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EXECUTIVE SUMMARY 

Fortescue Metals Group’s (Fortescue’s) Christmas Creek iron ore mine is within the Pilbara 

region of Western Australia.  The Christmas Creek mine site is located approximately 30 

kilometres east of Fortescue’s Cloudbreak mine, 50 kilometres south-west of Nullagine and 

approximately 100 kilometres north of Newman (Figure 1). The Christmas Creek iron ore mine 

has been operating since 2009, and is currently approved to ship iron ore, via a rail link, from 

Port Hedland (Figure 1 and Figure 2). 

About 70% of iron ore at Christmas Creek is below the watertable, and mine dewatering is 

undertaken to minimise water ingress into mining pits. Below watertable mining commenced in 

November 2011, current mine dewatering and associated water management activities are 

approved under an Assessment on Proponent Information (API) approval (Ministerial Statement 

871) granted in 2011. As the API approval covers a limited time period (5 years), this life of 

mine (LoM) assessment presents results for the period 2014 to 2028 (including a revision of the 

final two years of the API assessment).  In order to ensure that this assessment accurately 

represents predicted groundwater level change and volumes, operational data for abstraction 

and water level have been used to provide the initial starting conditions. 

Dewatering will be achieved through advance dewatering methods and operational dewatering 

methods. Dewatering may significantly exceed mine water use requirements, and any surplus 

(the difference between abstraction water and mine water use) may be transferred to 

Cloudbreak if required or will be returned to compatible aquifers through injection to preserve 

water resources and to minimise environmental impacts (groundwater level 

drawdown/mounding).  This process of groundwater abstraction and injection is referred to as 

the Christmas Creek water management strategy. 

The hydrological setting of the project area is characterised by three broad hydrological 

regimes; a topographic driven flow regime; a density driven flow regime; and the Fortescue 

Marsh regime which cycles between a recharge and discharge feature in accordance with 

flooding and drying cycles. Detailed understanding of these flow regimes and the interaction 

between the flow regimes has been developed based on nearly 10 years of investigations and 

operations in the region. 

Empirical evidence, in particular the demonstrated ability of T. indica subsp. bidens to tolerate 

drought and other stressors, and numerical simulation of soil water dynamics and plant water 

uptake by samphire vegetation on the fringe of the Fortescue Marsh (HYDRUS) suggest that 

the ecological water requirements of the fringing samphire communities are wholly or 

predominantly met by surface inputs (Equinox Environmental, 2012). 

A density-driven flow and transport numerical groundwater model was developed and calibrated 

in the FEFLOW modelling platform for the purpose of conceptual design of the dewatering and 

injection system and predicting groundwater level conditions.  The results of the numerical 

modelling, including sensitivity and uncertainty analysis has shown; 
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 The average annual dewatering volume is predicted to be up to 58 GL/a over the LoM 
period. 

 The peak annual dewatering volume is predicted to be up to 110 GL/a. 

 Maximum watertable drawdown along the Fortescue Marsh edge[1] is predicted to be up to 
2.3 m.  Mounding as a result of injection is not predicted to be a long term impact. 

 Injection of surplus water into suitable aquifers minimises the long term impacts of 
drawdown at the watertable. 

 With the cessation of dewatering, groundwater level drawdown in the mining area decreases 
from over 35 m at the end of mining (2028) to about 5 m, after ten years (2038), and to 
about 3 m after 20 years (2048).  

An eco-hydrological study (Equinox Environmental, 2012) has provided confidence that 

prolonged dry conditions and drawdown, of up to 3 m, will not significantly affect samphire 

survival and health. Other potential groundwater system impacts associated with the Christmas 

Creek Project water management strategy, such as disruption to the surface flow regime, water 

table mounding (due to injection) and water quality changes, are also not predicted to be 

significant. 

Modelling results suggest that the Christmas Creek water management scheme can operate 

independently. However, the adaptive management strategy of Christmas Creek would be 

strongly enhanced (enable greater flexibility to distribute injection) by adopting an integrated 

water management approach with Cloudbreak. 

  

                                                 
[1] Watertable measurements and predictions at the fringe of the Fortescue Marsh relate to monitoring 
locations CCFMM01)s to CCFMM05_s. 
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1. INTRODUCTION 

Fortescue Metals Group’s (Fortescue’s) Christmas Creek iron ore mine is within the Pilbara 

region of Western Australia.  The Christmas Creek mine site is located approximately 30 

kilometres east of Fortescue’s Cloudbreak mine, 50 kilometres south-west of Nullagine and 

approximately 100 kilometres north of Newman (Figure 1). The Christmas Creek iron ore mine 

has been operating since 2009, and is currently approved to ship iron ore, via a rail link, from 

Port Hedland (Figure 1 and Figure 2). 

About 70% of iron ore at Christmas Creek is below the watertable, and mine dewatering is 

undertaken to minimise water ingress into mining pits. Below watertable mining commenced in 

November 2011, current mine dewatering and associated water management activities are 

approved under an Assessment on Proponent Information (API) approval (Ministerial Statement 

871) granted in 2011. As the API approval covers a limited time period (5 years), this life of 

mine (LoM) assessment presents results for the period 2014 to 2028 (including an update for 

the final two years of the API assessment).  In order to ensure that this assessment accurately 

represents predicted groundwater level change and volumes, operational data for abstraction 

and water level have been used to provide the initial starting conditions. 

1.1 Scope of Works 

This report presents the detailed hydrogeological assessment for the proposed LOM 

groundwater abstraction and injection strategy. Specifically this document includes a description 

of; 

 Site-specific hydrogeological data and its incorporation into the conceptual model of the 
groundwater and surface water hydrology. 

 The development of a predictive numerical model. 

 The groundwater abstraction and injection management strategy. 

 The results of dewatering and injection simulations, including volumes and water level 
changes. 

 The method and results of sensitivity and uncertainty analysis.  

1.2 Previous Studies at Christmas Creek 

Hydrogeological assessments undertaken both pre and post commencement of dewatering and 

injection operations at Christmas Creek are outlined in Table 1.  These assessments have been 

used, in conjunction with those from adjacent sites (principally Cloudbreak) and regional 

knowledge (Section 1.3), to inform the conceptual hydrogeological understanding for this 

assessment. 
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Table 1: Previous groundwater investigations at Christmas Creek 

Project/Reference Scope Outcomes 

Hydrogeology report 
(Aquaterra, 2004) 

 Drilling (four 150mm ND 
test production bores). 

 Pumping tests (24 to 48 
hour duration). 

 Develop a numerical 
model (based on steady-
state calibration and 
hydraulic properties from 
other Pilbara sites). 

 Marra Mamba Formation (MMF) hydraulic 
conductivity of 0.5 m/day. 

 Saline gradient toward Fortescue Marsh identified. 
 Dewatering requirement 1.15 GL/a for 60 metre deep 

pits. 
 Remote water supply needed to meet 11.4 GL/a 

demand. 
 No impact on vegetation or Fortescue Marsh 

groundwater anticipated. 
 Salinity increase through up-coning or ingression not 

anticipated. 

Hydrogeology 
assessment (FMG, 
2009) 

 Drilling (14 production 
bores, three multi-level 
monitoring bores). 

 Pump test assessments. 

 Improved regional-scale and mine-scale stratigraphic 
data. 

 Mineralised MMF hydraulic conductivities in the order 
of 10 to 200 m/day, therefore greater dewatering 
rates. 

 The Oakover Formation’s presence and aquifer 
properties identified. 

 Cloudbreak-style water management solutions 
proposed. 

Bore Completion report 
(FMG, 2010) 

 Drilling (10 test production 
bores, 12 multi-level 
monitoring bores). 

 Test-pumping (up to 
seven days duration). 

 SkyTEM geophysical 
survey. 

 Geochemical aquifer 
characterisation. 

 Numerical model 
development. 

 Mineralised MMF hydraulic conductivities up to 
311 m/day. 

