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Notations and terms 
 

Advection is the process by which solutes are transported by the bulk motion of the flowing groundwater. 

Anisotropic is an indication of some physical property varying with direction. 

Cone of depression is a depression in the groundwater table or potentiometric surface that has the shape of an 
inverted cone and develops around a borehole from which water is being withdrawn.  It defines the area of 
influence of a borehole. 

A confined aquifer is a formation in which the groundwater is isolated from the atmosphere at the point of 
discharge by impermeable geologic formations; confined groundwater is generally subject to pressure greater 
than atmospheric. 

The darcy flux, is the flow rate per unit area (m/d) in the aquifer and is controlled by the hydraulic conductivity 
and the piezometric gradient. 

Dispersion is the measure of spreading and mixing of chemical constituents in groundwater caused by diffusion 
and mixing due to microscopic variations in velocities within and between pores. 

Drawdown is the distance between the static water level and the surface of the cone of depression. 

Effective porosity is the percentage of the bulk volume of a rock or soil that is occupied by interstices that are 
connected.  

Groundwater table is the surface between the zone of saturation and the zone of aeration; the surface of an 
unconfined aquifer. 

A fault is a fracture or a zone of fractures along which there has been displacement. 

Hydrodynamic dispersion comprises of processes namely mechanical dispersion and molecular diffusion. 

Hydraulic conductivity (K) is the volume of water that will move through a porous medium in unit time under a 
unit hydraulic gradient through a unit area measured perpendicular to the area [L/T]. Hydraulic conductivity is 
a function of the permeability and the fluid’s density and viscosity. 

Hydraulic gradient is the rate of change in the total head per unit distance of flow in a given direction. 

Heterogeneous indicates non-uniformity in a structure. 

Karstic topography is a type of topography that is formed on limestone, gypsum, and other rocks by dissolution, 
and is characterised by sinkholes, caves and underground drainage. 

Mechanical dispersion is the process whereby the initially close group of pollutants are spread in a longitudinal 
as well as a transverse direction because of velocity distributions. 

Molecular diffusion is the dispersion of a chemical caused by the kinetic activity of the ionic or molecular 
constituents. 

Observation borehole is a borehole drilled in a selected location for the purpose of observing parameters such 
as water levels. 

Permeability is related to hydraulic conductivity, but is independent of the fluid density and viscosity and has 
the dimensions L2. Hydraulic conductivity is therefore used in all the calculations. 

Piezometric head () is the sum of the elevation and pressure head. An unconfined aquifer has a water table and 
a confined aquifer has a piezometric surface, which represents a pressure head. The piezometric head is also 
referred to as the hydraulic head. 

Porosity is the percentage of the bulk volume of a rock or soil that is occupied by interstices, whether isolated 
or connected. 

Pumping tests are conducted to determine aquifer or borehole characteristics. 

Recharge is the addition of water to the zone of saturation; also, the amount of water added. 
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Sandstone is a sedimentary rock composed of abundant rounded or angular fragments of sand set in a fine-
grained matrix (silt or clay) and more or less firmly united by a cementing material. 

Shale is a fine-grained sedimentary rock formed by the consolidation of clay, silt or mud.  It is characterised by 
finely laminated structure and is sufficiently indurated so that it will not fall apart on wetting. 

Specific storage (S0), of a saturated confined aquifer is the volume of water that a unit volume of aquifer releases 
from storage under a unit decline in hydraulic head. In the case of an unconfined (phreatic, water table) aquifer, 
specific yield is the water that is released or drained from storage per unit decline in the water table. 

Static water level is the level of water in a borehole that is not being affected by withdrawal of groundwater. 

Storativity is the two-dimensional form of the specific storage and is defined as the specific storage multiplied 
by the saturated aquifer thickness.  

Total dissolved solids (TDS) is a term that expresses the quantity of dissolved material in a sample of water. 

Transmissivity (T) is the two-dimensional form of hydraulic conductivity and is defined as the hydraulic 
conductivity multiplied by the saturated thickness. 

An unconfined-, water table- or phreatic-aquifer are different terms used for the same aquifer type, which is 
bounded from below by an impermeable layer. The upper boundary is the water table, which is in contact with 
the atmosphere so that the system is open. 

Vadose zone is the zone containing water under pressure less than that of the atmosphere, including soil water, 
intermediate vadose water, and capillary water.  This zone is limited above by the land surface and below by the 
surface of the zone of saturation, that is, the water table. 

Water table is the surface between the vadose zone and the groundwater, that surface of a body of unconfined 
groundwater at which the pressure is equal to that of the atmosphere. 
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List of abbreviations 
 

Abbreviation Description 

µg micrograms 

a annum 

AMD Acid Mine Drainage 

Al Aluminium 

As Arsenic 

BH Borehole 

Ca Calcium 

Cd Cadmium 

Cl Chloride 

Co Cobalt 

Cr Chromium 

Cu Copper 

EC Electrical Conductivity 

F Fluoride 

Fe Iron 

GIS Geographic Information System 

HCO3 Bicarbonate 

K Potassium 

km kilometre 

mamsl Meter Above Mean Sea Level 

MAP Mean Annual Precipitation 

mbgl Meter Below Ground Level (i.e. depth) 

Mg Magnesium 

mg/ℓ Milligrams per litre 

mm millimetre 

mm/a Millimetre per annum 

Mn Manganese 

mS/m Milli-Siemens per meter 

Na Sodium 

NH4 Ammonia 

Ni Nickel 

NO2 Nitrite 
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NO3 Nitrate 

Pb Lead 

pH Power of hydrogen 

PO4 Phosphate 

SANS South African National Standards 

Se Selenium 

SO4 Sulphate 

TDS Total Dissolved Solids 

TSF Tailings Facility 

WGS84 World Geodetic System of 1984 

WM With Mitigation 

WMA Water Management Area 

WOM Without Mitigation 

WRD Waste Rock Dump 

Zn Zinc 

ZOI Zone Of Influence 
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Executive Summary 

Exigo Sustainability (Pty) Ltd (Exigo) was requested by Coastal & Environmental Services (CES) to 

conduct a hydrogeological investigation for the development of a graphite deposit situated south of 

the Balama village in Northern Mozambique. The mining project is proposed by Suni Resources Lda, 

which is a wholly owned subsidiary of Battery Minerals. This hydrogeological investigation forms part 

of the EIA, which is being undertaken to support the mining rights application. 

The following conclusions can be drawn from this study: 

 High rainfall events can be expected from December to March with a mean annual 

precipitation (MAP) of 941 mm/a. Almost 85% (813 mm) of MAP occurs during these four 

months.  

Extreme weather conditions driven by tropical storms are frequently experienced along the 

Mozambique coast and can  lead to excessive precipitation and flooding throughout the country. For 

example, tropical cyclone Eline resulted in devastating floods in Mozambique, Zimbabwe and South 

Africa in 2000 (Reason and Keibel, 2004).. Events such as this would lead to flooding of the open pits 

and water storage/containment facilities...  

  

 The aquifer systems are associated with the geological units as illustrated from the geological 

maps. The weathered profile is at least 10m -20m thick and the basement rock consists of Mica 

Gneiss, Marble, Meta-rhyolite and Granite Gneiss. Except for the Marble Formation, the 

aquifers are classified as minor aquifers with general low yields, but which are important for 

water supply to local villages. 

 Eight villages were surveyed with 59 groundwater observation points, which include 16 

boreholes fitted with hand pumps and 43 hand dug wells. The water level averages are 

approximately 3.3 m, ranging from surface to a maximum of 18 mbgl close to the mine area. 

 Almost all the groundwater sites are used for domestic purposes which implies that 

groundwater is an important water source in this area, and can be considered as a major 

aquifer in terms of potable water for human consumption. 

 Falling head tests were conducted at 17 positions in and  around the proposed open pit area 

which will provide for sufficient aquifer parameters in the mining area.  However, regional 

aquifer parameters need to be evaluated for the remaining mine infrastructure.  

 Hydraulic conductivity ranged from 0.008 m/d (consolidated) to 0.22 m/d (unconsolidated). 

The potential for elevated groundwater flow is possible from site observations however but 

drilling and testing is needed to confirm aquifer potential. 
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 Artesian conditions at boreholes in the proposed mining area would suggest that a geological 

barrier and/or deep seated fault zone might intersect the open pit area. This geological feature 

could yield increased inflow to the proposed open pit mining operations.  

 The water quality is relatively poor with 10 out of the 20 analysed samples exceeding the SANS 

drinking water standards. Three of these samples are in the mining area and the remaining 7 

are used for potable and domestic use in the villages.  

 Fam01 is a village groundwater site that could cause chronic health issues due to naturally 

elevated levels of Chloride, Manganese and Uranium. This groundwater site is outside the 

mining license area and possibly impacted by nearby quarry works. 

 The three samples taken at the mining area had poor water quality linked to the natural 

geological formation, and specifically the ore section. 

 The numerical model indicated no immediate impact  on neighbouring groundwater users 

during the operational phase as well post operational phases.  

 The dewatering rates were estimated at 280 m³/d for the Lennox pit and 400 m³/d for the 

Byron pit.  

 The perennial drainage situated east of the mining area and the weir system west of the 

Lennox WRD could potentially be influenced by the ZOI (one km) created by the open pit. 

However this observations will only be evident after 10 to 11 years of mining. Note that the 

mine dewatering simulations were done conservatively and the values should not be used to 

draw conclusions related to a sustainable water resource for water supply.  

 The delineated wetland areas will be intersected by the ZOI but the impacts are low  due to 

the stream diversion and open pit which will already have impacted on the wetland area prior 

to extensive pit dewatering operations. 

 The potential mass transport impact from the TSF was simulated at 2599 mg/ℓ as indicated 

from the geochem investigation, which indicated plume migration towards the south and east 

of the TSF footprint at a rate of 15m/a. The groundwater users situated directly south of the 

TSF might be impacted over time without the proper mitigation being employed. 

 Post mining operations indicate limited impacts from both a zone of influence crated by 

evaporation (± 500 m) and the mass plume would only extend further east ± 900 m if a worst 

case in considered. 

 The pit flooding scenarios indicated that decommissioning the upstream weir and re-diversion 

of the stream to flow through the open pit areas could improve the pit lake water quality. 

Constant flooding of the open pit during rainfall events would increase the dilution potential 

 The impacts were assessed in the impact assessment with proposed mitigation measures. The 
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most important measures include developing a detailed storm water plan, river diversion plan, 

and implementing a surface and groundwater monitoring program to verify the water related 

impact zones in the operational phase. 

 The post mining modelling results indicated a limited ZOI due to evaporation from the open 

pit areas, which acts as a groundwater sink. The evaporation rate was estimated at  

approximately 230 m³/d from both open pit areas.  

 The mass plumes from the WRD would be drawn towards the open pit areas and mass 

movement would extend further toward the east and south over the 50 years post mining 

operations. This might result in possible intersection with the groundwater users directly to 

the south of the TSF. 

 The geochemical report (see ) indicates that the sub-economic ore and waste rock is 

potentially acid generating (PAG), and acid seepage is expected. However this could be 

managed and mitigated by ripping and compacting the stockpile footprints. 

The recommendations from this study are as follows: 

 Water use from the 7 village groundwater positions that exceed the drinking water standards 

should not be utilized by the mine for potable use unless it is treated. This would apply 

especially for Fam01. 

 Micro biological testing can be conducted by the mine at the villages from the shallow 

boreholes and shallow hand dug wells as part of a social development project1.  

 The geological feature that exists and intersects the open pit area needs to be investigated by 

means of a geophysical survey. If this barrier is confirmed it would be beneficial to drill 

groundwater testing boreholes to evaluate the possible inflows from the geological structure 

related to this barrier, as it would intersect the open pit areas. 

 As part of the baseline assessment it is recommended that a radioactive screening study is 

conducted as a separate geochemical assessment during the detailed design phase, to set the 

baseline uranium screening criteria for the mining area.  

 The TSF footprint might need to shift towards the north to ensure no impacts on the 

groundwater users towards the southern boundary of the current TSF outline. Alternatively, if 

these boreholes are impacted by the TSF, then additional water supply boreholes must be 

provided by Suni resources.  

 Boreholes need to be drilled over the TSF footprint to evaluate the non-aquifer properties and 

                                                                 

1 (Langa, J. et al., 2015. Epidemic waves of cholera in the last two decades in Mozambique. The Journal of 
Infection in Developing Countries, 9(6), pp. 635-641) 
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seepage potential. This could be included as part of the geotechnical study. 

 The newly recommended monitoring positions should be drilled following a geophysical 

survey that will aid in detecting the subsurface flow zones along which seepage might be 

amplified.  

 Aquifer tests need to be performed on the newly drilled boreholes to evaluate aquifer 

parameters for additional input into the groundwater numerical model, for quantification 

purposes.  

 Water quality sampling and analyses must to be performed on the newly drilled boreholes to 

establish the baseline 

 The monitoring program as set out in the report is recommended, including borehole positions 

and water quality parameters to be analysed. Although the recommended monitoring 

positions were placed optimally from a technical point of view there are still some monitoring 

location that  are located outside the mining tenure and the construction and implementation 

of these positions are subject to accessibility from neighbouring land owners and tenure 

holders. Water monitoring data must be archived on a digital data base for future reference.  

 The groundwater model and water balance need to be updated with all newly acquired data 

and information on an annual basis to evaluate any changes from the original observations. 

 At closure a detailed study can be conducted to evaluate the benefits of constant flooding and 

re-diversion of the stream to improve the pit lake water quality and impacts on aquaculture 

and water use from the open pit areas. Post mining monitoring need to be applied at the 

downstream surface water positions to monitoring the water quality and dilution potential. 

 AMD could be managed with lime treatment to the TSF, surface seepage capturing trenches 

and seepage capturing boreholes down gradient from these facilities. The WRD need to be 

capped after mining operations.  
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Figure 1: Map showing the approximate ZOI and simulated mass plume extent
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1 INTRODUCTION 

Exigo Sustainability (Pty) Ltd (Exigo) was requested by Coastal & Environmental Services (CES) to conduct a 

hydrogeological investigation for the Balama resource situated approximately 50 km south-west from 

Montepuez in the Cabo Delgado Province of Mozambique. The investigation is focused on the graphite 

resource just south of the Balama village . The mining project is proposed by Suni Resources Lda, which is 

a wholly owned subsidiary of Battery Minerals. This hydrogeological investigation forms part of the EIA, 

which is being undertaken to support the mining rights application. 

2 OBJECTIVES 

Exigo conducted  hydrogeological and geochemical specialist studies to evaluate and quantify the impact 

of the proposed mining operations and related activities on the local and regional groundwater regime – 

investigating both water quality and water quantity aspects - as part of the Environmental, Social & Health 

Impact Assessment (ESHIA) Study.  A separate geochemical report is provided. 

The objectives of the study were to: 

 Investigate and establish the baseline hydrogeological and hydrochemical conditions of the 

proposed site; 

 Evaluate potential mine inflow volumes over time as a result of open cast mining. The inflows 

to the pit areas will provide an indication of groundwater quantities. 

 Assess potential ground water and surface water quality impacts as a result of infrastructure 

development and mining operations including mass migration distance and anticipated 

direction of mass flow. 

 Propose an integrated monitoring program to be implemented with monitoring positions as 

part of the mitigation measures to address possible impacts caused by the mining activities.  

2.1 Scope of work 

The investigation included an initial field survey and regional hydrocensus to establish the baseline and 

background groundwater data base, as well as initializing the monitoring program with piezometer and 

water level logger installations at selected piezometers. The follow-up phases included hydrochemistry and 

water quality evaluation, geochemistry modelling and interpretation, numerical groundwater modelling 

and mine water balance determinations, as well as developing water management and impact mitigation 

measures in the reporting phase. The proposed investigation was based on a phased approach, with the 

planned scope of work (SoW) set out below: 

1. Phase A: Hydrocensus, Aquifer testing and Piezometer installations to characterize and 

gather site specific data. 

2. Geochemistry sampling, analysis and assessment. 
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3. Numerical groundwater flow model development to evaluate the possible impacts from 

dewatering and contaminant plume mass migration. 

4. Conduct a mine water balance to will aid in decision making regarding water management 

for the mining activities. 

5. Compile a detailed report on all findings on the groundwater investigation. The geochemistry 

and water balance investigations will be included as separate reports, with only key findings 

from these studies incorporated into this report. 

2.2 Declaration of independence 

Exigo is an independent consultant company and does not have any financial interest in the proposed 

project other than the remuneration for work performed in terms of this hydrological investigation. 

 

3 SITE ASSESSMENT 

3.1 Site location and surface water catchment (model area) 

The proposed mining site is located approximately 50 km south-west of the town of Montepuez, and 5 km 

south of Balama, situated within the province of Cabo Delgado, Mozambique (top and bottom left 

Figure 3-1).  The project area is located within a 138 km² sub catchment. The delineated catchment area 

includes several non-perennial drainages that flow from north-west to south east through the mine lease 

area and into a perennial drainage system that flows from south-west to north-east past the south-eastern 

section of the mine lease area. The ore sections and the tailings facility would intersect two non-perennial 

drainage systems (

Figure 3-1, Figure 4-4). 

3.2 Proposed mine site layout 

The site layout will consist of infrastructure as indicated in Table 3.1, 

Figure 3-1 and summarised below: 

 The first TSF phase will include a smaller area and will be in operation for a proposed period of 

10 - 11 years. 

