacts on water quality. 

2.1 Geochemical assessment 

Table 1 summarises the approach to this geochemistry specialist study, which generally follows the approach 

recommended in the following international guidelines: 

 The Global Acid Rock Drainage (GARD) Guide (www. gardguide.com) developed by the International 

Network for Acid Prevention (INAP) (www.inap.com.au) 

 Prediction Manual for Drainage Chemistry from Sulphidic Geologic Materials (Mine Environment Neutral 

Drainage (MEND) Report 1.20.1, 2009) (www.mend-nedem.org) 

Table 1: Summary of the mine water quality assessment approach and its application to this study 

Step Description This study 

Step 1 Review background and baseline information and 
formulate key project questions 

Yes 

Step 2 Identify mining-disturbed rock units, mine waste facilities, 
and water management units 

Yes 

Step 3 Determine the form and extent of each rock and waste 
unit and associated water migration 

Yes 

Step 4 Design sampling programme and collect samples, assess 
sample representativeness 

Solution[H+] developed a sampling plan 
Samples were provided by Suni Resources SA 

Step 5 Conduct and interpret static geochemical testing data. 
Classify acid drainage potential  

Yes 
 

Step 6 Risk assessment, evaluation of alternative mitigation and 
management measures  

Yes 

 

The purpose of geochemical sampling is to provide data suitable for water quality prediction, specifically, 

prediction of seepage quality from mine components such as waste rock dumps, ore stockpiles, and tailings 

dams. Therefore, suitably representative samples of ore, waste rock, and tailings are required. Samples of 

tailings are typically obtained from the residue after metallurgical testing. 

A suitable initial sampling would include samples of all lithologies and oxidation zones that may potentially 

be disturbed by mining.  

Note that these guidelines propose an iterative approach to sampling at prospective mine sites. That is, an 

initial sampling campaign, followed by one or more campaigns of detailed sampling depending on the results 

of the previous campaigns. This study incorporates one geochemical sampling campaign, the first at Balama. 

Therefore, this study is a preliminary geochemical assessment and follow-up sampling may be required to 

better understand potential water quality risks. 

 

 

http://www.mend-nedem.org/
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2.2 Laboratory analysis 

Commercial laboratories chosen for the analytical work are accredited through organisations such as the 

South African National Accreditation System (SANAS, www.sanas.co.za) or ISO/IEC 17025:2005 and ISO 

9001:2008. 

Appendix A provides general descriptions of the laboratory testing methods. 

2.3 Geochemical modelling 

Mine water quality predictions in this study apply the pH, Redox, Equilibrium Code (PHREEQC) for 

hydrogeochemical modelling.  

PHREEQC is a versatile geochemical model code initially developed in 1995 by the United States Geological 

Survey (USGS). It has since undergone extensive use, testing, and validation by third parties with version 3 

released in January 2015. This assessment used Version 3.4.0.12927 (released 9 November 2017). 

PHREEQC can perform low-temperature aqueous geochemical calculations, including speciation, saturation 

indices, batch reaction and 1-dimensional transport calculations. PHREEQC can account for aqueous, mineral, 

gas, solid solution, surface complexation and ion exchange equilibria, as well as kinetic reactions.  

PHREEQC is widely used for environmental geochemical modelling because it is freely available, open source, 

and flexible. It includes thermodynamic databases for a wide range of inorganic parameters relevant to mine 

water quality. These include trace elements of environmental significance such as Al, As, Cd, Co, Cr, Cu, Fe, 

Mn, Mo, Ni, Sb, Se, and Zn which have been identified as potential issues in mine water quality.  

PHREEQC is ideal for the rapid assessment of equilibrium water quality in mining-disturbed earth materials 

at the Balama Central Project. 

 

http://www.sanas.co.za/
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3 RESULTS 

This section presents an overview of the sampling, the results of the preliminary geochemical sampling at 

Balama, and application of the results to modelling of potential water quality impacts. 

3.1 Sampling 

According to the deposit mineral resource estimate (RPM 2016), the geology at Balama is summarised as 

follows: 

 The host rock is graphite-bearing mica schist, gneiss, and metasediments that dip steeply to the 

northwest 

 Four main units of graphite mineralisation were identified in the Mineral Resource Estimate: GS1 

through GS4. These appear to correspond to metamorphosed lithologies. That is, different grades and 

forms of mineralisation generally coincide with lithological differences. 

 Units GS1 and GS2 are potentially of concern to water quality since they include sulphide minerals that 

may generate acid drainage. GS2 contains 1-5% pyrrhotite, a sulphide mineral which oxidises 

particularly rapidly. 

 Pegmatite intrusions cut through the deposit 

 Four zones of weathering are recognised in the geology. From surface to depth, these include: 

Complete oxidation (including surface soils), saprolite, joint oxidation, and fresh rock. 

 The base of complete oxidation lies at approximately 12 m depth, while the top of fresh rock lies at 

about 25 – 40 m depth 

Mining will (initially) be limited to the indicated resource limits of the Lennox Prospect. Therefore, to be 

relevant to the initial mining, Solution[H+] recommended that samples should be collected from boreholes 

intersecting this volume of rock. That includes boreholes drilled at Lennox on lines 5210 through 5225 

inclusive (Figure 2). 
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Figure 2: Layout of the Balama Central project with indicated resources (outlined in green) and drilling lines (from 
RPM 2016) 
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Table 2 presents the number of samples for this initial geochemical assessment. The completely oxidised 

zone was left out of this preliminary assessment under the assumption that it poses no significant risk to local 

water resources, even if disturbed by mining. 

Table 2: Number of samples required for initial geochemical assessment 

Oxidation 
Lithology/waste 

Completely 
oxidised 

Saprolite Joint 
oxidation 

Fresh Totals 

GS1 0 1 1 3 5 

GS2 0 1 1 3 5 

GS3 0 1 1 1 3 

GS4 0 1 1 1 3 

Pegmatite 0 1 1 1 3 

Processing residue     1 

Total number of samples required for geochemical assessment 20 

 

The Balama site geology team collected rock samples from diamond drill cores at the site (Table 3). Some 

samples were collected from drilling at the Byron prospect as the material was not available from Lennox 

drill core. The samples were shipped to South Africa for analysis. 