 Oakover Formation hydraulic conductivities of similar 
magnitude to Mineralised MMF. 

 Variable connection between the Oakover Formation 
and Mineralised MMF; connection between these 
two units appears to be stronger than that at 
Cloudbreak. 

 Saline interface further defined from SkyTEM data; 
discrete saline pathways identified. 

 Cloudbreak-style water management solutions 
proposed. 

Hydrogeological 
assessment in support 
of Fortescue’s API 
submission (FMG, 
2010a) 

 FEFLOW modelling. 
 Ongoing drilling and 

testing data. 

 Natural watertable fluctuation at the fringe of 
Fortescue Marsh predicted to be up to 3m following 
large rainfall events. 

 Abstraction up 50 GL/a required to deliver the mine 
plan presented. 

 Watertable change due to mining was predicted to 
be in the order of 1 m. 

FY11 Dewatering and 
injection program. 

(FMG, 2013a) 

 Groundwater abstraction, 
injection and monitoring. 

 Hydrogeological 
assessment of data. 

 A compliance assessment 
against the regulatory 
commitments. 

 29 production bores and 4 injection bores were 
constructed during the reporting period. 

 0.9 GL abstraction during reporting period. 
 No injection during the reporting period. 
 No Class 2 trigger exceedances (environmental 

significant) were recorded. 

Hydrogeological 
assessment in support 
of Fortescue’s API 
submission (FMG, 
2012) 

 FEFLOW modelling. 
 Ongoing drilling and 

testing data. 
 Updated mine plan and 

project expansion. 

 Natural watertable fluctuation at the fringe of 
Fortescue Marsh predicted to be up to 3m following 
large rainfall events. 

 Abstraction up 95 GL/a required to deliver the mine 
plan presented. 

 Watertable change due to mining was predicted to 
be in the order of 1.5 m. 

FY12 Dewatering and 
injection program. 

(FMG, 2013a) 

 Groundwater abstraction, 
injection and monitoring. 

 Hydrogeological 
assessment of data. 

 A compliance assessment 
against the regulatory 

 65 production bores and 15 injection bores where 
constructed during the reporting period. 

 10.2 GL abstraction during reporting period. 
 1.3 GL injection during the reporting period. 
 No Class 2 trigger exceedances (environmental 

significant) were recorded. 
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Project/Reference Scope Outcomes 
commitments. 

Vegetation 
dependence on 
shallow groundwater 
study. 

(Equinox 
Environmental, 2012) 

Investigation into the impact of 
drawdown upon groundwater 
dependent vegetation. 

Groundwater drawdown up to 3m, for prolonged periods 
of time, does not adversely impact the ability for samphire 
vegetation to acquire water. 

April 2013 Quarterly 
groundwater 
monitoring summary 

(FMG, 2013) 

Christmas Creek groundwater 
monitoring review for quarter 
(Feb 2013 to April 2013) 

 64 production bores and 21 injection bores were 
operational during the reporting period. 

 9.5 GL abstraction during reporting period. 
 4.6 GL injection during the reporting period. 
 No Class 2 trigger exceedances (environmental 

significant) were recorded. 

FY13 Dewatering and 
injection program 

(FMG, 2013a) 

 Groundwater abstraction, 
injection and monitoring. 

 Hydrogeological 
assessment of data. 

 A compliance assessment 
against the regulatory 
commitments. 

 73 production bores and 29 injection bores were 
constructed during the reporting period. 

 34.4 GL abstraction during reporting period. 
 17.4 GL injection during the reporting period. 
 No Class 2 trigger exceedances (environmental 

significant) were recorded. 

1.3 Previous Studies at Adjacent Sites 

The conceptual understanding of the Christmas Creek hydrogeological setting has also been 

supported by extensive hydrogeological work undertaken at Fortescue’s adjacent mine site, 

Cloudbreak, and other relevant regional studies.  Table 2 summarises the works that have 

contributed to the regional geological and hydrogeological understanding of Christmas Creek, 

and hydrological functioning of the Fortescue Marsh. 

Table 2: Previous groundwater investigations at Cloudbreak and other adjacent sites 

Project/Reference Scope Outcomes 

(Aquaterra, 2005)  2 test production bores. 
 Groundwater model developed. 
 Dewatering assessment 

conducted. 

 Conceptual model and numerical model utilising 
‘average’ Pilbara hydraulic parameters. 

 Predicted dewatering requirements of up to 
12 GL/a over life of mine. 

Hydrogeology 
assessment (FMG, 
2009) 

 To support change to 
Ministerial Statement. 

 Increase dewatering to 25 GL/a 
and injection to 18 GL/a.   

 Review of short term 
dewatering and injection 
requirements. 

 Hydrological Impact 
assessment. 

 Updated conceptual hydrogeology and short term 
dewatering requirements. 

 Key updates include significant increase of 
hydraulic conductivity parameters and inclusion of 
density coupling in groundwater flow modelling. 

Geochemical 
Assessment 
(FMG, 2007) 

 Measurement of groundwater 
quality parameters and 
sampling of groundwater from 
proposed mine dewatering 
borefield. 

 Chemical analysis of 
groundwater samples. 

 Assessment of likely changes 
to the groundwater composition 
and mineral precipitation due to 

 Information on the borefield and aquifer 
geochemistry. 

 Precipitation of secondary minerals in the injection 
bore and the receiving aquifer is unlikely to be 
significant: calcite and dolomite were already 
oversaturated in the receiving aquifer. Si is 
unchanged. Gypsum was and remains after mixing 
with the injected water, under-saturated in the 
aquifer. 

 The potential for bio-fouling to occur is low, due to 
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Project/Reference Scope Outcomes 
mixing of water types, using 
aqueous geochemical 
modelling software PHREEQC. 

 Documentation of 
methodologies, results, 
conclusions and 
recommendations. 

the presence of iron-precipitating bacteria, oxygen 
and ferrous iron. 

Geochemical 
Assessment 
(MWH, 2009) 

 Predicted geochemical 
interactions for re-injection of 
saline abstraction water into the 
saline Oakover Formation and 
in surface storage facilities. 

 Assessment of the potential for 
mineral precipitation with the 
PHREEQC geochemical model 
using 3 different scenarios. 

 The degrees of saturation with respect to potential 
mineral precipitates are approximately the same for 
both the abstraction and injection zone 
groundwater. 

 The most likely mineral precipitates for the South 
Transfer Pond are Ca-Mg carbonates, amorphous 
silica, and ferric oxyhydroxide according to 
geochemical modelling results.  

 Geochemical model calculations for three 
scenarios predict that mixing of abstraction water 
with injection zone water (except brackish water) 
generally reduces the potential for precipitation of 
most carbonate, sulphate, and silica minerals 
(except Mn and Fe oxyhydroxides) and therefore 
limits potential for geochemical fouling. 

Saline Injection 
Trial 
(FMG, 2010b) 

 Assessment of a 6-month 
saline injection trial. 

 Summary of the operations, 
groundwater levels, water 
quality data, and vegetation 
monitoring. 

 Hydrogeological assessment of 
these data, hydrogeological 
characterisation of the saline 
injection area, numerical model 
assessment. 

 Commitments assessment. 
 Compliance assessment. 

 Proof of concept has been achieved. 
 Environmental impact consistent with predictions. 
 Injection of saline water has not impacted the 

upper, brackish aquifers except in isolated sites 
thought to relate to bore construction. 

 Telemetry system control being developed. 
 Hydrogeological characterisation of the saline 

injection area and validation of the model in this 
area were limited due to limited aquifer response. 

 Progress in the assessment of clogging potential of 
saline reinjection. 

Cloudbreak 
Triennial Aquifer 
Review 
(FMG, 2010c) 

 Three year summary of 
groundwater abstraction, 
injection and monitoring. 

 Hydrogeological assessment of 
data. 

 A compliance assessment 
against the regulatory 
commitments.  

 Presentation of monitoring data and assessment to 
verify the conceptual hydrogeological model for the 
Cloudbreak site. 