 The second phase TSF is larger in extent and will be in operation for the remaining 24 years of  

the propose 34 year life of mine. The second phase TSF will incorporate the first phase 

footprint. 

 The WRD sections will include a waste rock facility for the Lennox reserve and a separate one 
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for the Byron reserve. The Lennox WRD will be situated to the north of the Lennox pit and the 

Byron WRD to the south of the Byron pit area. 

 The process plant is situated approximately 500m to the north east of the open pit areas. 

 The ore sections include two resources known as the Lennox (larger northern) and Byron 

(smaller southern) sections which extend north-east to south-west along the general 

geological strike direction. The two ore sections intersect a non-perennial drainage system that 

flows towards the south-east. 

 There are three stock pile areas planned north east of the pit areas between the pit areas and 

the process plant. 

 No pit backfilling is planned for the open pit mining areas. 

 

Table 3.1 Mine layout and assosiated infrastructure  

Site Infrastructure Area (km²) 

Tailings facility phase 1 0.97 

Tailings facility phase 2 1.89 

Lennox waste rock dump 0.43 

Byron waste rock dump 0.44 

Lennox open pit 0.3 

Byron open pit 0.22 

3 X Stock piles 0.73 

Weir 1 0.23 

Weir 2 0.15 

Process plant 0.25 

Camp areas 0.1 

 

3.3 Climate and Rainfall  

The rainfall data that was used to evaluate the mean annual precipitation and recharge component to the 

aquifer system were gathered from previous graphite investigations conducted in the area (see reference 

list). The rainfall data was provided by the Instituto Nacional de Meteorologia for the Montepuez recording 

station.  It included monthly rainfall records recorded over a period of 57 years (from 1960 to 2016). Due 

to the incomplete sets of data only 35 years of data was utilized for the interpretations, as presented in 

Figure 3-2.   

 

High rainfall events can be expected from December to March with a mean annual precipitation (MAP) of 

941 mm/a. The non-perennial drainages could be considered as perennial during these 4 months. Almost 

85% (813 mm) of MAP occurs during these four months. The lower 5th percentile is 518 mm/a and the 
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upper 95th percentile is 1400 mm/a.  The lower 5th and upper 95th percentiles equate to the one in twenty 

year flood and drought conditions, respectively. Extreme flooding conditions related to tropical storms and 

hurricane conditions can occur (http://www.academia.edu/6278730/A_66-

year_tropical_cyclone_record_for_south-east_Africa_temporal_trends_in_a_global context). 

The recorded data indicates at least four drought periods and four flooding events, with the latest flood 

event recorded in 2015 (>2000 mm in that year). Hurricane Dineo passed over Mozambique in February 

2017 and precipitation estimates were approximately 80 mm/Hr.  Tropical cyclone Eline caused flooding in 

Mozambique, Zimbabwe and South Africa in 2000 (Reason and Kleine, 2004). In January 2018 a tropical 

cyclone affected the northern parts of the country, including the District of Ancuabe, when rainfall of 

between 50 to 100mm was expected to fall over a 12 hour period.    

According to the chloride method the calculated recharge determined from the groundwater chloride 

concentration is approximately 4% for the consolidated shallow aquifer sections and 0.45% for the deeper 

hard rock aquifer systems. The unconsolidated aquifer systems could be represented by the higher 

recharge values of between 10% and 20% (Bredenkamp, 1995). 

 

Table 3.2 Recharge estimates determined with the chloride method 

Recharge determined from Chloride concentrations 

ID – refer to Figure 4.1 to determine borehole locations Cl (mg/ℓ) Recharge (%) 

Mati 14 117 1.8 

Mati 18 88 2.4 

Mputi 04 54 3.9 

Fam01 427 0.5 

Nac 01 57 3.7 

Nac 07 51 4.1 

Lau 01 9 23.2 

Nau 01 346 0.6 

Nan 05 89 2.3 

Bal 02 47 4.4 

Bal 07 23 9.1 

Bwbo 01 118 1.8 

Lxo 18D 57 3.7 

Lxo 21D 31 6.7 

Lxo 22D 460 0.45 

Lxo 33D 382 0.5 

Average 147 4 

Minimum 9 0.45 

Maximum 460 23 

Average Recharge Cl method 4% (Consolidated shallow geology) 

Minimum Recharge Cl method 0.45% (Consolidated  deep geology) 

Maximum Recharge Cl method 6 - 20% (Unconsolidated and alluvium) 

 

http://www.academia.edu/6278730/A_66-year_tropical_cyclone_record_for_south-east_Africa_temporal_trends_in_a_global
http://www.academia.edu/6278730/A_66-year_tropical_cyclone_record_for_south-east_Africa_temporal_trends_in_a_global
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Figure 3-1 Regional 

location and mine layout map of project site  
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Figure 3-2 Recorded rainfall figures (Complete records for 35 years)-(Exigo, 2017) 
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3.4 Geology 

The geological units of the study area were delineated from regional geology interpretation and maps 

in the Runge Pincock Minarco report of 2016 “Balama Central Graphite Project Mineral Resource 

Estimate”( 1:50000 scale). The regional geology belongs to the Xixano complex which includes mostly 

felsic igneous rocks and granulites. The rock types included in the groundwater model boundary 

catchment area are predominantly Mica Gneiss, Marble, Meta-rhyolite and Granite Gneiss (

 

Figure 3-3).  

The local geology focused on the ore sections Lennox and Byron (Insert in 

 

Figure 3-3(RPM 2016). The ore sections predominantly occur in Gneiss which is subdivided into 

different gneissic properties and ore grade. A vertical pegmatite intrusion was interpreted extending 

north-south on the eastern boundary of the ore sections.  

3.5 Hydrogeology 

The different geological units control the aquifer properties, which was considered to include a 

weathered layer to represent the overburden extending from surface to approximately 10m to 20m. 

The primary geological unit that incorporates the mining area would be Quartz and Mica-gneiss which 

could be considered as a secondary, fractured hard rock aquifer system associated with high subsurface 

flow in the fractured section if extensive shearing and fracturing took place with deformation events. 

The marble formation indicated that deformation and alteration did take place at a later stage, and 

shearing and fracturing would be possible at contact zones between different geological units. These 

contact zones and associated subsurface flow potential can be confirmed with aquifer tests (

 

Figure 3-3). Pegmatite intrusion would indicate later stage infilling of major fracturing.  

The on-site observations during the site assessment indicated surface outflow at some of the drill holes 

on the western side of the pegmatite intrusion. This might imply that the intrusion could act as a barrier 

that restricts groundwater flow to the east, with pressure build-up at depth against the pegmatite 

intrusion, causing water to flow out at surface. This inferred geological barrier should be verified with 

a geophysical survey. The igneous nature of the Meta-rhyolite and Granite gneiss could also be 

associated with fractured aquifer systems. However, lesser fracturing and shearing could be expected 

due to limited deformation. 

The local geology as indicated from the RPM insert in 

 

Figure 3-3 has some major fault sections extending north-west to south-east through the prospecting 
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area. Smaller secondary contact sections between the different types of Gneiss formations were 

mapped. These structures could be confirmed with a geophysical survey, and aquifer tests could be 

performed on them to evaluate the groundwater properties. Due to the limited scale and extent of 

these mapped structures it was decided to rather exclude them at this stage, as they can be included 

at a later stage during more detailed mine planning, with more regional confirmation. 
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Figure 3-3 Geological map of regional area 
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4 SITE SURVEY INVESTIGATION AND RESULTS 

4.1 2018 Hydrocensus field Survey results  

The regional hydrocensus focused on gathering information regarding the groundwater quantity 

and quality in the project area. Important aspects included identifying other groundwater users and 

possible sensitive receptors, and gathering information on groundwater water levels, sources  and 

use, including the purpose of this use. This, coupled with water sampling helped to develop the 

baseline setting of the groundwater regime in the project area. Future monitoring programs for the 

mining operations will be measured against the baseline results to detect any impact that might 

occur. 

The hydrocensus extended beyond the site boundary (Figure 4-1) and included investigations 

and/or sampling at 8 villages (Appendix A Hydrocensus data and information), the mining area 

drill holes that were utilized for exploration, and surface water sites up and down gradient from the 

mining area. The 8 villages that were surveyed provided 59 groundwater observation points, and 

included 16 boreholes fitted with hand pumps and 43 shallow hand dug wells. Almost all the 

groundwater sites are used for domestic purposes, indicating that groundwater is an important 

water source in this area. The exploration  core drilling holes that were drilled over the mining area 

included 39 drill hole positions, of which 15 had either collapsed or were destroyed. The remaining 

24 holes were evaluated for possible piezometer installations and if falling head tests could be 

conducted. The falling head tests would serve to indicate permeability parameters to be 

incorporated into the groundwater model.  

Surface water sites were also sampled, as indicated in Figure 4-1 and Table 4.1 These sites were 

specifically selected to represent up and down gradient positions from the mining area, and 

included surface water drainage areas. All the surface water drainages had flow in the rainy season, 

but some of the drainages were reported to be non-perennial. One such non-perennial drainage is 

the Laupua River, which flows through the mining and open pit area, and will therefore need to be 

diverted. This implies that a comprehensive surface and storm water flow investigation is required 

prior to the start of operations, and ideally as part of the detailed design phase as the study can 

inform the storm-water management plan that will be required.  

Table 4.1 Surface water sites 

Drain Name Longitude Latitude Sampled Comment 

West US 38.593510 -13.359740 GH1499 Laupua River 

West DS 38.617120 -13.384820 GH1500 Laupua River 

Confluence 38.617690 -13.385380 GH1505 Link of Laupua with South River 

South US 38.587040 -13.408190 GH1502 South drainage upstream 

South DS 38.631840 -13.370200 GH1503 South drainage downstream 

South DDS 38.674770 -13.344990 GH1504 Far South down gradient surface water 

North US 38.631120 -13.337500 GH1501 Far north up gradient surface water 
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Figure 4-1. 2018 Hydrocensus field survey sites and observation point
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4.2 Piezometer and water level logger installations 

The piezometer installations consist of normal standpipe open void piezometers with 50 mm PVC 

type piezometer pipe installed at depths ranging from 20 to 100 mbgl. Site access and logistics were 

difficult due to the wet conditions, and only 5 of the proposed 8 piezometer could be installed 

(Figure 4-2). The piezometer installations are however clustered around the open pit area and the 

remaining 3 piezometers could be installed at drilling positions closer to the proposed tailings 

facility, waste rock facility and plant area if future exploration drilling is planned at these locations 

and site layouts are final. The piezometer material is stored in containers at the current site camp. 

Falling head tests were conducted at 17 positions in and around the proposed open pit area, to 

provide for sufficient aquifer parameters in the mining area (indicated as FHT on Figure 4-2). 

However, regional aquifer parameters still need to be evaluated for the remaining mine 

infrastructure, specifically  the tailings facility and waste rock facilities, as well as the plant area. The 

aquifer parameters could be derived from aquifer tests conducted on future monitoring boreholes 

that need to be drilled up and down gradient for the TSF, WRD and plant facilities. The additional 

data and parameters will have to be updated and incorporated in the numerical modelling, with any 

future mining development and final during the feasibility studies. At this stage, we are confident 

enough in the numerical model to predict impacts and provide recommendations to mitigate these, 

but further work is required on the aquifer to quantify changes and improve our confidence in the 

numerical groundwater model. 

In 2017 two loggers were installed at LX018D and LX008D (see Figure 4.2). These were rented 

loggers and needed to be replaced with new loggers. LX008D collapsed during logger extraction and 

can no longer be used for monitoring. The logger from this hole was installed in another drill hole 

together with four additional new loggers and locations. All together five piezometer with loggers 

were installed and 1 open hole (LX018D) with logger installed. 
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Figure 4-2 Piezometer installations, Falling head test locations and water level logger installation position
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4.3 Hydraulic head and groundwater level observations  

The measured groundwater levels indicated a good correlation to the surface elevation (R2=0.96) 

(Figure 4-3) which implies that there is presently no major impact on the groundwater system, 

either from neighbour mining activities or local water use. The regional groundwater flow regime 

would seem to be from the north-west towards the south-east, flowing towards the major drainage 

southeast of the proposed mining area (Figure 4-4). The groundwater levels are relatively shallow, 

with a mean of 3.3 m, ranging from surface to a maximum of only 18 mbgl close to the mine area. 

The rainy season might have caused the elevated groundwater levels observed on site, which 

indicates increased interaction between the shallow aquifer systems and the surface water systems. 

Surface outflow was observed at three of the drill holes in the open pit footprint (Figure 4-4), which 

is considered as deep fissure water due to the surface oxidation precipitate observed around the 

borehole casings and leading away from these boreholes. This observation would infer a geological 

feature acting as a barrier to groundwater flow and causing the rise in water level due to pressure 

from up gradient flow regionally (Figure 7-2).  

Figure 4-3 Hydraulic head vs topography 
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Figure 4-4 Observed hydraulic head and groundwater levels
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4.4 Aquifer testing: Falling head tests and results 

The aquifer testing was conducted on available open boreholes by utilizing a slug test2 method to 

evaluate the recovery potential of the groundwater level after being displaced by a volume of water 

(Figure 4-2). As mentioned, falling head test positions were only locally available as all the regional 

boreholes positions were inaccessible. This would imply that aquifer parameter data used for 

modelling purposes only represents the immediate area around the mining activities and associated 

lithology. Additional borehole locations situated at site specific positions such as up and down 

gradient locations from the WRD and TSF, as well as gathering more information on the regional 

setting will help to qualify the model input, and result in more accurate predictions. The falling head 

test results are indicated in Table 4.2 ,and more details are provided in Appendix B Aquifer 

testing summary table. Please refer to the notations and terms at the beginning of the report 

regarding hydraulic conductivity (K) and transmissivity (T). Early measurements refers to the initial 

drop in water level during recovery after water was injected into the borehole and “late” would 

refer to the later stage recover and settling of the water level. The increased permeability measured 

would typically represent the weathered profile or any link with possible deeper geological 

structures whereas the lower permeability can be associated with the basement lithology. Hydraulic 

conductivity values are in general low and ranged from 0.008 m/d (consolidated) to 0.22 m/d 

(unconsolidated). 

Table 4.2 Falling head test results summary 

Hole_ID UTM_East UTM_North 
Water 
Level (m) 

K (m/Day) for 
early T 

K (m/Day) 
for late T 

Early T 
(m2/Day) 

Late T 
(m2/Day) 

LX009D 457847.2 8521407.0 1.7 0.125 0.0314 6.240 1.568 

LX011D 457970.4 8521555.0 4.04 0.049 0.0228 2.470 1.139 

LX016D 458067.4 8521026.2 2.6 0.169 0.0054 8.440 0.268 

LX018D 458190.6 8521188.0 8.5 0.044 0.0171 2.221 0.856 

LX021D 457359.7 8521615.6 1.65 0.053 0.0064 2.634 0.322 

LX026D 458260.2 8521115.0 8.25 0.081 0.0013 4.064 0.067 

LX027D 458227.2 8521150.4 7.6 0.042 0.0016 2.102 0.080 

LX028D 457781.3 8520771.2 5.28 0.158 0.0033 7.900 0.165 

LX029D 457816.6 8520734.6 1.25 0.019 0.0002 0.957 0.010 

LX031D 457881.3 8520939.2 1.7 0.086 0.0658 4.322 3.289 

LX033D 457150.1 8520699.3 17.5 0.219 0.0065 10.960 0.326 

LX035D 457115.3 8520733.6 17.9 0.019 0.0010 0.947 0.048 

LX036D 457438.2 8520935.8 6.08 0.048 - 2.376 - 

LX037D 457409.5 8520972.4 6.4 0.008 0.0021 0.408 0.105 

Min   
1.25 0.008 0.0002 0.408 0.010 

                                                                 
2 It is important to note that although slug and falling head tests provide good initial information on the aquifer hydraulic conductivity, 
it should be followed by pumping tests to verify the aquifer parameters 
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Har. Mean  3.33 3.33 0.037 0.0015 1.828 

Max   
17.90 0.22 0.07 10.96 3.29 

Std. Dev   
5.40 0.064 0.0186 3.206 0.931 

P5   
1.51 0.015 0.0007 0.758 0.033 

P95   
17.6 0.2 0.0 9.3 2.3 

 

4.5 Hydrochemistry results and water quality baseline development 

The water quality analysis included micro and macro chemistry analysis of 23 samples selected to 

represent the regional water quality baseline. The water quality results were classified according to 

three criteria, The South African drinking water standards (SANS 2015), The World Health 

Organization drinking water standards (WHO 2011) and the Mozambique Drinking water standards. 

The classification results can be observed in Appendix C  Hydrochemistry results and 

classification. 

According to the SANS limits at least ten samples exceed drinking water standards, including three 

groundwater sites within the mining area (Lxo21D, Lxo22D and Lxo33D). The poor water quality 

from these holes is related to the natural geology of the orebody. Lxo33D has elevated 

concentrations of Uranium (U) and Sulphate (SO4) as well as Ammonium (NH4), Sodium (Na) and 

Iron (Fe). Both Lxo33D and Lxo22D have increased concentrations of TDS, Chloride (Cl) and 

Manganese (Mn). Lxo21D indicated high levels of Cadmium (Cd), Iron (Fe) and Manganese (Mn) 

(Figure 4-5, Figure 4-7).The seven remaining samples that exceed the SANS drinking water standards 

are located in Villages and are currently used for drinking and domestic purposes. These 

groundwater sites are Mati14, Mputi04, Fam01, Bwbo01, Nau01, Nan05 and Bal02. Constituents 

exceeded for the village groundwater sites are Total Dissolved Solids (TDS), Nitrate (NO3), Chloride 

(Cl), Arsenic (As), Manganese (Mn) and Uranium (U). One groundwater site in particular, Fam01, 

could cause chronic health issues due to the presence of Uranium and elevated levels of Chloride 

and Manganese. This groundwater site is outside the mining license and could be influenced by the 

quarry works nearby. (Figure 4-8). 