 

Table 3: Geochemistry samples collected from the Balama Central project site 

Mineralisation Style Prospect Hole ID Weathering Corresponding Sample ID From To 

GS1 Byron LX031D Fresh L01336 65.2 67 

GS1 Byron LX025D Saprolite L01078 14 16 

GS1 Byron LX025D JOX L01087 28 30 

GS1 Lennox LX036D Saprolite L01543 8 10 

GS1 Lennox LX037D JOX L01600 41 43 

GS1 Lennox LX035D Fresh L01519 102.35 104.26 

GS1 Lennox LX033D Fresh L01440 73.15 75 

GS2 Lennox LX009D Saprolite L0346 8 10 

GS2 Lennox LX007D JOX L0285 12 14 

GS2 Lennox LX009D Fresh L0353 19.3 21 

GS2 Lennox LX009D Fresh L0354 21 23 

GS2 Lennox LX009D Fresh L0356 25 27 

Pegmatite Byron LX025D Saprolite L01076 10.52 12.02 

Pegmatite Byron LX025D JOX L01094 42 42.3 

Pegmatite Byron LX022D Fresh L01070 85.2 86.97 

GS3 Lennox LX035D Fresh L01536 132.44 134.44 

GS3 Lennox LX033D Fresh L01455 99 101 

GS3 Lennox LX034D JOX L01179 43 45 

GS3 Lennox LX034D Fresh L01186 57 59 

GS3 Byron LX023D Saprolite L01002 4.12 6.12 

GS3 Byron LX031D Fresh L01373 132 134 

GS4 Byron LX022D Fresh L01048 44 46 

GS4 Byron LX031D Saprolite L01306 10 12 

GS4 Lennox LX035D Fresh L01507 81.6 83.52 

GS4 Lennox LX032D JOX No sample previously taken 
(N/A) 

38 38.5 
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Mineralisation Style Prospect Hole ID Weathering Corresponding Sample ID From To 

GS4 Lennox LX031D Fresh L01378 143 145 

 

3.2 Analysis 

Samples were analysed at UIS Laboratories, Centurion, South Africa. Appendix B presents copies of the 

laboratory reports. 

The laboratory was requested to develop composite samples. Analytical results from these samples would 

indicate potential water quality risk from Balama Central project components. The following assumptions 

apply: 

 Ore (>8% TGC) is mostly GS1 and GS3 

 Sub-economic material and waste rock (<8% TGC) is mostly GS2 and GS4 and will be stockpiled, possibly 

for later processing 

 There will be no pit backfill  

Therefore, sources of water quality risk to be characterised geochemically include: ore stockpile(s), sub-

economic and waste rock stockpile(s), and tailings.  

Figure 3 shows estimates of the relative proportions of graphite mineralisation from the geological block 

model of the deposit. These were used to determine the amounts of each rock sample to combine into 

composites of sub-economic/waste rock material and ore (Appendix C). 

  

Figure 3: Relative proportions of weathered (saprolite) and unweathered (joint oxidation (JOX) and fresh) 
mineralisation styles at the Balama site (based on block model tonnages provided by Suni Resources SA) 

 

The geochemical analysis programme was limited to selected samples, as summarised in Table 4. Appendix A 

provides general descriptions of the laboratory testing methods. The results of the analyses are summarised 

in the following sections of this report. 

Table 4: Balama preliminary geochemical analysis programme 

Sample ID Material ABA S 
speciation 

C 
speciation 

NAG XRD Leach 
test 

Leachate 
analysis 

0.14

0.53

0.13

0.20

Saprolite

 GS1

 GS2

 GS3

 GS4

0.11

0.58

0.08

0.22

JOX + Fresh

 GS1

 GS2

 GS3

 GS4
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Composite S2 Sub-economic 
ore/waste rock 

Yes Yes Yes Yes Yes Yes Yes 

Composite S1 Ore Yes Yes Yes Yes Yes Yes Yes 

GH1561/L01048 Sub-economic 
ore/waste rock 

Yes Yes Yes NA NA NA NA 

GH1564/L01378 Sub-economic 
ore/waste rock 

Yes Yes Yes NA NA NA NA 

GH1549/L0353 Fresh ore Yes Yes Yes NA NA NA NA 

GH1550/L0354 Fresh ore Yes Yes Yes NA NA NA NA 

GH1554/L01070 Pegmatite Yes Yes Yes NA Yes NA NA 

Notes: 
NA indicates Not Analysed (not required for this preliminary assessment) 
 

3.2.1 Mineralogy 

Figure 4 shows the mineralogy results.  

The mineralogy is consistent with granite-gneiss, namely tectosilicate minerals, including quartz, plagioclase, 

and microcline make up more than 75% of the rock mass, more in pegmatite. Tectosilicates are generally 

resistant to weathering and have a relatively minor impact on water quality. 

Acid-forming minerals such as pyrite and pyrrhotite were not detected by the X-ray Diffraction (XRD) method 

used to identify the mineralogy. The typical detection limit for XRD is about 1 wt% to 3 wt%, depending on 

the mineral phase. 

 

Figure 4: Relative proportions (in wt%) of minerals in selected Balama samples, as identified by XRD (GH1554 is a 
sample of pegmatite) 

About 1 wt% of calcite was detected in Composite S1 (ore). Calcite is acid-neutralising and can offset acidity 

from sulphide mineral oxidation. 
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Phyllosilicates, like muscovite, smectite, and kaolinite can adsorb and exchange cations to and from water. 

This effect may influence the concentrations of trace elements in water in contact with the mined ore. 

3.2.2 Acid base accounting 

Figure 5 indicates all the samples are potentially acid generating (PAG). All samples are characterised by low 

neutralisation potential. Total sulphur in the ore (Composite S1) is relatively low, but results in an acid 

potential that exceeds neutralisation potential, as indicated by the NP/AP ratio (NPR) less than one  

(Figure 5). 

 

Figure 5: Total sulphur vs Neutralisation Potential Ratio (NPR) for Balama samples 

 

3.2.3 Sulphur speciation 

The highest total sulphur content (between 4% and 6%) was measured in the sub-economic ore/waste rock 

samples. Sulphur speciation results indicate that a considerable proportion of the total sulphur consists of 

neither sulphide sulphur nor sulphate sulphur (Figure 6). This sulphur is termed “del S” and probably consists 

of thiosulphates. Thiosulphates are intermediate products of sulphide oxidation and associated with acid 

potential. Therefore, as a precautionary measure, calculation of the acid drainage potential should consider 

this “del S” form. 
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Figure 6: Sulphur speciation results for Balama samples 

3.2.4 Carbon speciation 

Carbon speciation results indicate most of the carbon in the samples is “organic” which may be the graphite 

in the sample. Inorganic carbon is often associated with carbonate minerals (like calcite) and contributes to 

neutralisation potential. However, the calculated neutralisation potential associated with the inorganic 

carbon exceeds the measured neutralisation potential by acid titration (Figure 7). This suggests the inorganic 

carbon, even the calcite detected in Composite S1, does not contribute significantly to neutralisation 

potential.  
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Figure 7: Bulk Neutralisation Potential compared to Carbonate Neutralisation Potential in Balama Samples (dashed 
line indicates equal Bulk and Carbonate NP) 

3.2.5 Net acid generation 

NAG pH is a result of oxidising all sulphide minerals in the sample. It is an indicator of the theoretical “worst 

case” pH.  