FY11 Dewatering 
and injection 
program 

(FMG, 2013b) 

 Groundwater abstraction, 
injection and monitoring. 

 Hydrogeological assessment of 
data. 

 A compliance assessment 
against the regulatory 
commitments. 

 98 production bores and 51 injection bores were 
active during the reporting period. 

 24.9 GL abstraction during reporting period. 
 14.2 GL injection during the reporting period. 
 No Class 2 trigger exceedances (environmental 

significant) were recorded. 

Saline Injection 
Trial – Stage 2 
Close Out Report  
(FMG, 2012a) 

 Updated report to cover full 
length of saline injection trial 
and early operation. 

 Summary of the operations, 
groundwater levels, water 
quality data, and vegetation 
monitoring. 

 Hydrogeological assessment of 
these data, hydrogeological 
characterisation of the saline 
injection area, numerical model 

 Injection has been demonstrated to be a feasible 
strategy for managing excess water. 

 Groundwater monitoring indicated a limited 
hydrogeological response to injection.  

 Operations will cause minimal impact 
(drawdown/mounding) to groundwater levels in the 
shallow aquifer at the Fortescue Marsh, predicted 
to be within the maximum permissible impact of 
<1m as set out in the PER document (FMG, 
2010d). 

 Injected saline water has not impacted the upper, 
brackish watertable aquifers. 
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Project/Reference Scope Outcomes 
assessment. 

 Commitments assessment. 
 Compliance assessment. 

 The primary clogging mechanism for injection bore 
has been identified as physical clogging by 
introduced sediment and debris. 

FY12 Dewatering 
and injection 
program 

(FMG, 2013b) 

 Groundwater abstraction, 
injection and monitoring. 

 Hydrogeological assessment of 
data. 

 A compliance assessment 
against the regulatory 
commitments. 

 159 production bores and 53 injection bores were 
active during the reporting period. 

 31.7 GL abstraction during reporting period. 
 20.3 GL injection during the reporting period. 
 No Class 2 trigger exceedances (environmental 

significant) were recorded. 

Cloudbreak 
Triennial Aquifer 
Review 

(FMG, 2013b) 

 Three year summary of 
groundwater abstraction, 
injection and monitoring. 

 Hydrogeological assessment of 
data. 

 A compliance assessment 
against the regulatory 
commitments. 

 Presentation of monitoring data and assessment to 
verify the conceptual hydrogeological model for the 
Cloudbreak site. 

Aquifer reviews   As part of licencing conditions 
for the Cloudbreak 5C licence.  
Frequency FMG have produced 
a series of monitoring 
summaries and aquifer reviews: 

 Annual during the mine-
construction phase (the 2006 
and 2007 licence periods); 

 Quarterly and annual since 
dewatering operations 
commenced in mid-2008. 

 Descriptions of volumetric data (abstraction, 
injection, mine water use), groundwater level data 
and groundwater quality data. 

FY13 Dewatering 
and injection 
program 

(FMG, 2013b) 

 Groundwater abstraction, 
injection and monitoring. 

 Hydrogeological assessment of 
data. 

 A compliance assessment 
against the regulatory 
commitments.

 151 production bores and 48 injection bores were 
active during the reporting period. 

 59.4 GL abstraction during reporting period. 
 45.7 GL injection during the reporting period. 
 No Class 2 trigger exceedances (environmental 

significant) were recorded. 

University of 
Western Australia 
(UWA). 

Ongoing research 
and investigation 
into the Fortescue 
Marsh. 

Research projects, investigation 
works and publications into the 
dynamics and processes within and 
adjacent to the Fortescue Marsh, 
(Skrypek G., 2013). 

 

 Fortescue Marsh is currently recharged by 
occasional floodwater. 

 Salt in the Marsh is concentrated by evaporation of 
rainfall. 

 Brackish waters reflect modern recharge. 
 Saline water reflects mixing between modern and 

old waters. 
 Deep saline groundwater beneath Fortescue 

Marsh developed under different climatic regime 
and accumulated over the last 40,000 to 700,000- 
years. 

Revised 
hydrogeology 
modelling as 
assessment for 
Cloudbreak Project 
(FMG, 2013e) 

 FEFLOW modelling. 
 Ongoing drilling and testing 

data. 
 Updated mine plan and project 

expansion. 

 Natural watertable fluctuation at the fringe of 
Fortescue Marsh predicted to be up to 3m following 
large rainfall events. 

 Abstraction up 150 GL/a required to deliver the 
mine plan presented. 

 Watertable change due to mining was predicted to 
be in the order of 1.5 m. 
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2. EXISTING ENVIRONMENT 

2.1 Location 

The Christmas Creek project area is located in the eastern Chichester Range within an 

escarpment that gently slopes down to the Fortescue Marsh to the south (Figure 1).  The 

Christmas Creek mine site is located approximately 30 kilometres east of Fortescue’s 

Cloudbreak mine, 50 kilometres south-west of Nullagine and 100 kilometres north of Newman 

(Figure 1). 

2.2 Topography 

The regional topography is dominated by the Chichester Range and Hamersley Range to the 

south.  These features are separated by the Fortescue Marsh, which forms the terminating point 

for the Upper Fortescue River catchment. The Upper Fortescue River flow northwards from 

Ethel Creek Station and then north-west past Roy Hill Station, before entering into Fortescue 

Marsh on its eastern margin.  

The topography of Christmas Creek is gently sloping from north to south, with a relief ranging 

from 500 to 600 m AHD in the Chichester Ranges and 400 to 450 m AHD in the Fortescue 

Valley. The Chichester Range and the major drainage system of the Upper Fortescue 

catchment both trend west-north-west to east-south-east. 

2.3 Climate 

The climate of the Pilbara region is classed as subtropical to dry being characterised by very 

low rainfall, high-daytime temperatures in summer, and low winter minima (Gentilli, 1972). The 

region is defined by two distinct seasons; a dry winter season and a wet summer season. 

Rainfall during summer is typically associated with tropical cyclones and local thunderstorms. 

Winter rains are infrequent, with typically one or two falls of 20 to 30 mm per year. The average 

annual rainfall is around 320 mm per year. Annual pan evaporation is about 3500 mm (Bureau 

of Meteorology, 1977). 

Monthly average temperature, rainfall and evaporation data for the region are presented in 

Table 3.  Rainfall data and interpreted marsh water level for BoM site at Newman is presented 

in Figure 4.  For the Bureau of Meteorology (BoM) site at Roy Hill (Site 005023), average 

annual rainfall is 261 mm (Figure 4 and Table 3). Normal maximum temperature ranges are 35 

to 40 degrees Celsius (ºC) in summer and 24 to 28ºC  in winter. Most summer rainfall is from 

scattered thunderstorms and occasional tropical cyclones.  

For the period 1907 to 2012, the mean annual rainfall recorded at Bonney Downs (Site 004006) 

was 310 mm, compared to 406 mm over the last 10 years (2002 to 2012).  Five of the last ten 
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Weeli Wolli Creek system abutting the Goodiadarrie Hills is believed to be partially responsible 

for obstructing the Fortescue River and forming the Fortescue Marsh. 

The Fortescue Marsh forms an extensive intermittent wetland (located on the floor of the 

Fortescue Valley) occupying an area around 100 km long by typically 10 km wide. The 

Fortescue Marsh is listed in the directory of Important Wetlands (Env, 2001) and is listed by the 

Department of Environment and Regulation (DER) as a Priority 1 Priority Ecological Community.   

The Fortescue Marsh has an elevation of around 400 m AHD. To the north, the Chichester 

Plateau rises to over 500 m AHD, whereas to the south the Hamersley Range rises to over 

1,000 m AHD. Following significant rainfall events, runoff from the upper Fortescue River 

catchment (approximately 31,000 km2) drains to the Fortescue Marsh. For the smaller runoff 

events, isolated pools form on the Marshes at the main drainage inlets, whereas for the larger 

events the whole marsh area may flood. 