All the surface water sites are within the drinking water standards which supports the observation 

that no impacts are present from mining or industrial activities, and that there is limited interaction 

between the surface and groundwater systems. The WHO classification reveals almost the same 

exceedances as the SANS limits and the Mozambique criteria are limited to a few constituents. The 

water quality baseline concentrations are indicated in Table 4.3 and Table 4.4. The groundwater 

baseline concentrations for SO4, TDS and Manganese were considered as the average of all the 

groundwater samples from which future monitoring data can be measured and compared to. The 

surface water baseline would be represented by US South Drain as the perennial upstream sample 

position and DS South Drain as the downstream perennial sample positions. The regional 

downstream positions is represented by DDS South Drain. Elevated SO4 concentrations are 
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observed at the DS South Drain position, which indicates some natural seepage occurring already 

which gets diluted at DDS South Drain further downstream from the proposed mining site. All the 

surface water sites are still however within drinking water standards. 

 

Table 4.3 Groundwater quality baseline concentrations 

 

Table 4.4 Surface water quality baseline 

 

A clear distinction between the water quality results can be made from the major cation and anion 

concentrations as indicated in Figure 4-5. The poor water quality as well as association with elevated 

uranium concentrations is reflected in the elevated major cation and anions from Lxo33D and 

Fam01. Artesian conditions were observed at borehole Lxo22D, assumed to be deep fissure water, 

an assumption supported by the poor water quality. A low uniform cation and anion concentration 

was observed from the surface water sites. The piper diagram indicates a diverse water type 

configuration. The artesian positions  indicates a sulphide chloride signature (top quadrant) and the 

dynamic nature of the associated aquifer system. The surface water sites all indicate recently 

recharged water which will relate to the rainy season when sampling took place (left quadrant to 

centre). The spatial distribution map (Figure 4-7) indicating the major cations and anions suggest 

the clustering of sulphate concentrations (SO4) related to the ore body in the mining area. The 

downstream surface water samples also indicate this proportion of sulphide which might be related 

to surface seepage from the outcrops close to the drainage systems.

Site Name Mati 14 Mati 18 Mputi 04 Fam01 Nac 01 Nac 07 Lau 01 Nau 01 Nan 05 Bal 02 Bal 07 Bwbo 01 Lxo 18D Lxo 21D Lxo 22D Lxo 33D

Average baseline 

concentrations 

(groundwater mg/l) 

SO4 (Sulphate) mg/l 56.0 -0.141 1.58 196 0.141 2.7 0.141 22.1 -0.141 0.969 8.56 13.8 69.2 0.354 248.0 353 61

TDS mg/l 706 494 464 1434 228 384 114 894 398 328 332 374 440 172 1364 1670 612

Mn (Manganese) mg/l <1 814 574 383 <1 41 <1 12 229 416 <1 139 <1 367 977 311 388

Site Name

US West 

Drain 

DS West 

Drain

US North 

Drain

US South Drain 

(upstream baseline)

DS South Drain 

(downstream 

baseline)

DDS South Drain 

(regional 

Downstream 

baseline) Confluence

SO4 (Sulphate) mg/l 1.39 29.9 2.37 8.71 47.3 37.9 44

TDS mg/l 170 282 276 260 340 316 350
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Figure 4-5 Major cation and anion plot 

Figure 4-6 Piper diagram of the different water types
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Figure 4-7 Water quality distribution
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Figure 4-8 Poor water quality locations
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5 AQUIFER CLASSIFIACTION 

The aquifer classification was guided by the principles set out in the South African Aquifer System 

Management Classification (Parsons, 1998).  Based on the available data, the aquifer has been defined 

as a minor, sole-source aquifer. A minor but sole source aquifer supplies more than 50% of the water 

for domestic purposes for the given area (refer to Table 5.1). The shallow wells could be considered 

as part of the shallow aquifer system and are also being used primarily for domestic purposes. The 

water quality was classified as relatively poor and falls within a minor aquifer system, which would 

imply a very important aquifer for water supply but a minor aquifer system in terms of water quality.  

Table 5.1 South African Aquifer Classification Table  

Aquifer 
System 

Defined by Parsons (1998) 
Defined by DWAF Minimum 

Requirements (1995) 

Sole 
Source 
Aquifer 

An aquifer which is used to supply 50 % or more of domestic 
water for a given area, and for which there are no 

reasonably available alternative sources should the aquifer 
be impacted upon or depleted. Aquifer yields and natural 

water quality are immaterial. 

An aquifer, which is used to supply 50% 
or more of urban domestic water for a 

given area for which there are no 
reasonably available alternative 
sources should this aquifer be 
impacted upon or depleted. 

Major 
Aquifer 

High permeable formations usually with a known or 
probable presence of significant fracturing. They may be 

highly productive and able to support large abstractions for 
public supply and other purposes. Water quality is generally 

very good (<150 mS/m). 

High yielding aquifer (5-20 ℓ/s) of 
acceptable water quality. 

Minor 
Aquifer 

These can be fractured or potentially fractured rocks, which 
do not have a high primary permeability or other 

formations of variable permeability. Aquifer extent may be 
limited and water quality variable. Although these aquifers 

seldom produce large quantities of water, they are 
important both for local supplies and in supplying base flow 

for rivers. 

Moderately yielding aquifer (1-5 ℓ/s) of 
acceptable quality or high yielding 
aquifer (5-20 ℓ/s) of poor quality 

water. 

Non-
Aquifer 

These are formations with negligible permeability that are 
generally regarded as not containing ground water in 

exploitable quantities. Water quality may also be such that 
it renders the aquifer as unusable. However, ground water 
flow through such rocks, although imperceptible, does take 

place, and need to be considered when assessing the risk 
associated with persistent pollutants. 

Insignificantly yielding aquifer (< 1 ℓ/s) 
of good quality water or moderately 

yielding aquifer (1-5 ℓ/s) of poor 
quality or aquifer which will never be 

utilised for water supply and which will 
not contaminate other aquifers. 

Special 
Aquifer 

An aquifer designated as such by the Minister of Water 
Affairs, after due process. 

An aquifer designated as such by the 
Minister of Water Affairs (South 

Africa), after due process. 
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6 CONCEPTUAL MODEL 

A conceptual model is a basic graphical representation of the subsurface aquifer systems and how it 

will change during mining activities, so the parameters can be incorporated into the numerical 

groundwater model. Geological data and groundwater information are incorporated to develop a 

conceptual model of the current static groundwater system, and possible impacts from groundwater 

users and existing development (Figure 6-1). The conceptual model aims to indicate the possible 

impacts on the groundwater system as a result of the proposed mining activities, by taking the 

affected environment into account. 

Geological data and geological interpretations supplied by the client formed the basis of the 

conceptual model. The geological data was delineated from the 1:250 000 geological map (Bjerkgard, 

2006). The conceptual model is visually represented in Figure 6-1 and Figure 6-2.  

There are a number of important hydraulic zones: 

1. No major faults or geological structures could be delineated from the available geological 

data. This would imply no increased permeable zones that may indicate higher yielding 

groundwater flow, as well as low permeable sections that could imply geological 

compartments. The observation that groundwater surface flow were observed in the 

Lennox pit area could imply compartments, which can be verified at a later stage with 

resistivity  geophysical surveys. 

2. Alluvium deposits are considered to be associated with the non-perennial drainages as 

highly permeable recharge zones. 

3. The weathered profile would be represented by the top 10 to 20 m below surface and 

represents an unconsolidated geological layer. The weathered profile would pinch out at 

the foot of mountainous areas. 

4. The deeper fractured bedrock lithology represent the basement rocks and associated lower 

permeability areas, as well as recharge. 

5. The modelled water levels would decrease closer towards the pit areas and would indicate 

the suspected zone of influence (ZOI). The ZOI in the project area could intersect the 

drainage system to the south east of the pit areas, and indicates increased inflows from a 

base flow component. There are no groundwater users in the immediate area around the 

pit areas. 

6. Groundwater flow would lead down gradient from the TSF facilities towards the east and 

follow the surface water flow regime. The distance (3.5 km) of the TSF from the open pit 

areas could indicate limited influence from pit dewatering. 
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Figure 6-1 Conceptual model of the project area 

Figure 6-2 Simple concept cross section through the open pit areas 
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7 NUMERICAL GROUNDWATER MODEL 

7.1 Model objectives 

The purpose of the groundwater flow model was to simulate the potential impacts of the mine 

dewatering from the open pits, and mass migration of potential contaminates from waste facilities 

(WRD and TSF). The four main objectives of the numerical model is to: 

1. Quantify dewatering rates taking into account temporal and spatial factors such as the 

mining operational phases through Life of Mine (LoM).  

2. Determine the zone of influence and volumetric impacts of dewatering on water users and 

the environment, with specific reference to nearby groundwater users and perennial 

drainages. 

3. Quantify the potential for seepage plumes and mass transport from the TSF and WRD’s.  

4. Provide an analysis of post-operational pit flooding and potential for decanting. 

7.2 Model Setup 

For the mine model, a new numerical groundwater flow model was developed using the modelling 

package FEFLOW 7.1.  Details of this software are provided at www.FEFLOW.info. 

7.3 Model Domain and Finite Element Network 

The model domain covers an area of 130 km², differentiated into a finite element network with 778 

432 elements and 59 121 nodes (Figure 7-1). The 3D configuration incorporated a two layer system, 

with the top layer representing the weathered profile. The deeper layer represents the basement 

rock and consolidated lithology’s which would propagate through at the mountainous areas to 

represent basement rock. The total volume of the 3D domain is 47 km³. Refinement around specific 

features was done with the mesh generation for calibration purposes.. 

7.4 Model limitations and assumptions 

The following assumptions were made: 

1. Prior to development, the system is in equilibrium and therefore in steady state. 

2. The accuracy and scale of the assessment will result in deviations at specific points e.g. on 

the boundaries of mine layout areas. However, this effect is minimal and the selected mesh 

elements would represent the footprint of specific infrastructure. 

3. When modelling assumptions were made or reference values used, a conservative 

approach was followed such that the tendency was to overestimate groundwater impacts 

when compared to the actual case. 

4. Because the mhe model assumptions were conservative this means that the model 

http://www.feflow.info/
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simulations would over-estimate impacts, which is in line with the precautionary principle. 

7.5 Model parameters 

The aquifer parameters used in the calibration process are presented in Table 7.1 and were 

obtained from:  

1. Recorded hydrocensus data i.e. coordinates and water levels.  

2. Aquifer test results conducted during the site assessment were included as input 

parameters for sub surface lithology permeability.  

3. The basement lithology was assigned fairly low permeability as observed from the falling 

head test results that indicated low permeability around the mining area.  

4. The weathered profile and alluvium was considered to represent the falling head test 

results with increased flow potential.  

5. Although the surface outflow near the open pit areas could indicate a geological barrier, 

there is no proven geological or geophysical indication of such a barrier, and thus it has not 

been included in the model construction. 

The recharge values were based on rainfall data as explained in section 3.3 Climate and Rainfall. 

Recharge percentages for the geological units were determined with the chloride method (Table 

3.2) and compared with previous groundwater models (Exigo. 2016) and current dewatering 

potential estimates that were developed for similar groundwater studies conducted in this area, to 

obtain optimal recharge values to be used in the model. The recharge percentages range from 0.5% 

to 10% (Table 7.1) for the geological units. For current mining infrastructure such as TSF and WRD 

facilities the upper recharge estimate (10%) was used. Although the average recharge percentages 

determined by the chloride method indicated 4%, this would mainly represent the top shallow 

consolidated aquifer system (the shallow wells and boreholes). Lower limit recharge were assumed 

for the deeper consolidated lithology. 

Additional important model inputs and conditions are indicated in Appendix D Numerical model 

Calibration Statistics. The model construction and input parameters are displayed in Figure 7-1. 

  



Battery Mineral Balama: Hydrogeological specialist study  

 

 
       

 

 

-40- 

Table 7.1  Input parameters incorporated into the model with details of geological units 

7.6 Simulation of development stages 

7.6.1 Scenario 1 : Steady state initial conditions  

The model calibration process focused on obtaining a steady state condition which would represent 

the natural state of the aquifer system within the modelled boundaries. At least 67 observation 

points with accurate groundwater level measurements were used for the calibration assessment 

(Table 16.2). The calibration process was completed when a correlation between simulated and 

measured hydraulic heads of approximately 96% were reached. The mean absolute error between 

the measured and simulated hydraulic head was at least 5.7 and the root mean square percentage 

below 10.1 % (Table 16.2). The bar chart indicated in Figure 16-1 would imply that the simulated 

hydraulic head error would primarily be below measured hydraulic head. This observation is 

indicated in the surface to groundwater map shown in Figure 7-2. Only at the river sections, 

hydraulic head would be near surface. The initial steady state hydraulic head for the regional 

groundwater regime is also indicated as contours in Figure 7-2. The simulated steady state hydraulic 

head would follow topography as indicate by the measured hydraulic head.  

The baseline water balance is indicated in Table 7.2. The field survey indicated 8 villages, 16 

boreholes fitted with hand pumps and 43 hand dug wells which could be considered as the main 

groundwater users within the modelled area. If 500 people per village is considered a mean, and 

average water use per person of at least 50 ℓ/day then it can be assume that groundwater use for 

domestic purposes could be up to 200 to 300 m³/d. Average recharge per day were estimated at 

4476 m³/d and losses to natural drains and base flow would be 4280 m³/d to balance the system. 

Model geology  
Recharge 

% 
Map 

(m/d) 
Recharge 

(m/d) 

Layer 
thickness 

(m) 

Hydraulic 
Conductivity 
(m/d) (Table 

4.2) 

Transmissivity Storativity 

Layer 1 (20m) 

Quartz mica gneiss 
locally graphitic 

0.8 
2.48E-03 1.98E-05 20 0.019 0.38 1.00E-03 

Granitic to 
granodioritic gneiss 

1.5 
2.48E-03 3.72E-05 20 0.026 0.52 1.00E-03 

Marble 0.5 2.48E-03 1.24E-05 20 0.008 0.16 1.00E-03 

Metarhyolite 1.3 2.48E-03 3.22E-05 20 0.016 0.32 1.00E-03 

River alluvium 10 2.48E-03 2.48E-04 20 0.25 5 1.00E-03 

Layer 2 (300m) 

Quartz mica gneiss 
locally graphitic 

  
    300 0.0012 0.36 5.00E-06 

Granitic to 
granodioritic gneiss 

  
    300 0.0018 0.54 5.00E-06 

Marble       300 0.0005 0.15 5.00E-06 

Metarhyolite       300 0.0011 0.33 5.00E-06 
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Table 7.2 Scenario 1: Initial steady state water balance 

Steady State Initial Conditions 

  Component Inflow (m3/d) Outflow (m3/d) Balance (m3/d) 

1 Recharge from precipitation 4476 0 4476 

2 Domestic groundwater use from Villages 0 -200 -200 

3 Base flow and losses to drainages 0 -4280 -4280 

  Total 4476 -4480 -4 

Balance Error (%) 0.09% 
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Figure 7-1 Model construction with input parameters

Glencore Mining 
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Figure 7-2 Scenario 1: Calibrated initial hydraulic head distribution
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7.6.2 Scenario 2: Operational phase mine dewatering and mass transport 

The operational phase included a 34 year mining period at a final pit depth of 140 mbgl for both 

Lennox and Byron resources. Actual rainfall figures over 34 years were used as time series recharge 

input. The open pit development were consider as gradual vertical development every year to reach 

140 mbgl over 34 years.  

7.6.2.1 Scenario 2a: Inflows into the open pit areas 

The average dewatering rate over the 34 years of mining for both open pits were estimated at 680 

m³/d with a minimum limit of 480 m³/d and maximum limit of approximately 890 m³/d (Figure 7-3). 

The average dewatering rate from Byron would be approximately 400 m³/d and from Lennox 

approximately 280 m³/d. Less than 200 m³/d will be available in the first 5 years of mining and the 

average dewatering rate will be reached between 15 to 16 years operational. During peak rainy 

seasons, which can be considered as hurricane conditions, it is possible that up to 2000 m³/d could 

flow into both open pits (Figure 7-3).  

The system water balance results were graphed in Figure 7-4. This graph would imply that surplus 

water is going into storage from recharge over the 34 year mining operations. The water balance in 

Table 7.3 would support the observation that 360 m³/d is going into groundwater storage. The WRD 

and TSF could contribute up to 277 m³/d from positive flux seeping into the groundwater system. 

Average transient recharge is estimated at 4771 m³/d across the groundwater catchment, with base 

flow and losses to natural drainages estimated at 3811 m³/d. Note that only a fraction of this water 

reports to the open pits due to the constraints of the low transmissivity. 