The sub-economic ore/waste rock composite (Composite S2) had a NAG pH of 3.11, which confirms that it is 

PAG. However, the NAG pH of the ore composite (Composite S1) was 5.14, which suggests the ore is non-

PAG. This contrasts with the ABA results that indicate Composite S1 is PAG. 

3.2.6 Total element analysis 

The elemental composition of the samples was compared to the average abundance of elements in the 

earth’s crust. Figure 8 shows the range of element concentrations in the Balama samples compared to 

average crustal element concentrations as a ratio. Therefore, a ratio of one indicates the same element 

concentration as the crustal average, while a ratio of 10 indicates the sample concentration is 10 times 

greater than the crustal average. The figure indicates that the samples are significantly enriched in Cd, Mo, 

and Se. Note that enrichment does not signify a risk to water quality, which depends on the leachability of 

the element. Element leachability was assessed from leach tests, as presented in the following section. 
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Figure 8: Range of trace element enrichment of Balama samples 

 

3.2.7 Leach testing and water chemistry 

Table 5 (overleaf) shows the inorganic chemistry of leach tests conducted on the two Balama composite 

samples. The leach tests were conducted at a liquid:solid ratio of 4:1. Key features of the chemistry are 

summarised in the following points: 

 The waters are alkaline with pH of approximately 8. 

 The salinities of the two waters, as indicated by the TDS and Electrical Conductivity are similar. 

The sulphate concentration of the Composite S1 (ore) leachate is more than double that of Composite S2 

(sub-economic ore/waste rock). This difference and other differences in major ion proportions give the two 

leachates significantly different chemical signatures (Figure 9 overleaf). 
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Table 5: Leach test results on two composite samples of Balama ore 

Parameter/ aqueous 
component 

Unit Detection 
limit 

Composite S1 Composite S2 

Material   
 

Ore composite Sub-economic ore/waste rock 
composite 

Lixiviant   
 

water water 

Dry Mass Used g 
 

250 250 

Volume Used mL 
 

1000 1000 

pH  pH unit 
 

8.06 7.73 

Total Dissolved Solids (TDS) mg/L <30 218 218 

Electrical Conductivity (EC) mS/m 
 

31 31 

Phenol Alkalinity mg/L as CaCO3 <3.5 <0.6 <0.6 

Methyl Alkalinity mg/L as CaCO3 <0.6 60 51 

Chloride as Cl mg/L <0.25 24 45 

Sulphate as SO4 mg/L <0.3 87 32 

Nitrate as N mg/L <0.1 <0.1 2.12 

Fluoride as F mg/L <0.1 0.87 1.26 

Ag mg/L <0.001 <0.001 <0.001 

Al mg/L <0.100 0.17 2.41 

As mg/L <0.001 0.00 0.00 

Ba mg/L <0.001 0.01 0.02 

Be mg/L <0.001 <0.001 <0.001 

Ca mg/L <1 37 19 

Cd mg/L <0.0001 0.0001 0.0002 

Co mg/L <0.001 <0.001 <0.001 

Cr mg/L <0.001 <0.001 <0.001 

Cu mg/L <0.001 <0.001 0.001 

Fe mg/L <0.025 0.04 0.45 

Hg mg/L <0.0001 0.0005 0.0005 

K mg/L <0.5 8.45 9.41 

Mg mg/L <1 7.89 5.11 

Mn mg/L <0.025 0.08 0.01 

Mo mg/L <0.001 0.010 0.005 

Na mg/L <1 21 44 

Ni mg/L <0.001 0.014 0.005 

Pb mg/L <0.001 <0.001 <0.001 

Sb mg/L <0.001 <0.001 <0.001 

Se mg/L <0.001 0.16 0.02 

Si mg/L <0.001 5.19 14 

Sn mg/L <0.001 <0.001 <0.001 

Sr mg/L <0.001 0.02 0.02 

Tl mg/L <0.001 <0.001 <0.001 

U mg/L <0.0001 0.0021 0.0006 

V mg/L <0.001 0.18 0.07 

Zn mg/L <0.001 0.004 0.008 
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Figure 9: Piper diagram showing major ion proportions of the two leachates from the Balama ore samples 

 

3.3 Water quality modelling 

The results of the geochemical characterisation programme are applied in this section to determine seepage 

quality from stockpiles of broken ore and sub-economic ore/waste rock at Balama. Ore, or sub-economic 

ore/waste rock, will be stockpiled separately. Therefore, the potential seepage quality from these stockpiles 

has been modelled separately. (Note: Geochemical data for Balama tailings was not available for this report. 

Therefore, the quality of seepage from tailings has not been estimated.) 

3.3.1 Concept 

The ore material is assumed to have physical characteristics similar to sandy gravel. Much of the rainfall on 

the stockpiles will infiltrate the porous surface, although evaporation in the upper zone will reduce the 

infiltration volume and concentrate the pore water in the stockpile. Assuming a field capacity of 

±0.06 vol/vol, and density of blasted ore of 1 650 kg/m3, the liquid to solid ratio (L/S) is approximately 

0.04 L/kg. This L/S is required for seepage to occur from the broken rock. 
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The starting points for evaluating seepage quality are the leach test results, which were conducted at L/S of 

4 L/kg3. This is considerably less concentrated than the anticipated field conditions described in the previous 

paragraph.  