On the southern and northern flanks of the Fortescue Valley, numerous creeks discharge to the 

Fortescue Marsh. Rainfall runoff from the valley sides initially drains downgradient as overland 

flow before concentrating in defined flow channels. In this process, surface detention, 

vegetation, infiltration and other mechanisms absorb water from the runoff stream. In steep 

areas, the runoff processes are rapid with relatively low losses, and defined drainage channels 

are typically in close proximity. In the lower slope areas, the runoff processes are slow with 

relatively higher losses and greater distances between defined drainage channels. 

Where defined drainage channels from the steeper slopes enter the lower slope areas, the 

channels typically have a reduced discharge capacity and in many instances become less 

defined, braided, or may even completely disperse in flat areas. In these reducing slope 

channels, runoff tends to overspill the main channel flow zones and spread over a wider front. In 

some of the lower slope areas, vegetation communities (scrub and Mulga woodlands) have 

developed. These are dependent on seepage water provided by the overland flow process. In 

these areas, the overland flow process has been termed sheet-flow. Conversely, the Fortescue 

River, Weeli Wolli Creek, and other main channels entering the Marshes typically support 

Eucalyptus woodlands on their banks and floodplains. 

Surface water runoff to the Fortescue Marsh is of low salinity and turbidity, though the runoff 

turbidity significantly increases during peak periods of flooding. Following a significant event that 

floods the whole marsh area, the ponded water may be over 4 m deep in the lower elevation 

marsh areas. Water stored on the Fortescue Marsh slowly dissipates through the processes of 

seepage and evaporation. During the evaporation process, the water salinity levels increase 

and as the ponded areas recede, traces of surface salt can be seen. During the seepage 

process, as the ponds evaporate, increasingly more saline water is believed to seep into the 

valley floor alluvial deposits. 
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Table 4:  Christmas Creek Generalised stratigraphy  

Age Group/Formation/Member Stratigraphy 
Code6 

Stratigraphy 
Description Geological Description 

C
e

n
o

zo
ic

 

Tertiary alluvium Ta Tertiary alluvium Variable clast composition 

Tertiary detritals / colluvium 

Tdi 

Tertiary detrital 

Immature 

Tds Semi-mature 

Tdm Mature 

Tertiary Clay Te 
Tertiary clay Layer forms semi aquitard 

above the Oakover 
Formation 

Oakover Formation To Oakover 
Calcrete, silcrete and 
calcareous sediments 

Unconformity 

A
rc

h
ae

an
 

H
a

m
e

rs
le

y 
G

ro
u

p 

Hardcap Hc Hardcap 
Commonly vuggy hard ‘ore’ 

with moderate GGM or 
VGH) 

Wittenoom Formation WD Dolomite 
Varies between fresh to 

fractured and/or weathered 

Marra 
Mamba 

Formation 

Nammuldi 
Member 

MuX Ore Body 

Bedded iron mineralisation, 
Goethitic & hematitic shales, 

chert and BIF. Ore body 
aquifer 

Fortescue 
Group 

Jeerinah 
Formation 

Roy Hill 
Shale 

Jr Roy Hill Shale 
Commonly leached 

kaolonitic or black shale 
when fresh 

Fj Jeerinah Formation 
Dolomites, volcanics, 

sandstones, conglomerates 

Regionally, the Chichester Range has gentle dips, usually less than 5°S, marking the onlap of 

the Hamersley Basin onto the Pilbara Craton. However, the gentle regional southerly dip of the 

Nammuldi Member at Christmas Creek has been offset by north-south to north-east–south-east 

trending faults. This is further overprinted by low amplitude (<20 m), long wavelength (200 to 

800 m), north-south to north-east–south-west trending and south-south-west plunging folds. 

This folding is interpreted to be the result of waning phases of deformation in the underlying 

Pilbara Craton (Hannon, 2005) and (Thorne, 2008). 

Small amplitude folds developed at Christmas Creek, and elsewhere along the Chichester 

Range, have influenced both the development and preservation of mineralisation. The formation 

of high-grade ore is controlled by north-east–south-east trending faults and folds. Synclines 

appear to have focused supergene fluids resulting in their preferential mineralisation compared 

to adjacent anticlines. Subsequent erosion, controlled in part by the same structures, led to the 

broad stripping of anticlines and also the local removal of synclines along drainage channels.  

                                                 
6 Stratigraphy codes defined in Table 4 represent Fortescue’s interpretation and nomenclature. 
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The lower part of the Nammuldi Member is chert dominated and has not undergone the same 

alteration to form an extensive aquifer. Zones of high permeability are associated with fracture 

zones, which based on regional structural interpretation, are dominantly developed in a north-

east to south-west orientation. Permeability is expected to persist more extensively to the north 

and south along these features than the aquifer in the upper part of the Nammuldi Member. 

Structural features that have been the focus of sub-vertical hypogene mineralisation can display 

higher permeability.  

Groundwater quality is generally brackish in the upper part of the Nammuldi Member and 

becomes more saline within the lower part. 

Wittenoom Formation 

The Wittenoom Formation conformably overlies the MMF in the area of the Fortescue Valley. It 

comprises calcitic dolomite, with minor interbedded chert and shale and volcaniclastic 

sandstone. Lithological logging suggests that where fresh, it is crystalline, massive in nature, 

and has low intergranular permeability. Local permeable zones may be developed along fault 

zones.  

Tertiary Calcrete and Silcrete (Oakover Formation) 

The Oakover Formation is approximately 20 m thick and continuously developed beneath the 

Tertiary clay at about 50 metres below ground level (m bgl). The Oakover Formation onlaps with 

the MMF at its northern extent and extends beneath the Fortescue Marsh to the south, where it 

overlies the Wittenoom Formation.  

Within the project area the Oakover Formation consists of calcretised and silicified carbonate 

formation, which typically has karstic characteristics that result in secondary permeability and 

enhanced storage properties. It is poorly developed or absent to the east, towards the Roy Hill 

deposit.  

Regionally the Oakover Formation is described as a sequence of Tertiary lacustrine carbonate, 

silcrete and mudstone rocks deposited in the palaeodrainage of the Fortescue River Valley 

(Clout, 2011).  Fortescue’s definition for the Oakover Formation may only comprise a section of 

the larger formation identified within the Fortescue Valley.  

Tertiary Clay 

Beneath the mixed Tertiary detritals and alluvial sedimentary sequence within the Fortescue 

Valley, there is a clay dominated layer. The homogeneous nature of the clay suggests 

deposition within a lacustrine environment. It is typically 10 to 20 metres thick and continuous 

across the Christmas Creek and Cloudbreak project areas.  At its northern limit, the Tertiary clay 

overlies the MMF (Figure 18). The clay is considered an aquitard that results in confining 

conditions for the Oakover Formation. 
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Evidence of significant clay layers has been identified from drilling completed within and to the 

south of the Fortescue Marsh by Rio Tinto Iron Ore, UWA and others (Skrypek G., 2013). 

Tertiary Detrital and Alluvial Sediments 

Detrital and alluvial deposits cover the Tertiary clay, MMF and Fortescue Valley. Hydraulic 

characteristics are often variable due to the nature of deposition in alluvial fans and flood plains. 

Areas of low to moderate yield and storage are associated with chert and reworked MMF 

gravels that have been deposited proximal to source. More distal deposits comprise clayey 

(variable) magnetite pisolitic gravels that have lower permeability.  Recent work, (Equinox 

Environmental, 2012), has shown the importance of varying conditions of the detritals and 

alluvium deposits in controlling near surface and groundwater processes, in particular, at the 

Marsh fringe. 

 Tertiary alluvium and colluvium – variable hydraulic conductivity and storativity as influenced 

by depositional heterogeneity, substrate geology and particle size distribution. Aquifers 

within the Tertiary depositional sequence are semi‐confined to unconfined. Fortescue bore 

records show that the watertable at the edge of the marsh fluctuate in the order of 2 to 3 m 

under natural conditions, and are responsive to significant rainfall events. However, the 

response of shallow watertable to rainfall rapidly diminish moving further north from the 

marsh boundary. 