The simulated zone of influence (ZOI) is indicated in  Figure 7-5 and Figure 7-6. The ZOI created by 

the open pits dewatering will not impact on nearby groundwater users (Laupua village) after the 34 

year period of mining. The perennial drainage that flows towards the north-east past the mining 

area to the south–east might be intersected by the ZOI after the 34 year period of mining however 

this observation will only be evident after at least 10 to 11 years of mining (Figure 7-5). The 

conservative inputs and simulation criteria would also imply a more limited expected ZOI and could 

be verified as more detailed information becomes available with mining development. The 

maximum extent of the ZOI after 34 years mining will be approximately 1 km towards the south 

west and 800m towards the north east away from the two pit areas. The ZOI might intersect the 

weir system in the north-west of the project area which might lead to some water storage losses. 

However this can be limited with proper construction and compaction practises during 

development. The delineated wetland areas will also be intersected by the ZOI but the overall pit 

extent and stream diversion will render the impacts from the pit dewatering on the wetland as 

limited to no impact as mining progresses. 
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Figure 7-3 Groundwater inflows into the two open pit areas over 34 year mining period 

 

Figure 7-4 Graph indicating the transient groundwater water balance for the model domain 
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Table 7.3 Scenario 2a: Transient state water balance with open pit dewatering 

Transient water balance over 34 years mining period 

  Component Inflow (m3/d) Outflow (m3/d) Balance (m3/d) 

1  Average recharge from precipitation 4771 0 4771 

2 Influx flux from mine infrastructure 277 0 277 

3 Domestic groundwater use from Villages 0 -200 -200 

4 Open pit dewatering (Lennox) 0 -280 -280 

5 Open pit dewatering (Byron) 0 -400 -400 

6 Base flow and losses to drainages 0 -3811 -3811 

7 Groundwater to storage  0 -360 -360 

  Total 5048 -5051 -3 

Balance Error (%) 0.06% 

 

Figure 7-5 Estimated ZOI over 11 years mining operations 

7.6.2.2 Scenario 2b: Mass migration and plume delineation 

Mass leaching and concentration migration from the TSF and WRD facilities were simulated as part 

of the impact evaluation on the groundwater system. The stock piles were also simulated as possible 

mass seepage sources which could contribute mass load during peak mining operations. A 
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conservative approach was followed with the mass transport simulations in that the TSF, WRD and 

stock piles were treated as constant sources after year one of mining. The chemical parameter that 

was considered for modelling purposes is Sulphate (SO4) due to its acid forming potential and 

contribution to salinity, as indicated in the geochemical assessment (Harck 2018). The geochemical 

assessment results can be seen in Table 7.4 indicating the sulphate concentrations forming from 

the ore as well as from the sub economic ore. The low grade ore seepage potential for sulphate 

(2599 mg/ℓ) were considered for the tailing facility and the low concentrations (947 mg/ℓ)  for the 

sub economic ore were considered for the waste rock facilities. Several other chemical constituents 

were identified that should be monitored closely during the monitoring program such as Chloride 

(Cl) and Sodium (Na) which will probably associate with precipitate from the settling and storage 

facilities as well as TDS and Nickel (Ni)   Input concentrations for the TSF, WRD and stock piles were 

gathered from the geochemical assessment, as well as from background (60 mg/ℓ) water quality 

determined from the measured concentrations during the field assessment (Table 4.3). The Input 

parameters and constraints are indicated in Table 7.5. 

Table 7.4 Geochemical investigation source term input (Harck 2018) 

Parameter/  
aqueous component 

Units Ore Sub-economic ore WHO 
regulation 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 1000 

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 250 

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  

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 200 

Ni mg/L 0.42 1.39 0.15 0.51 0.07 

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

Pb mg/L 0.01 0.05 0.01 0.05  

SO4 mg/L 2 599 4 549 947 3 153 500 

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  
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Parameter/  
aqueous component 

Units Ore Sub-economic ore WHO 
regulation lowA highB lowA highB 

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  

 

The results indicate that due to the proximity of the two WRD’s and stock piles to the open pit areas, 

the mass plume will be drawn towards the pit areas as an effect of dewatering (Figure 7-6). This 

would imply that the waste facilities in the immediate mining area would be mitigated by 

abstraction from the open pits. The TSF facility situated to the north of the mining area indicates 

mass movement towards the east downstream, following the decreasing elevation and drainage 

flow. The estimated extent that the plume will move over 34 years is approximately 500 m to 700 

m. This observation would imply a migration rate of 15 m/a towards the east from the TSF boundary. 

The plume extent does not reach any neighbouring groundwater users and only one groundwater  

resource (Mputi01) will be destroyed during construction of the TSF facility. This position is a hand 

dug well and not a constructed borehole with hand pump. Alternative water supply will need to be 

supplied to the groundwater users from this well. 

Table 7.5 Scenario 2b: Operational mass transport model input for the Balama mine development 

SO4 concentrations (mg/ℓ) from groundwater 
quality analysis 

Input systems parameters  

Mati 14 56.0 Decay rate constant = 0.0025   1/d 

Mati 18 0.141 Porosity = 3% matrix and 20% on existing mine infrastructure 

Mputi 04 1.58 Assumed positive flux WRD and TSF footprint = 0.00015 m/d 

Fam01 196 Kd = 0 

Nac 01 0.141 Constant source concentration TSF = 2599 mg/ℓ 

Nac 07 2.7 Constant source concentration WRD = 947 mg/ℓ 

Lau 01 0.141 
 

Nau 01 22.1 
 

Nan 05 0.141 
 

Bal 02 0.969 
 

Bal 07 8.56 
 

Bwbo 01 13.8 
 

Lxo 18D 69.2 
 

Lxo 21D 0.354 
 

Lxo 22D 248.0 
 

Lxo 33D 353 
 

Average 61  

Minimum 0.14  
Maximum 353  
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Figure 7-6 Scenario 2b: 34 years of mining operations indicating the approximate ZOI and simulated mass plume extent

Glencore Mining 
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7.6.3 Scenario 3: Post operational phase 

The post operational phase was simulated over a 50 year period using a conservative approach with 

regards to groundwater evaporation from the open pit areas, as well as mass concentrations from 

the TSF and WRD areas. The simulation were completed in steady state which would imply static 

groundwater equilibrium and dynamic mass flow according to the groundwater movement 

7.6.3.1 Pit flooding 

The open pits will flood during the post operation phase, increasing the surface area covered by 

groundwater and presenting a larger evaporative surface area. The open pit would act as a sink 

drawing water due to evaporative conditions. Due to the fact that annual evaporation is almost 

double the precipitation (1:2) yearly, the open pit would act as a sink. The groundwater level would 

settle and maintain an estimated hydraulic head of 20 mbgl after pit flooding. At this hydraulic head 

level the ZOI is restricted to and extent of 500 m to 600 m radially around the open pit areas, and 

specifically at Lennox pit (Figure 7-9). There is no impact on any groundwater users in the mining 

vicinity and the ZOI does not intersect the weir to the north. This means it could be used as a water 

supply source or an aqua culture facility as part of a social project scheme during the post mining 

operations and rehabilitation. 

The groundwater balance (Table 7.6) indicates less water loss from the open pits due to evaporation 

rather than from physical water abstraction as would be the case in the operational phase. An 

approximate reduction rate of at least 400 m³/d can be expected post mining with the pit fully 

flooded. This would imply more groundwater to storage at a rate of 800 m³/d. The recharge and 

positive flux from the facilities were considered as being constant during the 50 year simulation. 

Table 7.6 Water balance during post operational phase 

Transient water balance over 50 years post mining operations  

  Component Inflow (m3/d) Outflow (m3/d) Balance (m3/d) 

1 Average recharge from precipitation 4771 0 4771 

2 Influx flux from mine infrastructure 277 0 277 

3 Domestic groundwater use from Villages 0 -200 -200 

4 Open pit water loss from evaporation (Lennox) 0 -182 -182 

5 Open pit water loss from evaporation (Byron) 0 -50 -50 

6 Base flow and losses to drainages 0 -3811 -3811 

7 Groundwater to storage  0 -800 -800 

  Total 5048 -5043 5 

Balance Error (%) -0.10% 
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7.6.3.2 Mass migration and plume delineation  

The mass migration were simulated in the same way as during the operational phase, with constant 

sources assigned to the TSF and WRD facilities. Concentrations that would be observed during 

operational phases were simulated over 50 years, implying a conservative approach. Other similar 

inputs were applied as indicated in Table 7.5. The stock piles were also modelled as possible sources, 

even though these facilities might not exist during the post mining phase. 

The results indicate no intersection from the plumes with neighbouring groundwater users, with 

mass migration towards the open pit which acts as a sink for the WRD and stock piles. 

7.6.3.3 Pit flooding and geochemical impacts 

The conceptual pit flooding for the Lennox pit can be seen in Figure 7-7 and Figure 7-8 and helps to 

illustrate two scenarios where the stream diversion are kept in place after mining operations as well 

as the upstream weir system (scenario 1) and scenario 2 which represent the re-diversion of the 

stream to flow through the open pit areas again and the upstream weir is decommissioned.  In both 

cases the pit still acts a s a sink to evaporation which would imply that water is lost from the open 

pit area exposed to evaporation. This would create a groundwater flux towards the open pit. 

Decanting and flooding will occur at the lowest point where then stream intersects the open pit 

areas. 

Scenario 1 would indicate that the pit lake water level would settle at approximately 20 mbgl under 

normal MAP precipitation conditions. This includes the weir one system upstream as well as stream 

diversion around the pit areas. The pit lake water quality could be impacted due to limited dilution 

from flooding events and increased oxygen area along the side walls for oxidation, leaching and 

runoff.  

Scenario 2 indicates ideally what would happen if the weir system are decommissioned and the 

stream is re-diverted to flow through the open pit areas. The oxide zone along the side walls would 

be reduced allowing only limited oxidation and leaching potential. Constant flooding of the open 

pit areas due to the stream re-diversion would allow constant high dilution at a significant scale 

(100:1) with the volumes that could precipitate during the rainy season. 

Having the open pit areas flooded at maximum volume will improve the potential for aqua culture 

and water quality. Theses observation need to investigated in future detailed assessments and 

proper monitoring need to be applied to evaluate the dilution potential and downs stream surface 

water conditions in terms of water quality. 
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Figure 7-7 Scenario 1: Conceptual pit flooding with stream diversion 

 

Figure 7-8 Scenario 2: Conceptual pit flooding with stream re-diversion
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Figure 7-9 50 years post operations indicating the ZOI from evaporative impacts and mass plume extent

Glencore Mining 
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8 IMPACT ASSESSMENT AND MITIGATION MEASURES 

The impact assessment aids in decision making during the development, implementation and post 

operational phases of the mine. The impacts and controls included as part of the assessment are 

presented in the sections below, and summarised in Table 8.1. Although the impacts are generally 

of low significance, it will still be necessary to implement monitoring measures as part of a 

mitigation plan, to protect the rivers, wetlands and neighbouring groundwater users. Some 

important aspects that were identified as part of the impact assessment in Table 8.1 are as follows: 

(Figure 7-5, Figure 7-6, Figure 7-9) 

 Flooding of the open pits during heavy rainfall events or tropical storm conditions. 

 The dewatering zone of influence will extend approximately one km towards the south-

east and intersect the drainage systems to the east and south of the mining area after 

approximately 11 years of mining activities. These drainages are associated with delineated 

wetland areas that will also be intersected by dewatering activities. Diversion channels to 

develop the open pit areas and waste rock facilities will dewater the wetland areas prior 

to any pit dewatering which will indicate an already impacted wetland area before any 

mine dewatering commences. 

 Mining infrastructure to develop the open pits and waste rock facilities will already impact 

on the wetland areas prior to any dewatering activities. 

 The dewatering zone of influence will not have an impact on existing nearby groundwater 

users. 

 The mass transport from the waste rock facilities will report to the open pit areas as water 

is being drawn towards the pit during abstraction.  

 The mass transport from the tailings facilities will extend approximately 700 m locally 

towards the east and should not impact on any groundwater users in the nearby vicinity. 

The shallow water well that will be destroyed during the TSF construction will have to be 

relocated to accommodate it users.  

 Post operational mining conditions will indicate a limited zone of influence that will extend 

approximately 500 m radially around the open pit areas. 

 The mass transport during post mining operations indicates that mass will report to the 

open pits from the waste rock facilities and extend 900 m towards the east from the tailings 

facility if a worst case scenario is considered. 

 Re-diversion and decommissioning of weir one system to flood and overflow the open pit 

areas regularly. 

 AMD seepage from the tailings , WRD and stockpile facilities. 

The following could be applied to aid in the management and mitigation of the above: 

 A detailed storm water and diversion construction and infrastructure 
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management plan which is accompanied by a management plan in case of flooding events. 

Re-diverting the stream to original flow path through the open pit areas and 

decommissioning of the weir system could improve the pit lake water quality through 

constant dilution. Post mining monitoring of the surface water environment downstream 

from the mining operations will indicate the dilution potential. 

 Employ the monitoring program as indicated in section 9 to evaluate water levels and 

water quality at regular intervals. Water being abstracted from the open pits could be 

diverted back into the drainage and wetland systems if the water quality allows this 

mitigation measure. A water balance and detailed chemistry study will aid in the decision 

process to relocate water back into the environment. 

 The water monitoring program should detect and aid in detaining any mass movement 

further in extent that was anticipated and timely management could be applied to reduce 

any impact on the water quality. 

 Seepage capturing from down gradient boreholes and trenches along the tailings, stock 

pile and waste rock facilities could be employed to capture and restrict the movement of 

mass away from the facilities.  

 Phytoremediation over the tailings and waste rock facilities as well as aquaculture in the 

open pit areas could be conducted as part of the rehabilitation process post mining. 

 Dilution from regular overflow an flooding of the open pita areas would improve the 

downgradient water quality. Reducing the oxidising environment by pit flooding will 

reduce the acid forming potential as well as n improving the pit lake water quality. 

 AMD forming potential from the tailings facility could be reduced with lime treatment 

during operations and post operations. Seepage capturing trenches could capture any 

AMD seepage from the stockpile, tailings and waste rock facilities prior to entering any 

surface drainages.  Seepage capturing boreholes could capture AMD entering the shallow 

aquifer system from the tailings and seepage from the WRD and stock pile facilities will be 

drawn towards the open pit areas from dewatering practises. The WRD need to be capped 

post operations 
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Table 8.1 Impact assessment matrix and mitigation 

Nr Activity Impact 
Without 
or With 

Mitigation 
Probability Duration 

Spatial 
Scale 

Severity Significance 
Mitigation and Management Measures 

  Magnitude Magnitude Magnitude Magnitude Magnitude 

Construction Phase                 

1 

Oil, grease and diesel 
spillages from 
construction vehicles  Groundwater Contamination 

WOM Probable Medium Term Site Medium Moderate Best practise camp management and 
house-keeping principles to be 
implemented. WM Probable Short Term Local Low Low 

2 

Pollution of 
groundwater due to 
sanitation facilities 

Deterioration of groundwater 
quality 

WOM Probable Medium Term Site Medium Moderate Placement of lavatory systems away from 
groundwater sources. Regular 
maintenance and inspection if septic tank 
systems are implemented. WM Probable Short Term Local Low Low 

3 

Ground and surface 
water pollution due to 
storage of chemicals 
and building materials 

Deterioration of groundwater and 
surface quality 

WOM Probable Medium Term Site Medium Moderate 
Construction of storage facilities to 
facilitate and prevent seepage from 
spillages and leakages. WM Probable Short Term Local Low Low 

4 
Flooding during heavy 
rainfall events Unsafe working conditions 

WOM 
Highly 
Probable Medium Term Regional High High 

Diversion channels as part of effective 
storm water management plan WM Probable Medium Term Regional Medium Moderate 

5 
Spillages from diesel 
(fuel storage) facilities 

Deterioration of groundwater and 
surface quality 

WOM Probable Medium Term Site Medium Moderate 

Best practise camp management and 
house-keeping principles to be 
implemented. Construction of fuel storage 
facilities to prevent leakages as well as 
employ monitoring systems to detect any 
leakages. WM Probable Short Term Local Low Low 

Operational Phase 

6 
Dewatering zone of 
influence. 

Lowering of local groundwater 
levels and intersecting the perennial 
drainage to the east 

WOM 
Highly 
Probable Long Term Site High High Monitoring protocol to be implemented at 

strategically placed monitoring locations to 
evaluate the potential zone of influence. 
Water discharge back into the drainage 
systems to supplement water inflows from 
the river. Detailed hydrochemistry study 
and  wetland study needed for analysis.  WM 

Highly 
Probable Medium Term Local Medium Moderate 

7 

Dewatering zone of 
influence intersecting 
the wetland area  

Lowering of water levels in the 
wetland area  

WOM Probable Long Term Local Medium Moderate 
Wetland specialist study to identify 
wetland margins. Management with 
monitoring boreholes to evaluate zone of 
influence extent. Discharging into the 
wetland to supplement water loss from 
dewatering. Discharging can only be 
considered after a detailed wetland and 
hydrochemistry study.  WM Probable Medium Term Local Low Low 

8 

Groundwater level 
drop from pit 
dewatering due to 
zone of influence 
extent on neighbouring 
groundwater users 

Depletion of groundwater resource, 
impact on neighbouring users 

WOM Improbable Medium Term Site Low Low 
Monitoring protocol to be implemented at 
strategically placed monitoring locations to 
evaluate the potential zone of influence. 
Mining operation to provide alternative 
water should lowering of regional water 
levels cause a decrease in borehole yields. 
Develop a storm water containment plan. WM Improbable Short Term Local Low Low 

9 
Use of explosives for 
mine pit development. 

Contribution to nitrate load in 
groundwater and surface water 
resources. 