As solutions become more concentrated, various minerals may precipitate, changing the composition of the 

leachate. Predicting the minerals that will form, and the water chemistry after they have formed, involves 

complex processing that is best undertaken using a geochemical modelling code. The PHREEQC code was 

used for this assessment (Section 2.3). Geochemical modelling of stockpile seepage involved the following 

general steps: 

 Defining input water qualities (leach test results) 

 Simulating the expected moisture conditions in the stockpile (reducing L/S from 4 to 0.04) 

 Simulating the likely mineral-water interactions in the stockpile 

3.3.2 Assumptions and limitations 

The following assumptions and limitations are relevant to the modelling of drainage quality: 

 A single L/S of 0.04 L/kg was applied in this assessment. However, observations of water flow within a 

rock pile suggest that a portion of infiltrating rainfall reports rapidly to the base. A period of decreasing 

flow follows. This suggests the presence of short flow paths with a relatively high L/S; and longer flow 

paths with a lower L/S.  

 Leach test results tend to overestimate solution concentrations. This is because the L/S of the test is 

significantly larger than field L/S and may result in more aggressive leaching of elements from the 

material. The relevant scaling factor to apply is the subject of ongoing geochemical research. Estimates 

from field experience suggest that applying a scaling factor of 0.3 to laboratory results may be 

appropriate under pH neutral conditions. 

 The laboratory reported several components as non-detect. However, the absence of an element at a 

reporting limit does not necessarily mean it is not present. It may be present at a concentration lower 

than the reporting limit. Therefore, as a conservative measure, non-detect elements were included in 

the geochemical model at a concentration equal to the reporting limit. 

 Modelling used the minteq.v4.dat thermodynamic database which includes data relevant to elements of 

environmental significance (see glossary).  

 In nature, pure mineral phases, some of which are included in the thermodynamic database, do not 

significantly influence trace element concentrations through precipitation and dissolution. Therefore, 

they have not been included in the modelling. 

 Due to the assumptions and inherent limitations of predictive modelling, the model results presented in 

this report are order of magnitude estimates. Therefore, results do not indicate modelled concentrations 

less than 0.01 mg/L. 

 Equilibration was modelled in the presence of carbon dioxide at pCO2 = -2.5 (higher than atmospheric 

concentration). 

                                                           

3 It is not possible to conduct the test at the anticipated field condition L/S of 0.04 
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3.3.3 Results 

Table 6 presents the modelled compositions of ore stockpile seepage. Even though the ore and sub-economic 

ore/waste rock are PAG from ABA results, the leach test pH was neutral in all cases. This is because there is 

a time lag before sulphide oxidation leads to acid drainage. This time lag can only be determined from kinetic 

testing (this is discussed further in Section 4.4.1.2.) 

Table 6: Modelled seepage compositions from Balama ore and sub-economic ore/waste rock stockpiles 

Parameter/  
aqueous component 

Units Ore Sub-economic ore/waste rock Mozambique 
regulationC lowA highB lowA highB 

pH pH 7.36 7.39 7.46 7.30 5.5 – 9  

Total dissolved solids (TDS) mg/L 5 012 10 849 4 378 14 199  

Ag mg/L 0.01 0.05 0.01 0.05  

Al mg/L 1.07 1.22 1.34 1.04  

Alkalinity mg/L as CaCO3 85 99 105 86  

As mg/L 0.07 0.25 0.12 0.41  

Ba mg/L 0.01 <0.01 0.01 0.01  

Be mg/L 0.01 0.05 0.01 0.05  

Ca mg/L 481 540 226 697  

Cd mg/L <0.01 0.01 0.00 0.02  

Cl mg/L 718 2394 1334 4441  

Co mg/L 0.01 0.05 0.01 0.05  

Cr mg/L <0.01 <0.01 0.01 0.05  

Cu mg/L 0.01 0.05 0.03 0.12 <1 

F mg/L 3.31 3.72 3.88 3.47  

Fe mg/L <0.01 <0.01 <0.01 <0.01  

Hg mg/L 0.01 0.05 0.02 0.05  

K mg/L 253 842 281 936  

Mg mg/L 199 222 97 292  

Mn mg/L 2.41 8.04 0.34 1.12  

Mo mg/L 0.31 1.02 0.15 0.51  

NH3-N mg/L <0.01 <0.01 <0.01 <0.01  

NO3-N mg/L 1.00 3.34 63 211  

Na mg/L 641 2137 1306 4350  

Ni mg/L 0.42 1.39 0.15 0.51 <1 

P mg/L <0.01 <0.01 <0.01 <0.01  

Pb mg/L 0.01 0.05 0.01 0.05 <1 

SO4 mg/L 2 599 4 549 947 3 153  

Sb mg/L 0.01 0.05 0.01 0.05  

Se mg/L 4.92 16 0.56 1.86  

Si mg/L 50 49 50 48  

Sn mg/L 0.01 0.05 0.01 0.05  

Sr mg/L 0.60 2.00 0.51 1.69  

Tl mg/L 0.01 0.05 0.01 0.05  

V mg/L 5.52 18 2.11 7.02  

Zn mg/L 0.13 0.43 0.25 0.82 <1 

Notes: 
A  A scaling factor of 0.3 was applied to the laboratory results 
B  No scaling factor applied 
C  Annexure III Mineral Processing and Metallurgy of the Mozambique Regulation on the Standards of Environmental Quality and of 

Effluent Emission (Decree nº 67/2010)  
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4 DISCUSSION 

This section discusses the implications of the static geochemical test results presented in the previous 

section. 

4.1 Sampling 

Twenty drillcore samples were collected to characterise millions of tonnes of rock that comprise the Balama 

mineral resource. From a statistical perspective, the limited number of samples is not sufficient to 

characterise the chemical variability to a significant degree of confidence. Long-term sampling and 

monitoring would be required to estimate the chemical variability. 

Therefore, the conclusions of this assessment are based on the assumption that the sample results indicate 

the general geochemistry of the Balama ore, sub-economic ore/waste rock, and pegmatite. Solution[H+] 

considers the uncertainties associated with the geochemical data to be significant. Therefore, further 

sampling and geochemical testing is required to confirm the validity of this assumption. 

4.2 Data validation 

Data validation consisted of the following checks on the laboratory results: 

 Duplicate leach analysis of Composite S1. The duplicate analyte concentrations agreed within 10%. 

 Analysis of the water used in the leach tests. Most analytes were non-detect. Concentrations of Na, K, 

Mg, Al, and Fe were just above detection and not material to this assessment. 

 The charge balance error on leach analyses were within the acceptability criterion of 10%. 

 Duplicate ABA analysis of Composite S1 and Composite S2. The duplicate analyte concentrations agreed 

within 10%. 

 Duplicate sulphur and carbon speciation of Composite S2 and GH1549/L0353. Except for inorganic 

carbon, the analyte concentrations were in general agreement. 