 Tertiary Detritals (clay) ‐ thick, low permeability clay layers are prominent in the deeper 

profile near the Fortescue Marsh. These overlie the Oakover Formation, and at their 

northern extent onlap the Marra Mamba Formation. These layers are believed to impede 

vertical water transfer between the surficial and deeper groundwater systems. 

Table 5: Summary of geological and hydro-stratigraphic framework 

Fortescue 
Stratigraphy Code Stratigraphy Description7 Hydrogeological Characteristics 

Ta Tertiary alluvium 
Detrital and alluvial sediments, ranging from proximal 
cobble to pebble, alluvial fans to distal silty and clayey 
flood plain deposits. Basal layers can have well-rounded 
hematite and magnetite pisoliths in clay matrix. 

Tdi 

Tertiary detrital Tds 

Tdm 

Te Tertiary clay Consolidated red-brown clay, highly plastic, cohesive. 
Forms an aquitard overlying Oakover Formation 

To Oakover Formation 

Zones of re-precipitated calcium carbonate and silica 
developed within Fortescue Valley.  
Can be karstic creating zones of high permeability.  
Confined aquifer conditions developed beneath Tertiary 
clay. 

WD Wittenoom Formation 
Generally massive dolomite, localised permeability 
associated with fault zones. Upper zone generally 
weathered and clay-dominant. Conformably overlies the 

                                                 
7 Refer to Table 4 
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Table 7: Hydraulic assessment results 

Bore 
Assessment results 

Q1 Sw2 b3 T5 K6 S7 Main aquifer 

Flinders Pit 1-410 32.9 12.2 25 3877 168 6.6 x 10-2 

MMF (all4) Flinders Pit 5-810 37.9 10 35 8054 236.4 1.3 x 10-3 

Windich Pit 30-3210 40 17 37 1646 44.5 7.9 x 10-4 

Spinifex Pigeon10 33.6 9 30 7069 226.8 3.7 x 10-3 Mineralised MMF 

Saline Injection10 31.6 2 30 4483 141 7.87 x 10-3 Oakover Formation 

Hillside East Extension10 18.75 13.9 23 296 15.5 2.5 x 10-3 MMF (all4) 

CCP10_S9 1.5 5.53 14 59 4.2 1.3 x 10-3 Detrital 

CCE14_S 6.5 30.61 40 210 5.3 4.2 x 10-4 Detrital/Oakover 

CCE10 32.4 1.38 33 5505 167 4.4 x 10-4 Oakover/Mineralised MMF 

CCE028 31 2.57 30 3460 115 3.3 x 10-3 Oakover/Non-mineralised MMF 

CCE12 31.7 1.33 40 3278 81.9 1.5 x 10-3 

MMF (all4) 

CCP089 15.7 9.39 20 222 11 1.8 x 10-3 

CCE13 10 12.06 38 734 19.3 1.6 x 10-4 

CCP169 25.7 6.1 24 501 20.9 1.4 x 10-3 

CCP079 20.7 4.14 25 576 23 - 

CCE14_D 35 4.3 40 1350 33.8 1.5 x 10-3 

CCE16 15 10.215 18 923 51.3 1.4 x 10-4 

CCE18 35 0.85 47 4005 85.2 - 

CCCP029 21.6 1.03 21 1897 90.3 - 

CCP249 27.6 5.245 30 2910 97 - 

CCP099 26.6 0.5 22 2803 127 - 

CCP109 27.5 0.94 24 3659 152 7.7 x 10-3 

CCP229 26.1 1.845 20 4585 229 - 

CCCP019 22 0.51 15 5797 386 - 

CCE01 31 6.575 18 1520 84.4 7.9 x 10-3 

Mineralised MMF CCP10_I9 13.9 7.53 12 3663 305 7.1 x 10-3 

CCE05_I 28 5.965 24 6955 290 3.3 x 10-5 

CCE05_D 10.2 37.4 11 18 1.65 - 

Non-mineralised MMF CCP08_D9 14.7 13.96 18 70 3.9 1.7x 10-3 

CCP239 25.6 8.67 24 773 32.2 - 

1 Pumping rate (L/s)   

2 Total drawdown (m) 

3 Aquifer thickness (m) 

4 All includes both the mineralised and un-mineralised MMF. However, the bore may not screen the entire non-mineralised 
sequence. 

5 Transmissivity (m2/day)   

6 Hydraulic Conductivity (m/day) 

7 Aquifer storativity (dimensionless) (not assessed where no monitoring bore data are available) 

8 Parameters defined from reinjection test data 

9 2008 test results   

10 Average test results from all bores  
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potentially under different climatic regimes over periods of up to 700,000 years (Skrypek G., 

2013).   

The distribution of brackish and saline water within the Christmas Creek area is shown 

schematically in Figure 3.  Baseline salinity levels in the Tertiary detrital and the MMF are 

shown in Figure 12 and Figure 13.  Baseline salinity in both the Tertiary detrital and MMF 

increases with proximity to Fortescue Marsh and are generally aligned with the alignment of the 

Marsh fringe.  Salinity concentrations in Tertiary detrital and MMF vary between 25,000 µs/cm 

(south of the active mining area) to 150,000 µs/cm (at the Marsh fringe). 

Groundwater chemistry analysis (Figure 10 and Figure 11) in the MMF indicates Type 5 to 

Type 9 waters (Expanded Durov analysis).  Type 5 waters have a low concentration of total 

dissolved solids (TDS) and are generally associated with recharge areas to the north of 

Christmas Creek.  Type 9 waters have high proportions of sodium and chloride, and are 

considered to be end-point waters with regards to evaporation. Therefore, the MMF includes an 

evolution from recharge to end-point characteristics.  

Groundwater in the Tertiary detrital and alluvium (Figure 1- and Figure 11) show a wide range in 

compositions with variable TDS and major ion concentrations suggesting spatial variation in 

groundwater flow and age. Whereas, groundwater in the Oakover Formation (Figure 10 and 

Figure 11) has high proportions of sodium and chloride ions with groundwater salinity ranging 

from 10,000 mg/L to over 100,000 mg/L. 

The spatial distribution of groundwater salinity was assessed via a SkyTEM17 airborne 

electromagnetic survey.  Data-inversion was carried out using the Laterally-Constrained 

Inversion (LCI) method.  Field data was filtered and then modelled against a subsurface layer 

structure constrained laterally on a number of chosen model parameters (including layer 

conductivity and layer thickness). The 3D inversion data were provided as slices through 

specific hydrogeological surfaces, including 5 m below the watertable (Figure 14) and the top of 

the ore zone (Figure 14).  This approach has assisted in mapping the position of the salt 

interface and developing the following concepts: 

 The heterogeneity of the saltwater interface, in particular associations with structural 
lineaments and other preferential flow paths. 

 Brackish water forms a lens in the MMF and Tertiary detritals/alluvium overlying saline 
groundwater near the Chichester Ranges.   

 Salinity increases towards the Marsh in all hydrostratigraphic units, and 

                                                 
17 SkyTEM is a helicopter-mounted, time domain electromagnetic (TDEM) system. The SkyTEM survey 

was conducted by Geoforce Pty Ltd over an eight-day field program in September 2009. The surveyed 

area extended from the Fortescue Marsh boundary to the Chichester Range, from Christmas Creek in the 

East to Cloudbreak in the West. 
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2.8 Aboriginal heritage 

There is a long history of Aboriginal habitation in the vicinity of Fortescue Marsh. A number of 

ethno-archaeological sites (mainly stone artefact scatters) have been identified in the course of 

exploration and mine development activities associated with the Chichester Operations. 

Aboriginal heritage surveys associated with the Christmas Creek mine commenced in late 2003. 