WOM Probable Long Term Site Medium Moderate 
Groundwater monitoring could detect 
increased nitrate migration from pit areas. 
Alternative explosives could be utilized 
that reduces nitrate exposure. WM Probable Medium Term Local Low Low 

10 

Spillages from fuel 
storage facilities, 
fuelling and wash-bays. 

Hydrocarbon contamination of 
groundwater and surface water 
resources. 

WOM Probable Long Term Site Medium Moderate 
Fuelling of vehicles at earmarked concrete-
lined areas. Fuel storage in bunded areas. 
Spill trays to be utilized where necessary. 
Yearly testing of hydrocarbons from down 
gradient surface water positions. WM Probable Medium Term Local Low Low 

11 

Flooding of the open 
pits during extreme 
rainfall events Unsafe working conditions 

WOM 
Highly 
Probable Long Term Site High High 

Implement dewatering strategy and 
diversion channels as part of effective 
storm water management plan. Maintain 
the pit operations through barge pumping. 
The stockpile reserve need to be in place 
in case of pit flooding events to continue 
mining activities as flooding is being 
managed. WM Probable Medium Term Local Low Low 

12 

Pollution of 
groundwater due to 
sanitation facilities 

Deterioration of groundwater 
quality 

WOM Probable Medium Term Site Medium Moderate 

Proper house-keeping principles to be 
implemented. A proper sewage treatment 
plant that accredited need to be 
implemented. WM Probable Short Term Local Low Low 

13 

Pollution of 
groundwater due to 
Uranium being 
mobilised due to 
mining activities  

Deterioration of groundwater 
quality 

WOM 
Highly 
Probable Medium Term Local Medium Moderate 

A geochemical study should be conducted 
of the mining material focusing on 
uranium. Radiological screening should be 
conducted during peak operational period 
at a regular basis.  WM Probable Medium Term Local Low Low 
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14 

Seepage of metals, 
Nitrate and Sulphate 
from overburden 
dumps 

Deterioration of groundwater 
quality 

WOM Probable Long Term Site Medium Moderate 
Monitoring protocol to be implemented at 
strategically placed monitoring locations to 
evaluate pollution plume migration.  
Seepage capturing boreholes can be drilled 
to contain pollution to mine site and 
locally a seepage trench could be utilised 
to contain near surface seepage. The 
observed metals are not mobile. 
Phytoremediation could be implemented. 
Potential for effective dilution due to large 
volume of storm water to be investigated. WM Probable Medium Term Site Low Low 

15 

Sulphate, Nitrate and 
metals leaching from 
the TSF 

Deterioration of groundwater 
quality 

WOM Probable Long Term Site Medium Moderate 

Monitoring protocol to be implemented at 
strategically placed monitoring locations to 
evaluate pollution plume migration.  
Seepage capturing boreholes can be drilled 
to contain pollution to mine site and 
locally a seepage trench could be utilised 
to contain near surface seepage. The TSF 
footprint were assumed to be on a non-
aquifer, however borehole need to be 
drilled to confirm the non-aquifer 
properties. Phytoremediation could be 
implemented. Potential for effective 
dilution due to large volume of storm 
water to be investigated. WM Probable Medium Term Site Low Low 

16 
Acid Mine Drainage 
seepage from the TSF 

Deterioration of groundwater 
quality 

WOM 
Highly 
Probable Long Term Site Medium Moderate 

Lime treatment could be applied to 
neutralize the acid forming properties. 
Surface seepage trenching to capture AMD 
prior to entering surface drainage systems. 
Seepage capturing boreholes can be drilled 
down gradient from the TSF to capture any 
AMD entering the shallow aquifer system. 
Phytoremediation could be implemented. WM Probable Medium Term Site Low Low 

17 
Acid Mine Drainage 
seepage from the WRD 

Deterioration of groundwater 
quality 

WOM Probable Long Term Site Medium Moderate 
Surface seepage trenching to capture AMD 
prior to entering surface drainage systems. 
Groundwater seepage will be drawn 
towards the open pit areas from 
dewatering practises. Implementation of a 
storm water management to contain 
seepage. Potential for effective dilution 
due to large volume of storm water to be 
investigated. WM Probable Medium Term Site Low Low 

18 

Acid Mine Drainage 
seepage from the stock 
pile facilities 

Deterioration of groundwater 
quality 

WOM 
Highly 
Probable Long Term Site Medium Moderate 

Surface seepage trenching to capture AMD 
prior to entering surface drainage systems. 
Seepage to groundwater systems should 
be drawn towards the open pit areas due 
to dewatering. Implementation of a storm 
water management to contain seepage. 
Potential for effective dilution due to large 
volume of storm water to be investigated. WM Probable Medium Term Site Low Low 

19 

Contamination arising 
from Lennox and Byron 
pits during mining 
operations 

Deterioration of ground water 
quality 

WOM Probable Medium Term Site Medium Moderate 

Effective dewatering practises as well as 
water management should be 
implemented to optimise in water use 
from the open pit areas, Seepage from the 
WRD and stockpiles will report to the open 
pit areas as indicated by the ZOI and 
regular sampling and testing should be 
included in the monitoring plan. Potential 
for effective dilution due to large volume 
of storm water to be investigated. WM Probable Medium Term Site Low Low 

20 

Excess water from 
flooding and 
groundwater inflows 
into the open pit areas 

Influence mine production and 
water quality deterioration from the 
open pit areas WOM Probable Medium Term Site Medium Moderate 

Develop a effective excess and surface 
water management plan to be 
incorporated in the mitigation measures as 
mentioned in point 10.  

Post-Closure Phase   

21 

Permanent zone of 
influence due to mine 
dewatering and net 
annual evaporation 

Depletion of groundwater resource, 
impact on neighbouring users 

WOM Probable Long Term Site Medium Moderate 

Monitoring should be included as post-
closure mitigation on the open pit 
hydraulic head  to evaluate water level 
fluctuations. Increased dilution through 
flooding and overflow of the open pit 
areas. WM Probable Medium Term Site Low Low 

22 

Pit flooding after 
mining operations with 
stream diversion and 
upstream weir. Pit lake water quality deterioration 

WOM 
Highly 
Probable Long Term Local Low Moderate 

Sample analysis from both pits at regular 
intervals post mining operations to detect 
and increase in mass concentrations of 
Sulphate. Aqua culture could be employed 
to increase water quality and increase the 
rehabilitation process of the on pit areas. 
Increased dilution through flooding and 
overflow of the open pit areas. Re-
diverting the stream and decommissioning 
of the weir could improve the pit lake 
water quality and potential for water use 
and aqua culture from the open pits. The 
oxide zone area will be reduced decreasing 
potential to form acid. WM Probable Long Term Local Low Low 

23 

Post operational 
erosion at the TSF 
facility 

Negative impact on local 
groundwater resources.  

WOM Probable Long Term Site Low Low 
Rehabilitate the TSF and adding lime in 
operational phase.  Phytoremediation will 
also minimize risk.  WM Probable Long Term Local Low Low 
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24 

Mass concentration 
migration from WRD 
and TSF facilities  

Deterioration of groundwater 
quality 

WOM Probable Medium Term Site Medium Moderate Down gradient groundwater positions 
should be incorporated into the post 
mining monitoring program together with 
open pit sampling and analysis. 
Phytoremediation could be conducted on 
the tailings and waste rock facilities as well 
as seepage capturing trenches could be 
constructed to reduce the mass movement 
potential post mining activities. This would 
form part of the rehabilitation process. 
Potential for effective dilution due to large 
volume of storm water to be investigated. WM Probable Medium Term Local Low Low 

25 
Acid Mine Drainage 
seepage from the TSF 

Deterioration of groundwater 
quality 

WOM 
Highly 
Probable Long Term Site Medium High 

Lime treatment could be applied to 
neutralize the acid forming properties. 
Surface seepage trenching to capture AMD 
prior to entering surface drainage systems. 
This would form part of the rehabilitation 
process.   WM Probable Medium Term Site Low Low 

26 
Acid Mine Drainage 
seepage from the WRD 

Deterioration of groundwater 
quality 

WOM Probable Long Term Site Medium Moderate The WRD facility needs to be capped and 
surface seepage trenching to capture AMD 
prior to entering surface drainage systems. 
The pit will act as a sink and draw seepage 
from the WRD facilities. This would form 
part of the rehabilitation process.  WM Probable Medium Term Site Low Low 
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9 MONITORING POSITIONS AND FREQUENCY 

As part of the mitigation measures and baseline development it was necessary to propose 

monitoring positions that will insure timely detection of any impact that might occur during the 

mining operations.  These positions were placed up and down gradient of potential mass sources, 

as well as the open pit areas to monitoring the ZOI and mass migration plumes.  Although the 

recommended monitoring positions were placed optimally from a technical point of view there are 

still some monitoring location that  are located outside the mining tenure and the construction and 

implementation of these positions are subject to accessibility from neighbouring land owners and 

tenure holders. 

There are a few existing groundwater positions and surface water positions that will also be monitored to develop 

monitored to develop the baseline as well as a trend analysis  based on future monitoring results. 

The existing groundwater sites are situated in villages neighbouring the mining area, and 

monitoring would confirm if an  impact is from the mine or from a different source not related to 

the mining activities. The monitoring positions are indicated in Table 9.1 and 
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Figure 9-1. The chemical parameters that need to be analysed during the monitoring program are 

indicated in Appendix E  Monitoring chemical parameters. 
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Table 9.1 Monitoring positions indicating their purpose and frequency of monitoring3  

ID Longitude Latitude Water type Purpose Monitoring frequency 

Bat01 38.631007 -13.341839 Groundwater North-east TSF Bi-annually operational 

Bat02 38.630672 -13.352494 Groundwater South-east TSF Bi-annually operational 

Bat03 38.620307 -13.357862 Groundwater South TSF Bi-annually operational 

Bat04 38.618467 -13.337609 Groundwater North TSF Bi-annually operational 

Bat05 38.612801 -13.342905 Groundwater Up gradient drainage  from TSF Bi-annually operational 

Bat06 38.625489 -13.375999 Groundwater Down gradient from stock piles Bi-annually operational 

Bat07 38.605678 -13.387059 Groundwater South-east pit ZOI Bi-annually operational 

Bat08 38.617130 -13.383725 Groundwater Down gradient Byron WRD Bi-annually operational 

Bat09 38.595427 -13.379667 Groundwater West pit ZOI Bi-annually operational 

Bat10 38.619554 -13.362661 Groundwater Down gradient process plant Bi-annually operational 

Bat11 38.632321 -13.347364 Groundwater Down gradient from TSF locally Bi-annually operational 

Bat12 38.638692 -13.349288 Groundwater Down gradient from TSF regionally Bi-annually operational 

Mati14 38.643710 -13.376240 Groundwater Village east down gradient from mine Bi-annually construction and operational 

Mati18 38.643210 -13.384520 Groundwater Village east down gradient from mine Bi-annually construction and operational 

Mputi04 38.615300 -13.354790 Groundwater South -west TSF Bi-annually construction and operational 

Fam01 38.595680 -13.345360 Groundwater Village west up gradient from TSF Bi-annually construction and operational 

Nan05 38.620930 -13.335270 Groundwater Village north of TSF Bi-annually construction and operational 

Lau01 38.597000 -13.368090 Groundwater Village up gradient from mining operations Bi-annually construction and operational 

West US 38.593510 -13.359740 Surface water Surface water upstream from mining operations Bi-annually construction and operational 

West DS 38.617120 -13.384820 Surface water Down steam from mining operations before confluence Bi-annually construction and operational 

Confluence 38.617690 -13.385380 Surface water Confluence of non-perennial and perennial drainages Bi-annually construction and operational 

South US 38.587040 -13.408190 Surface water Perennial upstream Bi-annually construction and operational 

South DS 38.631840 -13.370200 Surface water Surface water immediate downs stream perennial Bi-annually construction and operational 

South DDS 38.674770 -13.344990 Surface water Far downstream perennial Bi-annually construction and operational 

North US 38.631120 -13.337500 Surface water Drainage upstream from TSF Bi-annually construction and operational 

                                                                 

3 For sample points that occur outside of the study area, Suni Resources will need to seek permission from the landowners to sample in these areas 
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North DS 38.647590 -13.351319 Surface water Drainage downstream from TSF Bi-annually construction and operational 
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Figure 9-1 Map indicating the monitoring positions with regards to mining infrastructure and purpose
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10 CONCLUSIONS 

The following conclusions could be drawn from the hydrogeological assessment: 

 High rainfall events can be expected from December to March with a mean annual 

precipitation (MAP) of 941 mm/a. Almost 85% (813 mm) of MAP occurs during these four 

months.  

 Extreme weather conditions driven by tropical storms are frequently experienced along 

the Mozambique coast and can also lead to excessive precipitation and flooding. This 

would lead to flooding of the open pits and water storage/containment facilities. Hurricane 

Dineo passed over Mozambique in February 2017 and precipitation estimates were 

approximately 80 mm/Hr. 

 The aquifer systems are associated with the geological units as delineated from the 

geological maps. The weathered profile were considered to be at least 10m -20m thick and 

the basement rock consists of Mica Gneiss, Marble, Meta-rhyolite, Granite Gneiss. Except 

for the Marble Formation, the aquifers are classified as minor aquifers with general low 

yields, but which are important for water supply to local villages. 

 Eight villages were surveyed with 59 groundwater observation points, which include 16 

boreholes fitted with hand pumps and 43 hand dug wells. The water level averages are 

approximately 3.3 m, ranging from surface to a maximum of 18 mbgl close to the mine 

area. 

 Almost all the groundwater sites are used for domestic purposes which implies that 

groundwater is an important water source in this area, and can be considered as a major 

aquifer in terms of potable water for human consumption. 

 Falling head tests were conducted at 17 positions in and  around the proposed open pit 

area which will provide for sufficient aquifer parameters in the mining area.  However, 

regional aquifer parameters need to be evaluated for the remaining mine infrastructure.  

 Hydraulic conductivity ranged from 0.008 m/d (consolidated) to 0.22 m/d 

(unconsolidated). The potential for elevated groundwater flow is possible from site 

observations however but drilling and testing is needed to confirm aquifer potential. 

 Artesian conditions at boreholes in the proposed mining area would suggest that a 

geological barrier and/or deep seated fault zone might intersect the open pit area. This 

geological feature could yield increased inflow to the proposed open pit mining operations.  

 The water quality is relatively poor with 10 out of the 20 analysed samples exceeding the 

SANS drinking water standards. Three of these samples are in the mining area and the 

remaining 7 are used for potable and domestic use in the villages.  
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 Fam01 is a village groundwater site that could cause chronic health issues due to naturally 

elevated levels of Chloride, Manganese and Uranium. 

 The three samples taken at the mining area had poor water quality linked to the natural 

geological formation, and specifically the ore section. 

 The numerical model indicated no immediate impact  on neighbouring groundwater users 

during the operational phase as well post operational phases.  

 The dewatering rates were estimated at 280 m³/d for the Lennox pit and 400 m³/d for the 

Byron pit.  

 The perennial drainage situated east of the mining area and the weir system west of the 

Lennox WRD could potentially be influenced by the ZOI (one km) created by the open pit. 

However this observations will only be evident after 10 to 11 years of mining. Note that 

the mine dewatering simulations were done conservatively and the values should not be 

used to draw conclusions related to a sustainable water resource for water supply.  

 The delineated wetland areas will be intersected by the ZOI but the impacts are low  due 

to the stream diversion and open pit which will already have impacted on the wetland area 

prior to extensive pit dewatering operations. 

 The potential mass transport impact from the TSF was simulated at 2599 mg/ℓ as indicated 

from the geochem investigation, which indicated plume migration towards the south and 

east of the TSF footprint at a rate of 15m/a. The groundwater users situated directly south 

of the TSF might be impacted over time without the proper mitigation being employed. 

 Post mining operations indicate limited impacts from both a zone of influence crated by 

evaporation (± 500 m) and the mass plume would only extend further east ± 900 m if a 

worst case in considered. 

 The pit flooding scenarios indicated that decommissioning the upstream weir and re-

diversion of the stream to flow through the open pit areas could improve the pit lake water 

quality. Constant flooding of the open pit during rainfall events would increase the dilution 

potential 

 The impacts were assessed in the impact assessment with proposed mitigation measures. 

The most important measures include developing a detailed storm water plan, river 

diversion plan, and implementing a surface and groundwater monitoring program to verify 

the water related impact zones in the operational phase. 

 The post mining modelling results indicated a limited ZOI due to evaporation from the open 

pit areas, which acts as a groundwater sink. The evaporation rate was estimated at  

approximately 230 m³/d from both open pit areas.  
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 The mass plumes from the WRD would be drawn towards the open pit areas and mass 

movement would extend further toward the east and south over the 50 years post mining 

operations. This might result in possible intersection with the groundwater users directly 

to the south of the TSF. 

 AMD could be forming from the TSF, WRD and stockpile facilities however this could be 

managed and mitigated. 

 

11 RECOMENDATIONS 

 Water use from the 7 village groundwater positions that exceed the drinking water 

standards should not be utilized for potable use. This would apply especially for Fam01. 

 Micro biological testing can be conducted by the mine at the villages from the shallow 

boreholes and shallow hand dug wells as part of a social development project. 

 The geological feature that exists and intersects the open pit area needs to be investigated 

by means of a geophysical survey. If this barrier is confirmed it would be beneficial to drill 

groundwater testing boreholes to evaluate the possible inflows from the geological 

structure related to this barrier, as it would intersect the open pit areas. 