 Duplicate NAG analysis of Composite S1 and Composite S2. The duplicate analyte concentrations agreed 

within 10%. 

Considering the above, the laboratory data are considered suitable for the purposes of this study. 

4.3 Water quality modelling 

Predicting the water qualities of complex systems (such as stockpiled rock material) demands assumptions. 

Even a rigorous sampling and analysis programme cannot precisely determine the physical and geochemical 

characteristics of the systems; and how these may change over time.  

Leaching of salts and metals at the field scale is variable through time and controlled by factors not fully 

applied at the lab scale. Amongst others, these factors include temperature, nature of the leaching solution, 

solution-solid ratio, solution-solid contact time, and particle size of the solids. Therefore, predicting field-

scale water quality from lab-scale test results is an approximation.  

The time varying nature of element leaching from the tailings has not been investigated. This would require 

kinetic testing, for example, humidity cell testing (see Appendix A for a description of this testing). 
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Considering the uncertainties outlined above, even though this report predicts specific chemical 

concentrations, these are first-order approximations4. 

4.4 Potential water quality impacts 

Water quality impacts from mining may arise through seepage from waste and material stockpiles. For the 

proposed Balama graphite mine these seepage sources may include: 

 The tailings dam 

 Topsoil and shallow overburden stockpiles 

 Ore stockpiles 

 Sub-economic ore/waste rock stockpiles 

The chemistry of seepage from the tailings dam could not be assessed. Typically, samples of tailings and 

tailings supernatant are obtained from metallurgical and process testing work done during the mine project 

feasibility study. However, these samples were not available for this preliminary geochemical assessment. 

The chemistry of seepage from the topsoil and shallow overburden stockpiles has not been assessed for this 

preliminary geochemical study. The assumption is that seepage from these materials will not be significantly 

different to surface runoff from natural ground. Therefore, topsoil and shallow overburden stockpiles are 

unlikely to present a significant risk to groundwater quality. The potential for suspended material to be 

washed from these stockpiles into local surface water resources may need to be managed but is outside of 

the scope of this assessment. 

4.4.1 Ore/waste rock stockpiles 

Since this assessment was limited to static geochemical testing, stockpile seepage quality and acid potential 

were assessed separately. Kinetic testing is required to determine long-term element release rates and 

sulphide mineral oxidation rates.  

4.4.1.1 Seepage quality 

Comparing the model results to Mozambique effluent requirements indicates that dissolved nickel 

concentrations may be of concern in seepage from ore stockpiles (Table 6). This potential water quality risk 

is likely to be low due to the following: 

 The elevated nickel concentration is associated with modelled seepage using unscaled laboratory results. 

As discussed in Section 3.3.2 this is likely to overestimate element leachability relative to field conditions. 

 Seepage will need to infiltrate the soil and overburden beneath the stockpile before reaching the 

groundwater table. 

 Nickel is susceptible to sorption on clay minerals and organic matter in soil and rock, especially under 

neutral pH. In fact, nickel is generally mobile in solution only under acidic pH conditions. 

                                                           

4 A first-order approximation is an estimated value of a quantity, often preliminary to more precise determination. 
Mathematically, it is a linear approximation of a polynomial function. 
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A more significant concern than nickel concentrations is likely to be the elevated salinity of the stockpile 

seepage, which is modelled to be approximately 5 000 to 15 000 mg/L. The salinity is mostly in the form of 

Na, Ca, and SO4 (sulphate) concentrations. The potential water quality risk will depend on the volume of 

seepage from the stockpiles, which was not in the scope of this assessment. It is understood that this impact 

will be assessed through groundwater modelling. 

4.4.1.2 Acid rock drainage 

Ore and sub-economic ore/waste rock is potentially acid generating (PAG). Therefore, given sufficient time, 

moisture, and oxygen, stockpiles will produce acid seepage. This will affect the seepage quality by reducing 

pH, increasing sulphate concentrations, and increasing the concentration of dissolved metals. Geochemical 

modelling was conducted to assess the potential impact of acid generation on pH and sulphate 

concentrations. In the absence of kinetic test results, the potential change in dissolved metal concentrations 

cannot be assessed at this stage. However, this can be addressed from further geochemical testing prior to 

design and construction of the proposed mine. 

Preliminary modelling of the impact of acid generation on ore stockpile seepage assumed the following: 

 Based on the composite sample analysis, sulphur concentration is approximately 1 wt% in both ore and 

sub-economic ore/waste rock stockpiles 

 All of the sulphur is present in the form of the sulphide mineral pyrrhotite (Fe1-xS) (This is conservative 

since the del-S component in the composite samples is significant and may not generate the same acidity 

as pyrrhotite) 

 Approximately 10% of the pyrrhotite is available for oxidation (While, pyrrhotite on the surface of ore 

fragments can be oxidised, most of the pyrrhotite will be isolated from moisture and oxygen inside 

stockpile fragments) 

 Constraints on diffusion limit oxygen availability in the stockpile to 10% of atmospheric concentration 

Figure 10 and Figure 11 show the model results for pH and sulphate. 
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Figure 10: Modelled impact of pyrrhotite oxidation on the pH of ore stockpile seepage 

 

 

Figure 11: Modelled impact of pyrrhotite oxidation on sulphate in ore stockpile seepage 

 

The model results suggest a decrease in pH to between 3 and 4 and sulphate concentrations of about 

1 000 mg/L higher than the model results in Table 6. However, these results will need to be confirmed once 

kinetic test results are available. 
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4.5 Impact significance and mitigation  

The static geochemical testing and model results suggest that seepage from the ore and sub-economic 

ore/waste rock stockpiles has the potential to impact on local groundwater quality (Table 7 overleaf). The 

magnitude of the groundwater quality impact can be assessed through a groundwater study, which will 

evaluate the volume of stockpile seepage that might reach the groundwater and the dissolved concentrations 

that result from mixing and movement of the seepage in the groundwater body.  

Although, the magnitude of the impact on groundwater quality is uncertain at this stage, reducing the 

potential impact at source can generally be more effective than measures applied along the groundwater 

pathway. To mitigate the potential seepage impact from the ore stockpiles, the following measures might be 

considered: 

 Selective handling of ore material and placing it (for long-term stockpiling) so that acid generating 

material is encapsulated within acid neutralising material. This would require a detailed geochemical 

testing programme to identify the distribution of acid potential and neutralisation potential in and 

around the mineral resource. Specific questions to be addressed would include:  

o How much calcite is present and where does it occur in the mineral resource? This 

preliminary geochemical assessment has indicated the presence of calcite in the composite 

ore sample S1, although its contribution to neutralisation potential appears to be limited. 