Two Yinta areas in the Christmas Creek project area (near the edge of the Fortescue Marsh) 

were visited and recorded as possible Aboriginal Sites under the Aboriginal Heritage Act 1972. 

These Yinta sites are shown in Figure 2. 

2.9 Pastoral bore use 

The Christmas Creek project is located on Hillside, Bonney Downs, Wandanya and Roy Hill 

pastoral leases (Figure 2). These pastoral stations operate beef cattle production enterprises. 

Station infrastructure is minimal but includes multiple stock watering points with shallow bores. 

Known operational pastoral bores for the greater project area are summarised in Table 9. 

Table 9: Pastoral groundwater bores 

Station Bore Name Easting (GDA94, Zone 50) Northing (GDA94, Zone 50) Pastoral Station 

22 Mile Bore 781,847 7,517,729 

Roy Hill 
Ricks Bore 786,167 7,515,181 

Christmas Creek Bore 792,653 7,510,810 

Gorge Bore 794,476 7,518,193 
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3. CHRISTMAS CREEK OPERATIONS 

3.1 Groundwater Management Strategy 

The groundwater management strategy has been in operation at Christmas Creek since 2011 

and is consistent with the strategy developed for the Cloudbreak mine. The strategy has been 

developed to meet requirements of the mine and Fortescue Marsh Management objectives 

(EPA, 2013). A summary of objectives and management strategies is presented in Table 10 and 

briefly described below.   

 Advance dewatering and operational dewatering methods for multiple water quality streams. 

 Brackish injection. 

 Saline injection. 

The Groundwater management strategy has been enhanced with the connectivity of the 

Cloudbreak and Christmas Creek systems, which has created flexibility to redistribute water 

across a 90 km distance, and offers a high level of flexibility to manage groundwater level 

responses.  

Table 10: Water management objectives and strategies 

Objectives Strategies 

Christmas Creek 

• Prevention of disruption to mining due to water. 

• Conservation of groundwater resource. 

• Completion of water management operations in a 

cost-effective manner. 

• Inclusion of water management as a key parameter 

in the mine planning process. 

• Adoption of Managed Aquifer Recharge (MAR) as 

the principal excess water management method. 

Fortescue Marsh Management Objectives 

• Minimisation of impacts associated with discharge 

of excess water to the environment. 

• Minimisation of Groundwater Dependent 

Ecosystem (GDE) impact due to operational 

groundwater level change. 

• Prevention of aquifer contamination. 

• Sustainable use of groundwater resource. 

• carbon-efficient construction and operation. 

• Minimisation of ground clearing requirement. 

• Minimisation of closure legacy. 

• Operation of separate water management 

conveyance systems for brackish and saline water. 

• Banking (storing) brackish groundwater for future 

recovery. 

• Targeted injection of excess water to reduce 

drawdown footprint. 

• Injection of saline groundwater into compatible 

saline quality aquifer(s). 

• Adoption of a flexible water conveyance system 

that enables the redistribution of water as required 

to manage potential impacts. 

• Adoption of mine site surface water diversion 

strategies to minimise disruptions to volume of 

surface water flow from the Chichester Range to 

the Fortescue Marsh. 

Social 

• Minimisation of impact to cultural values. 

• Minimisation of impact to other stakeholders. 

• Continued pursuit of process-improvement 

strategies for water management. 

• Continued development and implementation of 

Fortescue’s groundwater management framework. 
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3.2 Operations management 

The following regulation applies to abstraction and injection operations: 

 Groundwater abstraction is regulated under Section 5C of the Rights in Water and Irrigation 
Act 1914 (RIWI Act) by the Department of Water (DoW). The groundwater license 
GWL167593 has an abstraction entitlement of 48 GL/a. Operational commitments 
applicable to the licence, including monitoring and reporting commitments are documented 
in the Christmas Creek Groundwater Operating Strategy (FMG, 2012b).  

 Groundwater injection is regulated under Part V of the Environmental Protection Act 1986 
(EP Act), by the Department of Environment Regulation (DER). The applicable licence is 
L8454/2010/1 with operational commitments including monitoring and reporting 
commitments being documented in the Christmas Creek Water Management Scheme 
(FMG, 2013c).  

Reporting to the DoW, is undertaken quarterly to demonstrate compliance with the operating 

strategy and to inform of groundwater impacts. The most recent quarterly monitoring summary 

covers the period from 1 February 2013 to 30 April 2013 (FMG, 2013).  A triennial review 

summarising data up to July 2013 was submitted in September 2013 (FMG, 2013a). 

Groundwater monitoring is undertaken by a dedicated Christmas Creek Monitoring and 

Compliance team. Groundwater levels, salinities and abstraction volumes are measured 

monthly (or at more frequent intervals). 

A brief summary of performance against Fortescue Marsh management objectives and the 

Christmas Creek Operating strategy is outlined below. 

3.3 Operations performance summary 

Fortescue has been compliant with all requirements of the Operating Strategy (FMG, 2012b) 

and Water Management Scheme (FMG, 2013c).  No significant impacts have been recorded 

and adaptive management solutions have been implemented to ensure continuing success of 

operations (FMG, 2013a). 

Mining below watertable has progressed in two mine pits (Flinders and Windich) spanning 

approximately 8 km of the mineralised Marra Mamba Formation (MMF). Water quality 

permitting, this groundwater is used for ore processing and dust suppression; excess brackish 

water has been injected to the east and west of the below water table mining area (but within 

the same aquifer) and saline groundwater has been injected to the Oakover Formation located 

to the south of the below watertable mining area (and north of the Fortescue Marsh). In the 

period August 2010 to July 2013, brackish groundwater was abstracted from injection areas to 

supplement brackish supply for the mine site. 
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A total of 0.9 GL, 10.2 GL, and 34.4 GL were abstracted for the 2010/2011, 2011/2012 and 

2012/2013 licence periods respectively.  Of the total abstraction, mine site water use and 

injection comprised 100% and 0% respectively for 2010/2011; 72% and 28% for 2011/2012; 

and 40% and 60% for 2012/2013.  

Water level changes due to dewatering and injection activities have followed the expected 

trends, being summarised as; 

 The piezometric level has been lowered in the MMF aquifer and overlying Tertiary 

detrital/alluvial aquifer in the below watertable mining (and dewatering) area. 

 The piezometric level has risen and subsequently started to recede in the MMF aquifer and 

overlying Tertiary detrital/alluvial aquifer in the brackish injection area to the east and west 

of the below watertable mining area. 

 Piezometric levels have risen in the Oakover Formation in the saline injection area and to a 

lesser extent in the near marsh area.  

 Piezometric levels in the Tertiary detrital/alluvial aquifer (overlying the Oakover Formation) 

in the saline injection area and near marsh areas have displayed cyclical periods of rise and 

fall in response to climatic induced groundwater recharge events. 

The salinity of groundwater abstracted from dewatering operations has increased in response to 

depletion of the brackish water resource in the dewatering area; salinity has remained relatively 

constant in the MMF in the brackish injection zones; and salinity has remained relatively stable 

in the Oakover Formation and overlying alluvial aquifer in the saline injection and near-marsh 

areas.  
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4. CONCEPTUAL HYDROGEOLOGICAL MODEL 

Extensive hydrological knowledge developed from site and regional investigations, and 

operations (Sections 1 & 3) have been synthesised to inform the conceptual hydrogeological 

model for Christmas Creek. The conceptual model forms the basis of the numerical modelling. 

The hydrogeological setting can be classified based on the dominant flow processes into three 

regimes: 

 Topographic driven groundwater flow system of the Chichester Range. 

 Density driven groundwater flow system of the Upper Fortescue Valley. 

 Surface water driven Fortescue Marsh and peripheral shallow groundwater system. 

Characteristics of each of these systems and the relationship between the flow systems are 

described below and in Figure 3. Elements of the conceptual model which are represented in 

the numerical modelling study are summarised in Table 11. 