 As part of the baseline assessment it is recommended that a radioactive screening study is 

conducted as a separate geochemical assessment to set the baseline uranium screening 

criteria for the mining area.  

 The TSF footprint might need to be shift towards the north to ensure no impacts on the 

groundwater users towards the southern boundary of the current TSF outline. 

 Boreholes need to be drilled over the TSF footprint to evaluate the non-aquifer properties 

and seepage potential. This could be included as part of the geotechnical study. 

 The newly recommended monitoring positions should be drilled following a geophysical 

survey that will aid in detecting the subsurface flow zones along which seepage might be 

amplified.  

 Aquifer tests need to be performed on the newly drilled boreholes to evaluate aquifer 

parameters for additional input into the groundwater numerical model, for quantification 

purposes.  

 Water quality sampling and analyses must to be performed on the newly drilled boreholes 

to establish the baseline 

 The monitoring program as set out in the report needs to be followed , including borehole 

positions and water quality parameters to be analysed. Water monitoring data must be 
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archived on a digital data base for future reference. Although the recommended 

monitoring positions were placed optimally from a technical point of view there are still 

some monitoring location that  are located outside the mining tenure and the construction 

and implementation of these positions are subject to accessibility from neighbouring land 

owners and tenure holders. 

 The groundwater model and water balance need to be updated with all newly acquired 

data and information on an annual basis to evaluate any changes from the original 

observations. 

 Detailed study can be conducted to the evaluate the benefits of constant flooding and re-

diversion of the stream to improve the pit lake water quality and impacts on aqua culture 

and water use from the open pit areas. Post mining monitoring need to be applied at the 

downstream surface water positions to monitoring the water quality and dilution 

potential. 

 AMD could be managed with lime treatment to the TSF, surface seepage capturing 

trenches and seepage capturing boreholes down gradient from these facilities. The WRD 

need to be capped after mining operations.  



Battery Mineral Balama: Hydrogeological specialist study  

 

 
       

 

 

-68- 

12 REFERENCE 

Bear, J. (1979) Hydraulics of Groundwater. McGraw-Hill Inc. New York. 

Bjerkgard. T, Key. M .R. 2006.  Mineral resources management capacity building project. Comonent 

2: Geological InfrastructureDevelopment Project Geological mapping (LOT1).  

Breiner, S. 1973. Applications Manual for Portable Magnetometers: GeoMetrics, Sunnyvale, 

California. 

DWAF. 1995.  A South African Aquifer System Management Classification. 

Exigo. 2016. CES Battery Minerals: Hydrogeological specialist investigation-Montepuez graphite 

project. ES16/187. 

Fauvet, P., 2000. Mozambique: growth with poverty. Africa Recovery, 14(3), pp. 12-19. 

Freeze R Allan, Cherry A John, 1979 “Groundwater.” 

Google Earth. 6.0.12032 Beta. 

Hansen, 2017.  Triton Ancuabe Graphite mine geochemical specialist assessment. 

Hem. D. J. 1989. Study and interpretation of the chemical characteristics of natural water. Third 

edition.  

Langa, J. et al., 2015. Epidemic waves of cholera in the last two decades in Mozambique. The 

Journal of Infection in Developing Countries, 9(6), pp. 635-641. 

Parsons. 1998.  Explanatory Notes for the Aquifer Classification Map of South Africa. 

South African National Standards (2011) Drinking water Part 1: Microbiological, physical, aesthetic 

and chemical determinants. SANS 241:2011. 

Telford, W.M., L.P. Geldart, R.E. Shrift, and D.A. Keys. 1976.  Applied Geophysics.  Cambridge 

University Press, Cambridge.   

USGS 2004 A compilation of rate parameters of water-mineral interaction kinetics for application 

to geochemical modelling, technical report 2004-1068 

WHO, 2011. Guidelines for drinking water quality.  Fourth edition.  

http://www.who.int/water_sanitation_health/publications/2011/dwq_guidelines/en/ 

WHO, 2013. Cholera Country Profile: Mozambique, Geneva: World Health Organization. 

C. J. C. REASON AND A. KEIBEL, 2002,  ropical Cyclone Eline and Its Unusual Penetration and 

Impacts over the Southern African Mainland, W E A T H E R A N D F O R E C A S T I N G 2004 

(Langa, J. et al., 2015. Epidemic waves of cholera in the last two decades in Mozambique. The 

Journal of Infection in Developing Countries, 9(6), pp. 635-641) 

 



Battery Mineral Balama: Hydrogeological specialist study  

 

 
       

 

 

-69- 

13 APPENDIX A HYDROCENSUS DATA AND INFORMATION 

Table 13.1 Hydrocensus information 

Village: Matipane Chemistry 

Comments Hole ID Longitude Latitude Elevation (mamsl) Type WL (mbgl) Sample 

Mati01 38.64358 -13.37994 546 Hand Pump - N Not in use or working 

Mati02 38.64565 -13.38004 541 Well 3.1 Y  

Mati03 38.64584 -13.38064 540 Hand Pump - Y  

Mati04 38.64536 -13.37964 541 Well 3.1 N  

Mati05 38.64461 -13.37914 543 Well 2.2 N  

Mati06 38.645 -13.37903 543 Well 2.65 N  

Mati07 38.64524 -13.37855 543 Well 2.6 N  

Mati08 38.64617 -13.37902 541 Well 2.98 Y  

Mati09 38.6466 -13.37877 540 Well 3.02 N  

Mati10 38.64634 -13.37858 541 Well 2.9 N  

Mati11 38.64637 -13.37745 540 Hand Pump - Y  

Mati12 38.64558 -13.37752 541 Well 3.9 N  

Mati13 38.64489 -13.3766 541 Well 2.2 N  

Mati14 38.64371 -13.37624 538 Hand Pump 3.1 Y Stand 40cm, Broken off pump system. 

Mati15 38.64279 -13.3769 539 Well 3.1 N  

Mati16 38.64048 -13.37885 539 Well 2.27 Y  

Mati17 38.6412 -13.38122 540 Well 3.52 Y  

Mati18 38.64321 -13.38452 541 Hand Pump - Y  

Mati19 38.64094 -13.3877 548 Well 2.7 N  

Village: Mphuti Chemistry Comments 
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Hole ID Longitude Latitude Elevation (mamsl) Type WL (mbgl) Sample 

Mputi01 38.61993 -13.34953 564 Well GL Y Locals use for water (WL=GL) 

Mputi02 38.61685 -13.35601 555 Hand Pump - Y Graphite start to show in hole 

Mputi03 38.61599 -13.35636 569 Well 3.67 Y One of points not right (GPS) look on tracks 

Mputi04 38.6153 -13.35479 560 Hand Pump 3.9 Y One of points not right (GPS) look on tracks 

Mputi05 38.61282 -13.35285 570 Well 4.05 Y One of points not right (GPS) look on tracks 

Village: Familia Chemistry 

Comments Hole ID Longitude Latitude Elevation (mamsl) Type WL (mbgl) Sample 

Fam01 38.59568 -13.34536 580 Hand Pump - Y  

Fam02 38.59537 -13.34494 579 Well 3.5 N  

Fam03 38.59723 -13.34512 578 Well 4.98 N  

Fam04 38.60126 -13.34565 571 Well 0.6 N  

Fam05 38.60139 -13.3431 573 Well 1.07 N  

Fam06 38.59958 -13.34355 575 Well 2.35 Y  

Village: Nacate Chemistry 

Comments Hole ID Longitude Latitude Elevation (mamsl) Type WL (mbgl) Sample 

Nac01 38.58105 -13.37877 578 Hand Pump - Y  

Nac02 38.58057 -13.37815 578 Well 1.2 N  

Nac03 38.58274 -13.37538 585 Well 1.45 N  

Nac04 38.58459 -13.37263 585 Well 1.9 Y  

Nac05 38.58008 -13.3728 586 Well 3.3 N  

Nac06 38.57774 -13.37587 589 Well 2.65 N  

Nac07 38.5722 -13.38137 586 Hand Pump - Y  

Nac08 38.57402 -13.38058 588 Well 3.6 N  

Village: Laupua Chemistry Comments 



Battery Mineral Balama: Hydrogeological specialist study  

 

 
       

 

 

-71- 

Hole ID Longitude Latitude Elevation (mamsl) Type WL (mbgl) Sample 

Lau01 38.597 -13.36809 574 Well 3.25 Y  

Lau02 38.59733 -13.36845 572 Well 3.1 N  

Lau03 38.59806 -13.36733 572 Well 2.88 N  

Lau04 38.5969 -13.36728 574 Well 2.92 N  

Lau05 38.59483 -13.36847 577 Well 3.47 N  

Village: Nauawani Chemistry 

Comments Hole ID Longitude Latitude Elevation (mamsl) Type WL (mbgl) Sample 

Nau01 38.53997 -13.37787 603 Hand Pump - Y  

Nau02 38.5403 -13.37555 598 Well 5.91 Y  

Nau03 38.54169 -13.37427 594 Well 3.49 N  

Village: 

  
  

Nanhupo Chemistry 

Comments Hole ID Longitude Latitude Elevation (mamsl) Type WL (mbgl) Sample 

Nan01 38.6263 -13.33264 539 Well 0.2 Y WL 20cm from GL 

Nan02 38.61958 -13.33347 544 Well 0 N Dug right next to river, basically river water 

Nan03 38.61856 -13.33635 554 Well 3.25 Y  

Nan04 38.61966 -13.33586 552 Well 2.4 Y  

Nan05 38.62093 -13.33527 545 Hand Pump - Y  

Village uses dam on the Northern side, only 5 GW sources 

Village: Balama Chemistry 

Comments Hole ID Longitude Latitude Elevation (mamsl) Type WL (mbgl) Sample 

Bal01 38.56451 -13.35944 590 Well 4.98 Y  

Bal02 38.56494 -13.35802 590 Hand Pump - Y  

Bal03 38.57245 -13.35277 601 Hand Pump - Y  
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Bal04 38.57215 -13.35299 601 Well 6.8 Y  

Bal05 38.58776 -13.34852 592 Hand Pump - Y  

Bal06 38.58802 -13.34755 592 Well 8.7 Y  

Bal07 38.57534 -13.34567 598 Hand Pump - Y School premises BH 

Bal08 38.57423 -13.34597 599 Well 4.62 Y measured from GL 

Use municipal water (piped water from a BH off site). 
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Table 13.2 Mine site hydrocensus information and results 

Hole ID Latitude Longitude Hole Status Max 
Depth 

SWL 
(mbgl) 

Piezometer 
and/or FHT 

Piezo 
Total 
Depth 
(TD) 

Logger Serial and 
Depth 

Previous/New Comments 

BWB001 38.610267 -13.376626 Artesian BH 60.00 0 none     Always Flowing no matter what season. Camp Bh 
water (Sampled). 

LX001D 38.609845 -13.376335 Collapsed 92.55 N/A none     Hole gone, just old pit present 

LX002D 38.609253 -13.376044 Collapsed 92.55 N/A none     Hole gone, collapsed 

LX003D 38.610995 -13.374920 Collapsed 110.55 N/A none     Hole no longer present, broken off casing (farming 
area) 

LX004D 38.611397 -13.375094 Collapsed 48.19 N/A none     Broken off Casing (not exist anymore) 

LX005D 38.608689 -13.377779 Collapsed 76.05 N/A none     Missed high grade trend/Collapsed 

LX006D 38.608141 -13.377428 Collapsed 101.55 N/A none     Missed high grade trend/Collapsed 

LX007D 38.608908 -13.375785 Open Hole 122.55 0 none     Open Hole, no Casing (Sampled) 

LX008D 38.610659 -13.374548 Collapsed 35.25 N/A none     Drill hole terminated due to excessive core loss/ 
hole gone 

LX009D 38.610695 -13.374581 Capped, Had 
logger, not 
anymore 

113.55 1.7 FHT   No logger 
anymore, 
collapsed  

Logger in, open hole, need to put new logger. 
Stream close to BH is seasonal, not always flowing. 
After FHT, BH collapsed, could not put logger back 
or sample: Sampler gets stuck in pipe (1m SP) 

LX010D 38.612224 -13.373461 Collapsed 45.60 N/A none     Hole Collapsed 

LX011D 38.611836 -13.373245 PVC casing 92.55 4.04 Piezo and FHT 91 (SN559842) - 30m Stickout-32cm. FHT-logger 10m and 50l water used 
(Solinst) 
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LX012D 38.611488 -13.373046 Collapsed 131.55 N/A none     Collapsed 

LX013D 38.605496 -13.379960 Collapsed 86.55 N/A none     Collapsed 

LX014D 38.605193 -13.379645 Collapsed 121.90 N/A none     Drill hole terminated due to excessive core loss/ 
Collapsed 

LX015D 38.613513 -13.378465 Collapsed 44.55 N/A none     Broken off Casing (not exist anymore) 

LX016D 38.612724 -13.378028 Open Hole 110.55 2.6 FHT     Drill hole terminated due to excessive core loss/ 
Found open hole, SWL from GL (found near ferric 
rete outcrop (Sampled)) Hole might be collapsed at 
4m thus not piezo 

LX017D 38.605251 -13.379683 Collapsed 40.10 N/A none     Could be used for GEOMET work/Collapsed, could 
not be found 

LX018D 38.613864 -13.376567 Capped, Logger 
in 

71.55 8.5 FHT   (SN479729) Logger in, change it. Logger 427073 replaced with 
479729 (1 reading every 4hours) Sampled 

LX019D 38.613042 -13.376099 Collapsed 22.62 N/A none     Terminated early still in BOCO/not exist 

LX020DM 38.613045 -13.378281 Collapsed 38.65 N/A none     Could use a piezo/ BH gone (cant find) 

LX021D 38.606196 -13.372689 Steel Screw Cap 20.17 1.37 Piezo and FHT 14 (SN560069) - 10m Stickout-80cm (Sampled). 

LX022D 38.611668 -13.379538 Steel Screw Cap 
(Artesian) 

86.55 0 none     Stickout-10cm. Fissure water, probable SO4 content 
(sampled). Can do pump test on hole. 

LX023D 38.612010 -13.379866 Steel Screw Cap 40.45 0 FHT     Stickout-25cm.Might have collapsed (Sampled) 

LX024D 38.611038 -13.378888 Steel Screw Cap 134.4 0.7 FHT     Stickout-22cm (Sampled). 

LX025DM 38.611351 -13.379199 Steel Screw Cap 45.45 0.5 FHT     Stickout-26cm (Sampled). 
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LX026D 38.614506 -13.377227 Steel Screw Cap 68.45 8.3 Piezo and FHT 71.8 (SN462846) - 24m Stickout-20cm (Sampled). 

LX027D 38.614201 -13.376907 Steel Screw Cap 58.25 7.6 FHT     Stickout-5cm (Sampled). FHT-logger 10m and 50l 
water used (Win) 

LX028D 38.610077 -13.380330 Steel Screw Cap 93.45 5.12 FHT     Stickout-39cm (Sampled). 

LX029D 38.610403 -13.380661 Steel Screw Cap 74.5 0.95 Piezo and FHT 76 (SN559433) - 20m Stickout-25cm (Sampled). 

LX030D 38.609767 -13.379978 Steel Screw Cap 122.5 N/A none     Water sinkhole next to BH, BH collapsed and 
blocked, not use 

LX031D 38.611004 -13.378812 Steel Screw Cap 155.65 1.6 FHT     Stickout-45cm (Sampled). Will not be able to Piezo, 
need clamps in order to install as this is a vertical 
hole 

LX032D 38.605788 -13.380221 Steel Screw Cap 65.45 N/A none     Regolith check/Stickout-34cm (Collapsed). 

LX033D 38.604247 -13.380971 Steel Screw Cap 146.6 17.34 FHT     Regolith check/ Stickout-27cm (Sampled). 

LX034D 38.604583 -13.381287 Steel Screw Cap 68.55 17.55 none     Regolith check/Stickout-44cm, could not sample 
due to problem with casing, thus no FHT as well 

LX035D 38.603926 -13.380660 Steel Screw Cap 137.05 18.01       Regolith check/Stickout-37cm (Sampled). 

LX036D 38.606911 -13.378836 Steel Screw Cap 104.55 5.88 Piezo and FHT 103 (SN559496) - 30m Regolith check/Stickout-38cm (Sampled). 

LX037D 38.606647 -13.378505 Steel Screw Cap 152.35 6.4 FHT     Regolith check/Stickout-45cm (Sampled). 