However, if present in significant amounts, it may be a resource to mitigate acid drainage. 

o Why does the calcite in Composite S1 contribute so little to neutralisation potential? 

o How much does the del S component of sulphur contribute to the acid potential of the 

material? The acid drainage categories (PAG, non-PAG, uncertain) in this report are based on 

the assumption that del S has the same potential as sulphide minerals. This assumption may 

be conservative and further testing is required to assess whether there is a significant 

difference. 

 Reducing the volume of seepage from the stockpiles. This might be achieved by one or a combination of 

the following: 

o Placing the stockpiles on a surface that has been engineered to have a low permeability, for 

example, a compacted soil layer. 

o Including a drainage network beneath stockpiles to intercept seepage and divert it to a 

holding facility. 

o Covering the stockpiles to prevent rain from infiltrating into the material 

Measures such as ripping and compacting the stockpile footprint may be relatively inexpensive and feasible 

to implement. Measures such as a detailed testing programme or engineering a footprint drainage network 

are likely to involve significant technical, financial, and engineering resources. Therefore, the selection of 

mitigation measures should be driven by a trade-off assessment. A key component of such a trade-off would 

be the significance of the downstream stockpile seepage impact, for which a groundwater impact study is 

required. 
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Table 7: Rating of geochemical impact significance 
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Impact 
Nature  

Likelihood 
and score 

Duration and 
score 

Scale and 
score 

Magnitude/ 
Severity and 

score 
Significance# 

Mitigation 
Measures 

Mitigation 
Effect 

1 

O
p

er
at

io
n

 

Placement of 
low grade 
ore material 
on the 
stockpile 
facility 

Contamination of 
groundwater, 
surface water, and 
soil by metals and 
metalloids 

Pre- Negative Probable 3 

Medium 
term 
(Project 
duration) 

2 Site 2 Moderate* 2 9 Moderate? 
• Selective 

handling 
(separation of 
PAG and non-PAG 
ore) 

• Placement of 
liner, drains, or 
cover 

Can be managed or 
mitigated 

1 

O
p

er
at

io
n

 

Post- Negative Probable 3 

Medium 
term 
(Project 
duration) 

2 Local 1 Moderate* 2 8 Low? 

2 

O
p

er
at

io
n

 

Placement of 
low grade 
ore material 
on the 
stockpile 
facility 

Contamination of 
groundwater, 
surface water, and 
soil by acidity and 
increased 
concentrations of 
salinity, metals 
and metalloids in 
seepage 

Pre- Negative Probable 3 

Medium 
term 
(Project 
duration) 

2 Site 2 Moderate* 2 9 Moderate? 
• Selective 

handling 
(separation of 
PAG and non-PAG 
ore) 

• Placement of 
liner, drains, or 
cover 

Can be managed or 
mitigated 

2 

O
p

er
at

io
n

 

Post- Negative Probable 3 

Medium 
term 
(Project 
duration) 

2 Local 1 Moderate* 2 8 Low? 

Notes:  
This table applies the impact rating methodology required by Exigo (Appendix D) 
* Severity of impact depends on seepage volume entering groundwater, surface water, and soil, for which there is no data 
? Impact significance is uncertain pending groundwater, surface water, and soil specialist studies which consider the results of this geochemical assessment 
# Selection of appropriate mitigation measures should be based on a source-pathway-receptor assessment. This report is limited to the geochemical source 
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5 CONCLUSIONS 

The objectives of this preliminary geochemical assessment were: 

 To assess interactions between different waste facilities and the groundwater systems (“waste 

facilities” are understood to include proposed ore, tailings material, waste rock material, and 

associated stockpiles)  

 To assess seepage concentrations from waste facilities 

 To identify oxidation and reduction processes that might emanate from the waste material 

 To recommend mitigation measures and management procedures to reduce possible impacts from 

contaminated seepage 

The following sections present the conclusions of this study with reference to the above objectives. 

5.1 Assess interactions 

The mine waste facilities considered in this assessment include ore and sub-economic ore/waste rock 

stockpiles. Tailings were excluded from this assessment because a sample for geochemical testing was not 

available. 

The key interaction between the stockpiles and the groundwater system(s) at the site will be infiltration of 

rainwater into the stockpiles that results in seepage from the stockpile footprints into the underlying soil 

profile. During its passage through the stockpile geochemical reactions will add acidity (see Glossary) and 

dissolved elements to the water (the resulting water will not inevitably have a low pH, that will depend on 

the extent of sulphur oxidation in the stockpile). The outcome of these reactions was assessed through 

geochemical testing of samples of ore and sub-economic ore/waste rock, followed by geochemical modelling.  

5.2 Assess concentrations 

Geochemical modelling indicated a range of potential values of aqueous parameters and components in 

seepage from ore and sub-economic ore/waste rock stockpiles. The modelled ranges are presented in  

Table 6 of this report. In summary: 

 Ore seepage pH is expected to be neutral in the short term, as determined from static geochemical test 

results. However, stockpiles of sub-economic ore/waste rock may eventually develop acid seepage. 

Whether acid seepage will develop, and the potential time frame, are unknown at this stage since kinetic 

test results were not conducted for this preliminary baseline assessment. 

 The salinity of ore seepage is expected to be in the range 5 000 to 15 000 mg/L. This may increase if the 

seepage turns acidic. 

 The salinity is mostly in the form of Na, Ca, and SO4 (sulphate) concentrations. 

 The sulphate concentration of ore seepage is expected to be in the range 1 000 to 5 000 mg/L. 

Preliminary estimates suggest this may increase to 6 000 mg/L if the seepage turns acidic. However, this 

will need to be confirmed through kinetic geochemical testing. 
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5.3 Oxidation/reduction processes 

The key process in the ore stockpiles is likely to be oxidation of sulphide minerals. Preliminary static 

geochemical testing results in this report indicate that the ore, especially the sub-economic ore/waste rock, 

is potentially acid generating (PAG). However, the presence of acid-neutralising calcite, its limited 

neutralisation potential, and the del S sulphur contribution to acid drainage risk remain uncertain. This is 

reflected in the NAG test result which suggests Composite S1 (ore) is non-PAG. It appears these factors may 

significantly change the acid drainage risk. Therefore, further geochemical testing is required.  