4.1 Topographic driven groundwater flow system of the Chichester Range 

Rainfall and streamflow on the upper and lower slopes of the Chichester Ranges infiltrate the 

soil and recharge the MMF directly or through Tertiary detritals/alluvium. The mineralised MMF 

is the main aquifer in this part of the flow system. The mineralised MMF is bounded below by 

the lower MMF and Jeerinah Formation and overlain by saturated Tertiary detritals/alluvium.  

Groundwater flow is generally in a south to south-westerly direction towards the Fortescue 

Marsh. The hydraulic gradient is very low due to the opposing density driven flow system and a 

small amount of discharge for limited periods is expected to occur by evapotranspiration at the 

Fortescue Marsh. 

Seasonal groundwater trends are generally subdued due to the low infiltration rate, high storage 

of Tertiary detritals/alluvium and low rate of discharge from the system. 

4.2 Density driven groundwater flow system of the Upper Fortescue Valley  

The hypersaline environment of the Upper Fortescue Valley groundwater system creates a 

density driven flow system that directly opposes the topographic driven flow system. Evidence 

suggests that hypersaline conditions developed due to a constriction of the regional 

groundwater flow system at the Goodardarie Hills, as well as a long period of evapo-

concentration of flood waters on the Fortescue Marsh. 

The Oakover Formation is the main aquifer in this part of the flow system. The Oakover 

Formation is bounded below by the Wittenoom Formation and overlain by a homogeneous clay 

layer which in turn is overlain by saturated Tertiary detritals/alluvium.  
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Element Description 

Hydraulic gradient and 

through flow (topographic-

driven flow) 

Groundwater flow through the Chichester Range aquifer system is considered to be 

equivalent to catchment recharge. Chichester Range groundwater through flow is low 

compared to the Fortescue Marsh’s recharge and evapotranspiration fluxes, as it is 

constrained by the presence of dense water beneath the Fortescue Marsh. Topographic 

driven flow from the Chichester Ranges tends to flow through shallow stratigraphy 

towards the watertable beneath the Fortescue Marsh  

Salinity and density 

gradients (density-driven 

flow) 

High salinity water has a higher density than fresh water, and resultant density 

gradients have an important influence on groundwater flow.  

The density value at 150,000 mg/L is 1.117kg/L. 

Anthropogenic 
Pastoral bores Several pastoral bores and bores are located in the project area. The drawdown from 

these bores and bores is very low and is drawn from the watertable. 

Christmas Creek 

dewatering 

Mining pits are located at areas with mineralised MMF.  

Christmas Creek injection The injection of brackish groundwater will occur laterally into MMF; the injection of 

saline groundwater will be to the south into the Oakover Formation aquifer. 

Cloudbreak operations Cloudbreak mining operations are located to the west of Christmas Creek and some 

dewatering and injection activities at Cloudbreak require consideration by Christmas 

Creek. 

4.4 Water Balance 

A conceptual water balance for each of the Fortescue Marsh phases is presented in Table 12.  

The water balance is for illustrative purposes and represents broad average recharge 

conditions, whereas recharge (especially related to the Fortescue Marsh) is event based. 

 On an annual basis recharge to the groundwater system beneath the upper and lower 

slopes of the Chichester Ranges is estimated to be approximately 0.5 GL/a based on 

average rainfall conditions, an estimated 3% of rainfall recharging the aquifer system and 

the aerial extent of the Christmas Creek domain.  

 Under flooded conditions, the groundwater system is being recharged. The lake, or open 

water, formed on the Fortescue Marsh following significant rainfall (average lake volume of 

around 300 GL) results in around 30 GL of water entering the shallow groundwater system. 

 Under interflood conditions, the groundwater system is still receiving around 0.5 GL of 

recharge from the Chichester Ranges; however, discharge (evaporative) through and 

fringing the Fortescue Marsh is dominant. 

 Under the prolonged dry condition, the system is effectively static (not receiving recharge or 

discharging). 
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Table 12: Simplified analytical water balance 

 Recharge (GL/a) Discharge (GL/a) 

Flooded Condition 

Chichester Ranges 6 0 
Fortescue Marsh (groundwater system) 30 0 
Net 36 

Interflood Condition 

Chichester Ranges 0.5 0 
Fortescue Marsh (groundwater system) 0 30 
Net 29.5 

Prolonged Dry Condition 

Chichester Ranges 0 6 
Fortescue Marsh (groundwater system) 0 0 
Net -6 
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at Christmas Creek is large, density-driven flow may be a dominating process in some areas of 

the model domain. 

Solute transport and density driven flow have been included in the numerical model, key solute 

transport parameters are listed in Table 18.  

Table 18: Solute transport parameters 

Parameter Value 

Reference concentration (Co) 0 mg/L 

Maximum concentration (Cs) 150,000 mg/L 

Density coefficient (�) 0.12 (Specific Gravity = 1.12 [in the relationship (�[io) = 1 + � = 1o)/(Cs–Co), hence 

S.G. at 150,000 mg/L is 1.11]) 

Molecular diffusion coefficient 10–9 m2/s 

Longitudinal dispersivity (�L) 500 m 

Transverse dispersivity (�T) 50 m 

Effective Porosity Sy (used to calculate pore velocity in the solute transport equation) 

Boundary conditions for solute transport 

For solving the transport equation, boundary conditions need to be specified (Table 19). Zero-

solute fluxes were applied to all lateral boundaries since they are all no-flow boundaries. As the 

salt concentration of rain water is small compared to groundwater salinity, the top boundary with 

rainfall recharge was assumed to be zero solute flux boundary. Salt concentrations of 

groundwater underneath the Fortescue Marsh are very high, up to 150,000 mg/L, and are not 

likely to change significantly over the model simulation period. As a result, a constant 

concentration boundary condition (internal boundary condition) was applied to all nodes 

underneath the Fortescue Marsh. 

Table 19: Solute transport boundary conditions 

Boundary Condition Rationale 

Zero solute flux on all lateral boundaries These boundaries are no flow boundaries 

Zero solute flux on top of the model Rain water salinity is close to 0 mg/L 

The concentration at nodes underlying the 

Fortescue Marsh is constant at 150,000 mg/L. 

The hypersaline groundwater body has been formed over 

geological time periods. Groundwater salinity is unlikely to 

change significantly over the simulation time period (20 years).   
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Pre-dewatering calibration stage 

By adjusting key model parameters and boundary conditions described, the best overall 

agreement between simulated and measured heads was achieved by using: 

 Model parameter values shown in Table 20.  Calibrated parameters are consistent with 
calculated parameters in Table 14.  The largest parameter change was the Kh for the 
Fractured Marra Mamba Formation (0.5 m/day to 5 m/day). 

 Fortescue Marsh catchment runoff and evapotranspiration are 311 and 317 GL/a (see Table 
21), respectively. The runoff of 311 GL/a equals 5% of effective rainfall over the whole 
Fortescue catchment (30,000 km2). 

 Average Fortescue catchment rainfall recharge rate is 1.4% of total rainfall, or 2.5% of the 
effective rainfall (sum of rainfall in all months with rainfall over 90 mm). 

Table 20: Calibrated model hydraulic parameters 

Hydro-stratigraphic unit 

Hydraulic conductivity 

Specific yield 

Specific storage 
coefficient  

(1/m) Kh (m/s) Kh (m/day) Kh/Kz 

Marsh water body 1.0 x 10-1 8640.0 1 1.0 10-5 

Tertiary Detrital 0.25 x 10-4 2.15 50 0.04 10-4 

Tertiary Clay 1.16 x 10-8 0.001 10 0.04 10-4 

Oakover Formation 23.1 x 10-4 200 10 0.04 10-4 

Wittenoom Formation 0.35 x 10-4 3 10 0.005 10-5 

Hardcap 1.16 x 10-6 0.1 10 0.03 10-5 

Mineralised Marra Mamba 

Formation 
6.94 x 10-4 60 50 0.01 10-5 

Fractured Marra Mamba 

Formation 
0.6 x 10-4 5.0 100 0.03 10-5 

Un-mineralised Marra 

Mamba Formation 
0.06 x 10-4 0.5 50 0.01 10-5 

Roy Hill Shale 1.16 x 10-7 0.01 10 0.001 10-5 
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Simulated heads are compared with measured levels in Figure 23. The error between observed 

and simulated groundwater levels is in the range of -4.52 to 4.67m. The average absolute error 

is 0.92 m, which is about 4.5% of the maximum difference in observed groundwater levels.  