LX038D 38.607201 -13.379184 Steel Screw Cap 50.45 6.03 FHT     Regolith check/Stickout-32cm (Sampled). 
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14 APPENDIX B AQUIFER TESTING SUMMARY TABLE 

 

Hole_ID UTM_East UTM_North Lat Long Hole Type 

Borehole 
Diameter 
(mm) 

Casing 
Diameter 
(mm) 

Water Level 
(m) 

Transducer 
depth (m) 

Hole Depth 
(m) 

Aquifer 
Thickness 
(m) 

K (m/Day) for 
early T 

K (m/Day) 
for late T 

Early T 
(m2/Day) 

Late T 
(m2/Day) Comments 

LX009D 457847.18 8521407.01 38.6107 -13.3746 Open Hole 130 - 1.7 17.23 113.55 50 0.125 0.0314 6.240 1.568 Collapsed after FHT 

LX011D 457970.44 8521554.98 38.61184 -13.3732 Open Hole 130 - 4.04 10.00 91.00 50 0.049 0.0228 2.470 1.139   

LX016D 458067.44 8521026.16 38.61272 -13.378 Open Hole 130 - 2.6 3.00 4.00 50 0.169 0.0054 8.440 0.268 Hole collapsed at ~ 4m 

LX018D 458190.64 8521187.95 38.61386 -13.3766 Open Hole 130 - 8.5 10.00 71.55 50 0.044 0.0171 2.221 0.856   

LX021D 457359.679 8521615.56 38.6062 -13.3727 Piezo 130 50 1.65 10.00 14.00 50 0.053 0.0064 2.634 0.322   

LX023D 457990.497 8520822.809 38.61201 -13.3799 Open Hole 130 - - - 40.45 50 - - - - No FHT could be done, WL~GL 

LX024D 457885.047 8520930.839 38.61104 -13.3789 Open Hole 130 - - - 134.40 50 - - - - No FHT could be done, WL~GL 

LX025DM 457918.942 8520896.42 38.61135 -13.3792 Open Hole 130 - - - 45.45 50 - - - - No FHT could be done, WL~GL 

LX026D 458260.232 8521115.04 38.61451 -13.3772 Piezo 130 50 8.25 24.00 71.80 50 0.081 0.0013 4.064 0.067   

LX027D 458227.168 8521150.406 38.6142 -13.3769 Open Hole 130 - 7.6 10.00 58.25 50 0.042 0.0016 2.102 0.080   

LX028D 457781.255 8520771.191 38.61008 -13.3803 Open Hole 130 - 5.28 10.00 93.45 50 0.158 0.0033 7.900 0.165   

LX029D 457816.584 8520734.626 38.6104 -13.3807 Piezo 130 50 1.25 10.00 76.00 50 0.019 0.0002 0.957 0.010   

LX031D 457881.337 8520939.203 38.611 -13.3788 Open Hole 130 - 1.7 24.00 155.65 50 0.086 0.0658 4.322 3.289   

LX033D 457150.056 8520699.295 38.60425 -13.381 Open Hole 130 - 17.5 19.80 146.60 50 0.219 0.0065 10.960 0.326   

LX035D 457115.305 8520733.63 38.60393 -13.3807 Open Hole 130 - 17.9 19.50 137.05 50 0.019 0.0010 0.947 0.048   

LX036D 457438.196 8520935.814 38.60691 -13.3788 Open Hole 130 - 6.08 10.00 103.00 50 0.048 - 2.376 -   

LX037D 457409.51 8520972.358 38.60665 -13.3785 Open Hole 130 - 6.4 20.00 152.35 50 0.008 0.0021 0.408 0.105   

LX038D 457469.666 8520897.42 38.6072 -13.3792 Open Hole 130 - - - 50.45 50 - - - - No FHT, BH Collapsed 

Min        1.25 3.00 4.00 50.00 0.008 0.0002 0.408 0.010  

Har. Mean        3.33 10.55 34.55 50.00 0.037 0.0015 1.828 0.074  

Max        17.90 24.00 155.65 50.00 0.219 0.0658 10.960 3.289  

Std. Dev        5.40 6.46 46.76 0.00 0.064 0.0186 3.206 0.931  

5        1.51 7.55 12.50 50.00 0.015 0.0007 0.758 0.033  

95        17.64 24.00 152.85 50.00 0.186 0.0451 9.322 2.256  
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15 APPENDIX C  HYDROCHEMISTRY RESULTS AND CLASSIFICATION 

Table 15.1 Hydrochemistry classification SANS 2015 

SANS 241:2015 Edition 1                         High Exceedances 2018 Water quality results 

Determining Unit  Risk  
Standard Limits                            

ª 
GH 1483 GH 1484 GH 1485 GH 1486 GH 1487 GH 1488 GH 1489 GH 1490 GH 1491 GH 1492 GH 1493 GH 1494 GH 1495 GH 1496 GH 1497 GH 1498 GH 1499 GH 1500 GH 1501 GH 1502 GH 1503 GH 1504 GH 1505 

      Mati 14 Mati 18 Mputi 04 Fam01 Nac 01 Nac 07 Lau 01 Nau 01 Nan 05 Bal 02 Bal 07 Bwbo 01 Lxo 18D Lxo 21D Lxo 22D Lxo 33D 
US West 

Drain  
DS West 

Drain 
US North 

Drain 
US South 

Drain 
DS South 

Drain 

DDS 
South 
Drain 

Confluence 

Physical and aesthetic determinants 

Electrical Conductivity at 25 ˚C as EC mS/M Aesthetic ≤ 170 118 75.5 66.5 213 30.2 49.3 14.7 131 62.4 49.4 44.1 49.9 65.6 27.9 191 220 31.2 43.3 43.6 34.2 55.6 46.3 55.8 

Total dissolve solids as TDS mg/L Aesthetic ≤ 1200 706 494 464 1434 228 384 114 894 398 328 332 374 440 172 1364 1670 170 282 276 260 340 316 350 

pH at 25 C                                           pH units Operational  ≥ 5 to ≤ 9,7 7.85 7.47 7.57 7.23 6.89 7.23 7.04 7.25 7.17 7.12 7.95 6.43 7.36 7.19 6.01 7.16 7.63 7.77 7.80 7.92 8.09 7.75 8.03 

Chemical determinants<Inorganic anions 

Nitrate as (NO3) as N                             mg/L Acute health < 1 ≤ 11 12.9 0.419 0.392 0.365 2.51 0.696 8.18 0.368 0.441 0.36 1.07 0.368 0.676 0.196 -0.194 0.201 0.252 0.295 0.331 0.383 0.368 0.258 0.321 

Nitrite as (NO2) as N                               mg/L Acute health < 1 ≤ 0,9 0.029 0.067 0.053 0.055 0.062 0.051 0.030 0.070 0.073 0.068 0.061 0.061 0.029 0.036 0.035 0.045 0.039 0.043 0.039 0.042 0.044 0.046 0.063 

Sulfate as SO 4 ²¯ 

mg/L Acute health < 1 ≤ 500 56.0 -0.141 1.58 196 0.141 2.7 0.141 22.1 -0.141 0.969 8.56 13.8 69.2 0.354 248.0 353 1.39 29.9 2.37 8.71 47.3 37.9 44.1 

mg/L Aesthetic ≤ 250 56.0 -0.141 1.58 196 0.141 2.7 0.141 22.1 -0.141 0.969 8.56 13.8 69.2 0.354 248.0 353 1.39 29.9 2.37 8.71 47.3 37.9 44.1 

Flouride as F¯ mg/L Chronic health ≤ 1,5 0.440 0.457 0.637 -0.263 -0.263 0.372 0.263 0.405 0.806 -0.263 0.605 0.263 0.429 0.443 -0.263 0.633 -0.263 -0.263 -0.263 -0.263 -0.263 -0.263 -0.263 

Ammonia as N   (Ammonium (NH4) as N) mg/L Aesthetic NA 0.052 0.004 0.026 0.031 0.029 0.017 0.011 0.008 0.038 0.032 0.038 0.038 0.049 0.773 0.077 1.610 0.077 0.023 0.015 0.019 0.017 0.027 0.098 

Chloride as Cl¯ mg/L Aesthetic ≤ 300 117 87.8 54.3 427 56.9 51.4 8.52 346 88.6 46.9 22.6 118 57.4 31.1 460 382 71.6 68.2 66.8 46.7 71 56.2 74.6 

Sodium as Na mg/L Aesthetic ≤ 200 96.5 52.7 53 101 22.6 66.7 7.87 195 65.7 47.1 72.6 27.3 78.2 45 80.3 250 36.5 43.6 38.2 38.8 57 46.6 57.9 

Zinc as Zn mg/L Aesthetic ≤ 5 -0.002 0.007 -0.002 0.008 0.009 0.002 -0.002 -0.002 0.005 -0.002 -0.002 0.014 -0.002 0.024 0.146 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 

Chemical determinants < macro<determinants 

Arenic as As µg/L Chronic health ≤ 10 <6 <6 <6 <6 <6 <6 <6 <6 <6 18 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 

Cadmium as Cd µg/L Chronic health ≤ 3 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 11 2 <2 <2 <2 <2 <2 <2 <2 <2 

Total chromium as Cr µg/L Chronic health ≤ 50 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 

Cobalt as Co µg/L Chronic health ≤ 500 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 16 <3 <3 <3 <3 <3 <3 <3 <3 <3 

Copper as Cu µg/L Chronic health ≤ 2 000 8 4 <2 12 <2 4 <2 <2 <2 <2 <2 <2 2 5 10 11 <2 <2 <2 <200 <2 <2 <2 

Iron as Fe 

µg/L Chronic health ≤ 2 000 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 16 4650 51 1110 <4 <4 <4 <4 <4 <4 4 

µg/L Aesthetic ≤ 300 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 16 4650 51 1110 <4 <4 <4 <4 <4 <4 4 

Lead as Pb µg/L Chronic health ≤ 10 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 

Manganese as Mn 

µg/L Chronic health ≤ 500 <1 814 574 383 <1 41 <1 12 229 416 <1 139 <1 367 977 311 <1 <1 <1 <1 <1 2 <1 

µg/L Aesthetic ≤ 100 <1 814 574 383 <1 41 <1 12 229 416 <1 139 <1 367 977 311 <1 <1 <1 <1 <1 2 <1 

Mercury as Hg µg/L Chronic health ≤ 6                                               

Nickel as Ni µg/L Chronic health ≤ 70 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 17 57 <2 <2 <2 <2 <2 <2 <2 <2 

Selenium as Se µg/L Chronic health ≤ 10 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 3 <2 <2 <2 

Uranium as U µg/L Chronic health ≤ 15 
      

116 
                

      149 
              

Vandium as V µg/L Chronic health ≤ 200 15 2 <1 9 <1 6 <1 <1 <1 <1 <1 <1 1 <1 <1 <1 <1 <1 <1 1 <1 <1 <1 

Aluminium as Al µg/L Operational ≤ 300 <2 <2 <2 <2 <2 <2 <2 <2 58 <2 <2 <2 207 10 <2 <2 <2 <2 <2 3 <2 <2 <2 
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Table 15.2 Hydrochemistry classification World Health Organization 2011 

WHO 2011 Edition 4                         High Exceedances 2018 Water quality results 

Determanind Unit  Risk  
Standard Limits                            

ª 
GH 1483 GH 1484 GH 1485 GH 1486 GH 1487 GH 1488 GH 1489 GH 1490 GH 1491 GH 1492 GH 1493 GH 1494 GH 1495 GH 1496 GH 1497 GH 1498 GH 1499 GH 1500 GH 1501 GH 1502 GH 1503 GH 1504 GH 1505 

  Mati 14 Mati 18 Mputi 04 Fam01 Nac 01 Nac 07 Lau 01 Nau 01 Nan 05 Bal 02 Bal 07 Bwbo 01 Lxo 18D Lxo 21D Lxo 22D Lxo 33D 
US West 

Drain  
DS West 

Drain 
US North 

Drain 
US South 

Drain 
DS Sout 

Drain 

DDS 
South 
Drain 

Con Fluance 

Physical and aesthetic determinands 

Electrical Conductivity at 25 ˚C as EC mS/M Aesthetic 2500 118 75.5 66.5 213 30.2 49.3 14.7 131 62.4 49.4 44.1 49.9 65.6 27.9 191 220 31.2 43.3 43.6 34.2 55.6 46.3 55.8 

Total dissolve solids as TDS mg/L Aesthetic 1000 706 494 464 1434 228 384 114 894 398 328 332 374 440 172 1364 1670 170 282 276 260 340 316 350 

pH at 25 C                                          ᶜ    pH units Operational   7.85 7.47 7.57 7.23 6.89 7.23 7.04 7.25 7.17 7.12 7.95 6.43 7.36 7.19 6.01 7.16 7.63 7.77 7.80 7.92 8.09 7.75 8.03 

Chemical determinands < Inorganic anions 

Nitrate as (NO3) as N                           ͩ         mg/L Acute health < 1 50 12.9 0.419 0.392 0.365 2.51 0.696 8.18 0.368 0.441 0.36 1.07 0.368 0.676 0.196 -0.194 0.201 0.252 0.295 0.331 0.383 0.368 0.258 0.321 

Nitrite as (NO2) as N                            ͩ        mg/L Acute health < 1 3 0.029 0.067 0.053 0.055 0.062 0.051 0.030 0.070 0.073 0.068 0.061 0.061 0.029 0.036 0.035 0.045 0.039 0.043 0.039 0.042 0.044 0.046 0.063 

Sulfate (SO4) mg/L Aesthetic 250<500 56.0 -0.141 1.58 196 0.141 2.7 0.141 22.1 -0.141 0.969 8.56 13.8 69.2 0.354 248.0 353 1.39 29.9 2.37 8.71 47.3 37.9 44.1 

Flouride as F¯ mg/L Chronic health 1.5 0.440 0.457 0.637 -0.263 -0.263 0.372 0.263 0.405 0.806 -0.263 0.605 0.263 0.429 0.443 -0.263 0.633 -0.263 -0.263 -0.263 -0.263 -0.263 -0.263 -0.263 

Ammonia as N   (Ammonium (NH4) as N) mg/L Aesthetic   0.052 0.004 0.026 0.031 0.029 0.017 0.011 0.008 0.038 0.032 0.038 0.038 0.049 0.773 0.077 1.610 0.077 0.023 0.015 0.019 0.017 0.027 0.098 

Chloride as Cl¯ mg/L Aesthetic 250 117 87.8 54.3 427 56.9 51.4 8.52 346 88.6 46.9 22.6 118 57.4 31.1 460 382 71.6 68.2 66.8 46.7 71 56.2 74.6 

Sodium as Na mg/L Aesthetic 200 96.5 52.7 53 101 22.6 66.7 7.87 195 65.7 47.1 72.6 27.3 78.2 45 80.3 250 36.5 43.6 38.2 38.8 57 46.6 57.9 

Zinc as Zn mg/L Aesthetic <3 -0.002 0.007 -0.002 0.008 0.009 0.002 -0.002 -0.002 0.005 -0.002 -0.002 0.014 -0.002 0.024 0.146 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 

Chemical determinands < macro<determinands 

Arenic as As µg/L Chronic health 10 <6 <6 <6 <6 <6 <6 <6 <6 <6 18 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 

Cadmium as Cd µg/L Chronic health 3 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 11 2 <2 <2 <2 <2 <2 <2 <2 <2 

Total chromium as Cr µg/L Chronic health 50 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 

Cobalt as Co µg/L Chronic health   <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 16 <3 <3 <3 <3 <3 <3 <3 <3 <3 

Copper as Cu µg/L Chronic health 2000 8 4 <2 12 <2 4 <2 <2 <2 <2 <2 <2 2 5 10 11 <2 <2 <2 <200 <2 <2 <2 

Iron as Fe 

µg/L Chronic health   <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 16 4650 51 1110 <4 <4 <4 <4 <4 <4 4 

µg/L Aesthetic 300 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 16 4650 51 1110 <4 <4 <4 <4 <4 <4 4 

Lead as Pb µg/L Chronic health 10 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 

Manganese as Mn 

µg/L Chronic health 400 <1 814 574 383 <1 41 <1 12 229 416 <1 139 <1 367 977 311 <1 <1 <1 <1 <1 2 <1 

µg/L Aesthetic 400 <1 814 574 383 <1 41 <1 12 229 416 <1 139 <1 367 977 311 <1 <1 <1 <1 <1 2 <1 

Nickel as Ni µg/L Chronic health 70 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 17 57 <2 <2 <2 <2 <2 <2 <2 <2 

Selenium as Se µg/L Chronic health 40 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 3 <2 <2 <2 

Uranium as U µg/L Chronic health 30 
      

116 
                

      149 
              

Vandium as V µg/L Chronic health   15 2 <1 9 <1 6 <1 <1 <1 <1 <1 <1 1 <1 <1 <1 <1 <1 <1 1 <1 <1 <1 

Aluminium as Al µg/L Operational 900 <2 <2 <2 <2 <2 <2 <2 <2 58 <2 <2 <2 207 10 <2 <2 <2 <2 <2 3 <2 <2 <2 
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Table 15.3 Hydrochemistry classification Mozambique Drinking Water Standards 

Mozambique Drinking water standards High Exceedances 2018 Water quality results 

Determanind Unit  Risk  
Standard Limits                            

ª 
GH 1483 GH 1484 GH 1485 GH 1486 GH 1487 GH 1488 GH 1489 GH 1490 GH 1491 GH 1492 GH 1493 GH 1494 GH 1495 GH 1496 GH 1497 GH 1498 GH 1499 GH 1500 GH 1501 GH 1502 GH 1503 GH 1504 GH 1505 

     Mati 14 Mati 18 Mputi 04 Fam01 Nac 01 Nac 07 Lau 01 Nau 01 Nan 05 Bal 02 Bal 07 Bwbo 01 Lxo 18D Lxo 21D Lxo 22D Lxo 33D 
US West 

Drain  
DS West 

Drain 
US North 

Drain 
US South 

Drain 
DS Sout 

Drain 

DDS 
South 
Drain 

Con 
Fluance 

Physical and aesthetic determinands 

Electrical Conductivity at 25 ˚C as EC mS/M Aesthetic 50-2000 118 75.5 66.5 213 30.2 49.3 14.7 131 62.4 49.4 44.1 49.9 65.6 27.9 191 220 31.2 43.3 43.6 34.2 55.6 46.3 55.8 