As a precaution until further test results are available, acid seepage from the ore and sub-economic 

ore/waste rock stockpiles should be expected. 

5.4 Mitigation measures 

Geochemical model results suggest that acidity, salinity (and possibly nickel concentrations) in seepage from 

the ore (and sub-economic ore/waste rock) stockpiles may impact on groundwater quality beneath the 

stockpile footprints. A trade-off study is required to balance the technical, financial, and engineering costs of 

measures to manage/mitigate this seepage against the potential benefits in terms of downstream impacts. 

However, a groundwater assessment is required to estimate i) the volume of seepage from the stockpiles, 

and ii) the downstream groundwater quality impact of stockpile seepage. 

As a precaution, management and control measures to reduce seepage from the ore and sub-economic 

ore/waste rock stockpiles is required. 
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6 RECOMMENDATIONS 

Based on the work described in this report, Solution[H+] recommends the following: 

 Suni Resources SA should conduct further sampling and geochemical testing of ore and sub-economic 

ore/waste rock material from the Balama Central Project. The programme should include the following: 

o ABA analysis of a statistically significant number of samples. The recommended scope is fifty 

samples, but additional sampling and testing may be required. 

o Sulphur speciation, carbon speciation, and mineralogy should be conducted on all samples. 

o Kinetic testing of at least one composite sample each of ore and sub-economic ore/waste 

rock. Suni Resources SA should obtain advice from an experienced geochemist on the testing 

protocol and duration of the tests. 

 Considering the uncertainties around the acid rock drainage risk, pending further geochemical testing, 

and evaluation of downstream groundwater quality impacts, Suni Resources SA should consider ripping 

and compacting the ore and sub-economic ore/waste rock stockpile footprints to reduce seepage to 

groundwater. This preliminary mitigation measure should be re-evaluated once a source-pathway-

receptor assessment has indicated the level of mitigation required. 

 Once groundwater assessment and additional geochemical test results are available, Suni Resources SA 

should evaluate the feasibility of selective handling of PAG and non-PAG material to reduce acid drainage 

risk in ore and sub-economic ore/waste rock stockpiles. 

 

 

 

Terry Harck (Pr.Sci.Nat 400088/95) 

Hydrogeochemist 
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Appendix A: Geochemical Test Methods 
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GEOCHEMICAL TEST METHODS  
The test methods outlined below are established approaches to “geochemical-testing” in the international 

mining-industry. Price (2009) is a comprehensive and authoritative source of information on testing 

methods on mine-waste geochemistry. There is also the Global Acid Rock Drainage Guide (GARD Guide) 

which is an INAP initiative (www.gardguide.com ). 

The test methods described below are routinely employed in work programmes undertaken by 

Solution[H+]. However, the methods described are generic, and specific tests may not be undertaken in a 

given study. 

Acid Base Accounting 

Acid–Base Accounting (ABA) is an internationally accepted analytical procedure that was developed to screen 

the acid-producing and acid-neutralising potential of rocks. The method is based on the procedure of Sobek 

et al (1978).  

The modified ABA test provided quantification of the total sulphur, sulphide sulphur, and sulphate 

concentrations present and the potential acid generation (AP) related to the oxidation of the sulphide sulphur 

concentration. The test method determined the neutralization potential (NP) of the sample by initiating a 

reaction with excess acid and then identified the quantity of acid neutralized by the samples NP by back-

titrating to pH 8.3 with NaOH. The balance between the AP and NP assists in defining the potential of the 

sample to generate acid drainage. In addition, quantification of the extent of carbonate mineral content 

permitted calculation of the theoretical carbonate NP. 

ABA results include several parameters: 

 Acid Potential (AP) is calculated from the concentration of sulphide sulphur in the sample, assumed to 

be present in the form of the mineral pyrite.  

 Neutralising Potential (NP) is a measure of the total acid a material is capable of neutralising and is 

predominantly a result of neutralising bases, mostly carbonate minerals (such as calcite) and 

exchangeable alkali and alkali earth cations. Neutralisation potential is measured by reacting 

hydrochloric acid with the sample. The amount of acid consumed is assumed to have reacted with the 

mineral calcite. 

Optional components of ABA testing include: 

 Paste pH is a screening tool that indicates the presence of readily available NP (generally from carbonate) 

or stored acidity. It represents more closely the water to solid ratio of pore waters in wastes than other 

analysis procedures. 

 Sulphur speciation indicates whether some of the sulphur in a sample may be present in non-acid 

producing sulphates or native sulphur.  

 Carbon speciation indicates whether some of the carbon in a sample may be present as acid-neutralising 

carbonate minerals 

http://www.gardguide.com/
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Leach Tests 

Leaching is a laboratory extraction method designed to determine the leachability of both organic and 

inorganic elements present in liquids, soils, and wastes under certain conditions. The solid phase is extracted 

with an extraction fluid at a selected liquid-to-solid ratio (L/S) for a set duration (usually about 24 hours). The 

liquid extract is then analysed using a range of APHA5, ISO6 and SANAS7-accredited methods. 

Leach tests are not an indicator of drainage quality as the conditions of the test, especially the liquid-to-solid 

ratio, generally do not represent actual field conditions. Therefore, leachate concentrations are not 

representative of seepage or run-off that could emanate from the site. However, the results may indicate 

chemicals of concern in mine drainage. 

Mineralogy 

Minerals are the building blocks of rocks. To a large extent, mine drainage quality is a function of dissolution 

(or precipitation) of the minerals present during interaction of rocks with water. X-ray Diffraction (XRD) 

analysis identifies the main crystalline mineral phases in each sample. The sample is illuminated from a range 

of angles by an x-ray beam. Crystal planes of the minerals diffract the beam. Each mineral has a characteristic 

diffraction pattern and the intensities of the peaks can be used to estimate the relative weight percent of 

each phase using computer software. 

The typical limit of detection for the method ranges from 0.5 wt% to 3 wt%. depending on the mineral phase. 

Whole Rock Analysis 

Whole rock analyses use an X-ray Fluorescence (XRF) method to determine the elemental concentrations of 

the major rock forming constituents. This method quantifies major elements present and reports them as 

oxides to permit a mass balance assessment against the component of a sample that is amenable to 

oxidisation (loss on ignition). 

Acid Digest Elemental Analysis 

The sample is digested using an acid mixture of HNO3, HF, HClO4, and HCl to obtain a near total digest of the 

parameters being analysed. ICP-OES/MS trace metal scans are performed to provide quantitative analyses of 

the elemental components of the sample material. Analyses can include: Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, 

Cr, Cu, Fe, Hg, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Se, Si, Sn, Sr, Th, Ti, Tl, U, V, W, Y and Zn. Mercury analyses 

are generally completed by cold vapour atomic absorption spectroscopy (CVAAS). 

                                                           

5 American Public Health Association 
6 International Standards Organisation 
7 South African National Accreditation System 
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Sequential Shake Flask Extraction 

The sequential shake flask extractions can determine the leaching characteristics of the sample when 

subjected to repeated extraction of the solids with deionised water or other leaching solution. Typically, a 

normal leach test is completed. After settling, the water is poured off and filtered for analysis. Deionised 

water is added to the solid sample so that a liquid to solid ratio of 4:1 by mass (or as instructed by the 

geochemist) is obtained. The leach test is then repeated for the number of times required. 

Net Acid Generation (NAG) Testing 

NAG testing is conducted to determine the balance between the acid consuming and acid producing 

components of the sample. The NAG test initiates a reaction between the sample and concentrated hydrogen 

peroxide to completely oxidise sulphide minerals and react the acidity produced with the neutralising 

minerals present in the sample. After the reaction ceases, the pH of the solution is measured (NAG or final 

pH). The acid remaining after reaction is titrated with standard NaOH to pH 4.5 and the net acid generated 

by the reaction is calculated and expressed in units of kg CaCO3 equivalent per tonne. 

Kinetic Testing 

The term kinetic is used to describe a group of test work procedures wherein the acid generation (and metal 

solubilisation and transport) characteristics of a sample are measured with respect to time (Usher et al 2003). 

The most popular kinetic test is the humidity cell test. The test simulates accelerated weathering of the 

sample. This is done by passing moist air followed by dry air through the sample chamber; moist air for three 

days, followed by dry air for three days and distilled water leach on the seventh day. This one-week cycle is 

typically run for 20 weeks, according to the ASTM standard (ASTM D-5744). However, many samples may 

require significantly longer periods to clarify long-term leaching behaviour, sulphide oxidation and mineral 

dissolution rates. Therefore, it is advisable for a geochemist to evaluate the leach results at regular intervals 

during the test and recommend whether continuation of the test is required. 
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Appendix B: Laboratory reports 
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Appendix C: Sample composite worksheet 
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Composite sample ID Input samples Proportion (g)

L0285 217.5

L0353 217.5

L0354 217.5

L0356 217.5

L0346 130

L01048 290

L01507 290

L01378 290

L01306 130

L01536 160

L01455 160

L01179 160

L01186 160

L01373 160

L01002 200

L01336 168

L01087 168

L01600 168

L01519 168

L01440 168

L01078 80

L01543 80

Comp GS2 724

Comp GS4 276

Comp GS1 562

Comp GS3 438
Ore

Comp GS2

Comp GS4

Comp GS3

Comp GS1

Sub-economic
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Appendix D: Impact rating methodology 
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The following impact rating methodology was provided by Exigo for use in this project. 

Five factors need to be considered when assessing the significance of impacts, namely: 

1. Relationship of the impact to temporal scales - the temporal scale defines the significance of the impact 

at various time scales, as an indication of the duration of the impact. 

2. Relationship of the impact to spatial scales - the spatial scale defines the physical extent of the impact. 

3. The severity of the impact - the severity/beneficial scale is used in order to scientifically evaluate how 

severe negative impacts would be, or how beneficial positive impacts would be on a particular affected 

system (for ecological impacts) or a particular affected party.  

The severity of impacts can be evaluated with and without mitigation in order to demonstrate how 

serious the impact is when nothing is done about it. The word ‘mitigation’ means not just 

‘compensation’, but includes concepts of containment and remedy. For beneficial impacts, 

optimization means anything that can enhance the benefits. However, mitigation or optimization must 

be practical, technically feasible and economically viable.  

4. The likelihood of the impact occurring - the likelihood of impacts taking place as a result of project actions 

differs between potential impacts. There is no doubt that some impacts would occur (e.g. loss of 

vegetation), but other impacts are not as likely to occur (e.g. vehicle accident), and may or may not result 

from the proposed development. Although some impacts may have a severe effect, the likelihood of them 

occurring may affect their overall significance.  

5.  Each criterion is ranked to determine the overall significance of an activity (Table 1-1). The criterion is 

then considered in two categories, viz. effect of the activity and the likelihood of the impact. The total 

scores recorded for the effect and likelihood are then read off the matrix presented in Table 1.2, to 

determine the overall significance of the impact. The overall significance is either negative or positive.   

These factors (evaluation criteria) are presented in the table overleaf. 
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Ranking of Evaluation Criteria 
EF

FE
C

T 
Temporal Scale 

1  Short term Less than 5 years 

2  Medium term Between 5-20 years 

3  Long term 
Between 20 and 40 years (a generation) and from a human perspective also 
permanent 

4  Permanent 
Over 40 years and resulting in a permanent and lasting change that will always be 
there 

Spatial Scale  

1  Localised At localised scale and a few hectares in extent 

2  Study Area The proposed site and its immediate environs 

3  Regional District and Provincial level 

4  National Country 

5  International Internationally 

Severity * Severity Benefit 

1  Slight 
Slight impacts on the affected 
system(s) or party(ies) 

Slightly beneficial to the affected 
system(s) and party(ies) 

2  Moderate 
Moderate impacts on the affected 
system(s) or party(ies) 

Moderately beneficial to the affected 
system(s) and party(ies) 

3  Severe/ 
Beneficial 

Severe impacts on the affected 
system(s) or party(ies) 

A substantial benefit to the affected 
system(s) and party(ies) 

4  Very Severe/ 
Beneficial 

Very severe change to the affected 
system(s) or party(ies) 

A very substantial benefit to the 
affected system(s) and party(ies) 

LI
K

EL
IH

O
O

D
 Likelihood 

1  Unlikely The likelihood of these impacts occurring is slight 

2  May Occur The likelihood of these impacts occurring is possible 

3  Probable The likelihood of these impacts occurring is probable 

4  Definite The likelihood is that this impact will definitely occur 

* In certain cases it may not be possible to determine the severity of an impact thus it may be determined: 

Don’t know/Can’t know  

 

Matrix used to determine the overall significance of the impact based on the likelihood and effect of the 
impact.  

Li
ke

lih
o

o
d

 

 

Effect (Temporal scale + spatial scale + severity) 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

2 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

3 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

4 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
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