Total dissolve solids as TDS mg/L Aesthetic   706 494 464 1434 228 384 114 894 398 328 332 374 440 172 1364 1670 170 282 276 260 340 316 350 

pH at 25 C                                          ᶜ    pH units Operational 6.5-8.5 7.85 7.47 7.57 7.23 6.89 7.23 7.04 7.25 7.17 7.12 7.95 6.43 7.36 7.19 6.01 7.16 7.63 7.77 7.80 7.92 8.09 7.75 8.03 

Chemical determinands - Inorganic anions 

Nitrate as (NO3) as N                           ͩ         mg/L Acute health - 1 50 12.9 0.419 0.392 0.365 2.51 0.696 8.18 0.368 0.441 0.36 1.07 0.368 0.676 0.196 -0.194 0.201 0.252 0.295 0.331 0.383 0.368 0.258 0.321 

Nitrite as (NO2) as N                            ͩ        mg/L Acute health - 1 3 0.029 0.067 0.053 0.055 0.062 0.051 0.030 0.070 0.073 0.068 0.061 0.061 0.029 0.036 0.035 0.045 0.039 0.043 0.039 0.042 0.044 0.046 0.063 

Sulfate (SO4) mg/L Aesthetic 250 56.0 -0.141 1.58 196 0.141 2.7 0.141 22.1 -0.141 0.969 8.56 13.8 69.2 0.354 248.0 353 1.39 29.9 2.37 8.71 47.3 37.9 44.1 

Flouride as F¯ mg/L Chronic health   0.440 0.457 0.637 -0.263 -0.263 0.372 0.263 0.405 0.806 -0.263 0.605 0.263 0.429 0.443 -0.263 0.633 -0.263 -0.263 -0.263 -0.263 -0.263 -0.263 -0.263 

Ammonia as N   (Ammonium (NH4) as N) mg/L Aesthetic 1.5 0.052 0.004 0.026 0.031 0.029 0.017 0.011 0.008 0.038 0.032 0.038 0.038 0.049 0.773 0.077 1.610 0.077 0.023 0.015 0.019 0.017 0.027 0.098 

Chloride as Cl¯ mg/L Aesthetic 250 117 87.8 54.3 427 56.9 51.4 8.52 346 88.6 46.9 22.6 118 57.4 31.1 460 382 71.6 68.2 66.8 46.7 71 56.2 74.6 

Sodium as Na mg/L Aesthetic   96.5 52.7 53 101 22.6 66.7 7.87 195 65.7 47.1 72.6 27.3 78.2 45 80.3 250 36.5 43.6 38.2 38.8 57 46.6 57.9 

Zinc as Zn mg/L Aesthetic   -0.002 0.007 -0.002 0.008 0.009 0.002 -0.002 -0.002 0.005 -0.002 -0.002 0.014 -0.002 0.024 0.146 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 

        
                        

      
                

Chemical determinands - macro-determinands 

Arenic as As µg/L Chronic health   <6 <6 <6 <6 <6 <6 <6 <6 <6 18 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 

Cadmium as Cd µg/L Chronic health   <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 11 2 <2 <2 <2 <2 <2 <2 <2 <2 

Total chromium as Cr µg/L Chronic health   <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 

Cobalt as Co µg/L Chronic health   <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 16 <3 <3 <3 <3 <3 <3 <3 <3 <3 

Copper as Cu µg/L Chronic health   8 4 <2 12 <2 4 <2 <2 <2 <2 <2 <2 2 5 10 11 <2 <2 <2 <200 <2 <2 <2 

Iron as Fe 

µg/L Chronic health 300 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 16 4650 51 1110 <4 <4 <4 <4 <4 <4 4 

µg/L Aesthetic   <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 16 4650 51 1110 <4 <4 <4 <4 <4 <4 4 

Lead as Pb µg/L Chronic health   <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 

Manganese as Mn 

µg/L Chronic health   <1 814 574 383 <1 41 <1 12 229 416 <1 139 <1 367 977 311 <1 <1 <1 <1 <1 2 <1 

µg/L Aesthetic   <1 814 574 383 <1 41 <1 12 229 416 <1 139 <1 367 977 311 <1 <1 <1 <1 <1 2 <1 

Nickel as Ni µg/L Chronic health   <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 17 57 <2 <2 <2 <2 <2 <2 <2 <2 

Selenium as Se µg/L Chronic health   <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 3 <2 <2 <2 

Uranium as U µg/L Chronic health   
0 0 0 

116 
0 0 0 0 0 0 0 0 

0 0 0 149 
0 0 0 0 0 0 0 

Vandium as V µg/L Chronic health   15 2 <1 9 <1 6 <1 <1 <1 <1 <1 <1 1 <1 <1 <1 <1 <1 <1 1 <1 <1 <1 

Aluminium as Al µg/L Operational   <2 <2 <2 <2 <2 <2 <2 <2 58.000 <2 <2 <2 207.000 10.000 <2 <2 <2 <2 <2 3.000 <2 <2 <2 
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16 APPENDIX D NUMERICAL MODEL CALIBRATION STATISTICS 

Table 16.1 Model input and conditions 

Input parameter Scale Source, parameter or assumption description Data uncertainty 

Topography (DEM)  The regional topographic elevations were derived from STRM 30m.  The topographic elevations were interpolated from the 1:50 000 scale 
and 30 m contour intervals. 

Low 

Rivers, streams, drainages 1:50 000 Digitised from topographical maps and aerial imagery.  Low 

Lithology 1:250 000 Geological map of northern Mozambique (Bjerkgard, 2006).  British geological surveys and NGU. Moderate 

Mine Layout   A mine layout was supplied by the client  Low 

Boreholes and aquifer tests   Site Assessment results and falling head tests on available boreholes locally around the mining areas Moderate 

Rainfall    Obtained from rainfall records for Montepuez village obtained from Instituto Nacional de Meteorologia Low-moderate 

Steady State Modelling Parameters – Flow Model   

Boundary conditions   

Eastern model boundary – Fixed hydraulic head boundary with a max flow constraint = 0 m3/d this boundaries represent the eastern drainage 
system leading the north-east 

Low-moderate 

Northern, western and southern boundaries are no flow a boundary correlating with surface water divides which is mainly elevation high  
area. 

Low-Moderate 

Rivers and drainages within the model domain are described by fixed head boundary conditions and maximum flow constraints of 0 m3/d.. Low-moderate 

Recharge   Previous groundwater studies and chloride method Moderate 

Hydraulic Conductivity   The hydraulic conductivity was estimated from falling head tests literature and aquifer test.  Low 

Aquifer thickness   The aquifer thickness is represented by a 20m weathered profile, 300 m sub-basement geological unit  Moderate 

Transient State Modelling Parameters & Mass transport model   

Initial Hydraulic Heads   Simulated heads obtained from simulated steady state conditions as calibrated with observed groundwater levels High 

Initial mass transport plumes  
Accredited laboratory results to set as baseline water quality and geochemical model results as input to TSF and WRD seepage potential 
concentrations 

High 

Specific Storage   

The volume of water that a unit volume of aquifer releases from or takes into storage per unit change in head. S = Ss x D.  Ss, Storage were 
developed according to each layer thickness as indicated in  

Table 7.1 

High 

Positive flux  
A positive flux of at least 0.00015 m/d were assigned to the WRD and TSF facilities that would contribute to seepage into the groundwater 
systems. 

Moderate 

Effective Porosity   
Porosity is the ratio of the volume of void space to the total volume of the rock of earth material. Assumed conservative porosity of 3% was 
used in the transient simulations for the rock matrix. 

High 

Longitudinal dispersion 
coefficient 

 No field testing work has been conducted to determine the dispersivity. An approximation of 20 m was used.  High 

Transverse dispersion coefficient  Transverse dispersivity was assumed to be the same as the longitudinal dispersivity (2 m) High 
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Table 16.2 Calibration statistics according to observed and simulated water levels 

Observation 
no Site name 

X 
(WGS84) Y (WGS84) 

Z 
(mamsl)  

Water Level 
(mbgl) 

Measured Head 
(mamsl) 

Simulated Head 
(mamsl) 

Mean Absolute 
Error (m) MAE 

 Mean Error 
(m) ME Root Mean Square Error (m) RMS 

1.00 Mati02 38.645650 -13.380040 541.00 3.10 537.90 534.37 3.53 3.53 12.43 

2.00 Mati04 38.645360 -13.379640 541.00 3.10 537.90 534.40 3.50 3.50 12.26 

3.00 Mati05 38.644610 -13.379140 543.00 2.20 540.80 534.68 6.12 6.12 37.44 

4.00 Mati06 38.645000 -13.379030 543.00 2.65 540.35 534.28 6.07 6.07 36.85 

5.00 Mati07 38.645240 -13.378550 543.00 2.60 540.40 533.69 6.71 6.71 45.01 

6.00 Mati08 38.646170 -13.379020 541.00 2.98 538.02 533.10 4.92 4.92 24.23 

7.00 Mati09 38.646600 -13.378770 540.00 3.02 536.98 532.39 4.59 4.59 21.10 

8.00 Mati10 38.646340 -13.378580 541.00 2.90 538.10 532.54 5.56 5.56 30.90 

9.00 Mati12 38.645580 -13.377520 541.00 3.90 537.10 532.52 4.58 4.58 20.93 

10.00 Mati13 38.644890 -13.376600 541.00 2.20 538.80 532.23 6.57 6.57 43.13 

11.00 Mati14 38.643710 -13.376240 538.00 3.10 534.90 532.31 2.59 2.59 6.70 

12.00 Mati15 38.642790 -13.376900 539.00 3.10 535.90 533.37 2.53 2.53 6.40 

13.00 Mati16 38.640480 -13.378850 539.00 2.27 536.73 536.36 0.37 0.37 0.14 

14.00 Mati17 38.641200 -13.381220 540.00 3.52 536.48 538.80 2.32 -2.32 5.39 

15.00 Mati19 38.640940 -13.387700 548.00 2.70 545.30 542.30 3.00 3.00 8.97 

16.00 Mputi01 38.619930 -13.349530 564.00 0.00 564.00 545.09 18.91 18.91 357.49 

17.00 Mputi03 38.615990 -13.356360 569.00 3.67 565.33 549.67 15.66 15.66 245.30 

18.00 Mputi04 38.615300 -13.354790 560.00 3.90 556.10 551.03 5.07 5.07 25.70 

19.00 Mputi05 38.612820 -13.352850 570.00 4.05 565.95 554.09 11.86 11.86 140.61 

20.00 Fam02 38.595370 -13.344940 579.00 3.50 575.50 569.09 6.41 6.41 41.07 

21.00 Fam03 38.597230 -13.345120 578.00 4.98 573.02 567.87 5.15 5.15 26.52 

22.00 Fam04 38.601260 -13.345650 571.00 0.60 570.40 564.87 5.53 5.53 30.62 

23.00 Fam05 38.601390 -13.343100 573.00 1.07 571.93 563.97 7.96 7.96 63.30 

24.00 Fam06 38.599580 -13.343550 575.00 2.35 572.65 565.60 7.05 7.05 49.73 
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25.00 Nac02 38.580570 -13.378150 578.00 1.20 576.80 574.20 2.60 2.60 6.77 

26.00 Nac03 38.582740 -13.375380 585.00 1.45 583.55 573.65 9.90 9.90 98.03 

27.00 Nac04 38.584590 -13.372630 585.00 1.90 583.10 572.21 10.89 10.89 118.58 

28.00 Nac05 38.580080 -13.372800 586.00 3.30 582.70 577.32 5.38 5.38 28.96 

29.00 Nac06 38.577740 -13.375870 589.00 2.65 586.35 577.89 8.46 8.46 71.52 

30.00 Nac08 38.574020 -13.380580 588.00 3.60 584.40 576.05 8.35 8.35 69.64 

31.00 Lau01 38.597000 -13.368090 574.00 3.25 570.75 557.24 13.51 13.51 182.42 

32.00 Lau02 38.597330 -13.368450 572.00 3.10 568.90 556.78 12.12 12.12 146.88 

33.00 Lau03 38.598060 -13.367330 572.00 2.88 569.12 555.97 13.15 13.15 172.80 

34.00 Lau04 38.596900 -13.367280 574.00 2.92 571.08 557.35 13.73 13.73 188.44 

35.00 Lau05 38.594830 -13.368470 577.00 3.47 573.53 559.73 13.80 13.80 190.42 

38.00 Nan01 38.626300 -13.332640 539.00 0.20 538.80 535.82 2.98 2.98 8.90 

39.00 Nan02 38.619580 -13.333470 544.00 0.00 544.00 542.19 1.81 1.81 3.28 

40.00 Nan03 38.618560 -13.336350 554.00 3.25 550.75 544.37 6.38 6.38 40.68 

41.00 Nan04 38.619660 -13.335860 552.00 2.40 549.60 543.31 6.29 6.29 39.59 

42.00 Bal01 38.564510 -13.359440 590.00 4.98 585.02 585.77 0.75 -0.75 0.57 

43.00 Bal04 38.572150 -13.352990 601.00 6.80 594.20 589.14 5.06 5.06 25.59 

44.00 Bal06 38.588020 -13.347550 592.00 8.70 583.30 575.63 7.67 7.67 58.79 

45.00 Bal08 38.574230 -13.345970 599.00 4.62 594.38 588.27 6.11 6.11 37.34 

46.00 BWB001 38.610267 -13.376626 532.10 0.00 532.10 535.40 3.30 -3.30 10.87 

47.00 LX007D 38.608908 -13.375785 537.22 0.00 537.22 537.95 0.73 -0.73 0.53 

48.00 LX009D 38.610695 -13.374581 535.17 1.70 533.47 536.13 2.66 -2.66 7.07 

49.00 LX011D 38.611836 -13.373245 539.00 4.04 534.96 537.98 3.01 -3.01 9.07 

50.00 LX016D 38.612724 -13.378028 533.03 2.60 530.43 533.21 2.78 -2.78 7.71 

51.00 LX018D 38.613864 -13.376567 538.02 8.50 529.52 534.84 5.32 -5.32 28.35 

52.00 LX021D 38.606196 -13.372689 543.30 1.37 541.93 544.18 2.25 -2.25 5.04 

53.00 LX022D 38.611668 -13.379538 532.77 0.00 532.77 533.41 0.64 -0.64 0.40 

54.00 LX023D 38.612010 -13.379866 532.06 0.00 532.06 532.89 0.83 -0.83 0.69 

55.00 LX024D 38.611038 -13.378888 533.54 0.70 532.84 534.44 1.59 -1.59 2.53 
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56.00 LX025DM 38.611351 -13.379199 533.21 0.50 532.71 533.89 1.18 -1.18 1.40 

57.00 LX026D 38.614506 -13.377227 537.43 8.30 529.13 533.99 4.86 -4.86 23.61 

58.00 LX027D 38.614201 -13.376907 537.14 7.60 529.54 534.40 4.87 -4.87 23.67 

59.00 LX028D 38.610077 -13.380330 536.88 5.12 531.76 536.61 4.85 -4.85 23.56 

60.00 LX029D 38.610403 -13.380661 536.50 0.95 535.55 536.05 0.50 -0.50 0.25 

61.00 LX031D 38.611004 -13.378812 533.73 1.60 532.13 534.49 2.37 -2.37 5.59 

62.00 LX033D 38.604247 -13.380971 554.06 17.34 536.72 545.84 9.12 -9.12 83.10 

63.00 LX034D 38.604583 -13.381287 553.31 17.55 535.76 545.22 9.46 -9.46 89.48 

64.00 LX035D 38.603926 -13.380660 554.88 18.01 536.87 546.43 9.56 -9.56 91.31 

65.00 LX036D 38.606911 -13.378836 545.14 5.88 539.26 542.31 3.05 -3.05 9.28 

66.00 LX037D 38.606647 -13.378505 546.13 6.40 539.73 542.79 3.06 -3.06 9.38 

67.00 LX038D 38.607201 -13.379184 544.96 6.03 538.93 541.77 2.85 -2.85 8.11 

Average       555.06 3.73 551.33 548.09 5.76 3.24 49.58 

Minimum       532.06 0.00 529.13 532.23 0.37 -9.56 0.14 

Maximum       601.00 18.01 594.38 589.14 18.91 18.91 357.49 

Correlation (R)           0.96 Σ =374 Σ =210 Σ = 3222 

                1/n =5.7 1/n =3.2 1/n =49.5 

                    SQRT =  

                    RMS% of water level range = 10.8% 
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Figure 16-1 Graph indicating relation between measured and simulated  hydraulic head
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17 APPENDIX E  MONITORING CHEMICAL PARAMETERS 

 

Table 17.1 Chemical parameters to be analyse during monitoring program 

Chemical requirements 
micro-determinants 

Chemical requirements macro-
determinants 

Physical and Aesthetic 
determinants 

Aluminium as Al  Ammonia as N  Electric Conductivity at 25 ºC  

Cadmium as Cd Bicarbonate as HCO3 and Carbonate as CO3 pH value at 25 ºC 

Cobalt as Co Calcium as Ca Total Dissolved Solids as TDS 

Copper as Cu Chloride as Cl    

Iron as Fe Fluoride as F    

Lead as Pb Magnesium as Mg    

Manganese as Mn  Nitrate (NO3) as N    

Nickel as Ni  Potassium as K   

Selenium as Se  Sodium as Na    

Uranium U Sulphate as SO4    

 Vanadium V Zinc as Zn    

  Phosphate as PO4-P   

 