Typically, an error less than 5% is indicative of an acceptable calibration, since it means that the 

error is only a small part of natural groundwater level variations.  The normalised Root Mean 

Squared error of the calibration is 5.9%, which is smaller than the value of 10% recommended 

by (SKM & NGRT, 2012). 

Calibration of the model to the record of flooding for the Fortescue Marsh was undertaken for 

the period 1st January 1997 to 1st June 2011. The available rainfall data from Newman rainfall 

station was used as the primary time-varying model parameter for the Fortescue Marsh 

recharge formulation. The Fortescue Marsh runoff was adjusted to reproduce the observed 

Fortescue Marsh flood water levels (as shown in Figure 23). 

The water balance of the calibrated model is shown in Table 21. Catchment rainfall recharge 

which refers to groundwater recharge is approximately 8.4 GL/a. 

The water balance is dominated by surface water fluxes (311 GL/a) and evapotranspiration 

(311.4 GL/a) from the surface of the Fortescue Marsh.  Water levels in the zone immediately 

beneath the marsh surface only fluctuate by 1 to 4 m in response to cycles of flooding and 

evapotranspiration and the related groundwater storage change is small when compared to the 

surface water storage change. The small increase in groundwater storage change (8 GL/a) 

suggests that groundwater levels are slightly higher at the end than at the beginning of the 

model calibration period.  This groundwater level increase is due to a simulated large recharge 

event at the end of the calibration period. 

Table 21: Model water balance in the calibration period 

Model Input Model Output 
Aquifer Storage Change  

(GL/a) Catchment 
Recharge (GL/a) 

Fortescue 
Marsh Recharge (GL/a) 

ET1  
(GL/a) 

8.4 311 311.4 8 

Dewatering calibration stage 

Recorded monthly pumping and injection rates were used as model inputs. Model parameters 

and recharge coefficients obtained from the pre-dewatering stage calibrations were used as 

initial parameters. In the dewatering stage calibration hydraulic parameters were adjusted to 

achieve reasonable fit with water levels, abstraction rates and injection rates. A scattergram for 

observed versus simulated water levels is presented in Figure 53. The results of the dewatering 

stage calibration are summarised as follows: 

 Simulated abstraction was equivalent to 95% of actual abstraction. 

 The error between observed and simulated groundwater levels is in the range of -10.14 m to 
12.5 m. The average absolute error is 2.49 m. 
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Table 22: Model generated monthly rainfall data used for groundwater model predictions 

Average Scenario Dry Scenario Wet Scenario 

Year Month Rainfall^ Year Month Rainfall^ Year Month Rainfall21 

1 3 122.8 1 2 94.6 1 2 142.5 

3 2 282.2 3 4 101.6 1 12 197.6 

6 3 122.8 7 2 92.5 2 1 172.1 

7 3 122.8 12 2 278.9 2 2 179.0 

9 2 124.5 16 2 102.9 2 12 249.5 

11 2 124.5 3 2 325.4 

12 2 124.5 4 1 294.1 

13 2 282.2 4 3 135.8 

15 3 122.8 5 1 228.1 

16 2 282.2 6 2 260.1 

18 2 282.2 8 2 338.2 

   9 1 229.4 

   9 3 106.0 

   10 1 160.7 

   10 2 123.8 

   10 4 95.6 

   12 1 164.6 

   12 2 171.2 

   12 12 199.2 

   13 2 286.7 

   15 1 142.4 

   15 2 148.1 

   15 12 211.1 

   16 3 123.1 

   17 3 121.6 

                                                 
21 Only rainfall events >=90mm/month are shown 
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spatially limited to the mining area and temporally to short periods of time. Up to 3.5 m 

groundwater mounding may occur at the brackish injection borefield in the years with brackish 

water injection. Depth to watertable is maintained at greater than 2 m and the mounding 

declines quickly after the termination of brackish injection.  

6.3 Water balance analysis 

The water balance of the simulated base scenario is summarised in Table 25 as average 

annual volumes over the life of mine (LoM). The results highlight: 

 Inputs are dominated by the Fortescue Marsh runoff (89%).  Catchment recharge and water 
injection are only 1% and 10% of the total input, respectively. 

 Under natural conditions (no mine dewatering), evapotranspiration is the only output. Under 
mine dewatering, output is still dominated by surface water evpaotranspiration (86%) with 
mine dewatering accounting for 14% of the total output. 

 The net mine water use (the difference between dewatering and injection volumes) is 
9.7 GL/a during the life of mine. 

 The storage reduction is less than the net mine use for both the dry and base simulations 
but greater in the dry simulation.  

Table 25: Model water balance – Base, Dry & Wet scenarios 

Scenario 
Water 

Management 
Option 

Model inputs (GL/a)24 Model outputs (GL/a) 
Change in 

storage 
(GL/a) 

Catchment 
Recharge 

Fortescue 
Marsh 
Runoff 

Water 
Injection ET25 Mine 

Dewatering 

Base 
No dewatering26 2.6 242.1 0.0 237.7 0.0 -7.0 

Dewatering27 2.6 242.1 27.9 232.4 37.2 -3.0 

Dry 
No dewatering 0.8 72.2 0.0 87.0 0.0 -14.0 

Dewatering 0.8 72.2 27.9 82.5 36.4 -18.0 

Wet 
No dewatering 5.0 439.1 0.0 449.5 0.0 -5.4 

Dewatering 5.0 439.1 30.7 443.8 40.0 -9.0 

                                                 
24 Average annual volume (GL/a) 
25 Evapotranspiration 
26 Natural conditions (with no mine dewatering) 
27 Water management, as outlined in Section 5.4 
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Table 26: Model results (abstraction volumes) from sensitivity study 

Sensitivity case 

Hydraulic parameter 
Average dewatering rate Peak dewatering rate 

 

Oakover  Formation MMF Sensitivity 
ranking 

Kh (m/d) Ss (1/m) Kh (m/d) Sy GL/a Change from 
base case GL/a Change from 

base Case 

Base Case 200 1.00E-04 60 0.03 40.5  - 73.5 -  

Wet 200 1.00E-04 60 0.03 43.3 7% 77.2 5% 
3 

Dry 200 1.00E-04 60 0.03 39.7 -2% 72.1 -2% 

High Oakover K 400 1.00E-04 60 0.03 49.4 22% 60.2 22% 
2 

Low Oakover K 100 1.00E-04 60 0.03 34.3 -18% 60.2 -22% 

High Ore Body K 200 1.00E-04 120 0.03 57.5 42% 108.8 37% 
1 

Low Ore Body K 200 1.00E-04 30 0.03 31.2 -30% 56.1 -31% 

High Ore Body Sy 200 1.00E-04 60 0.045 40.9 1% 73.5 0% 
4 

Low Ore Body Sy 200 1.00E-04 60 0.015 40.1 -1% 72.1 -2% 

High Oakover Ss 200 5.00E-04 60 0.03 40.9 1% 73.5 0% 
5 

Low Oakover Ss 200 2.00E-05 60 0.03 37.3 0% 73.5 0% 
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Table 27: Model results (drawdown change) from sensitivity study 

Sensitivity case 

Hydraulic parameter 
Maximum Drawdown at Key Locations (m) Deviation of Maximum Drawdown from the Base 

Scenario (m) Oakover  Formation MMF 

Kh (m/d) Ss (1/m) Kh (m/d) Sy CCFM01 CCFM02 CCFM03 CCFM04 CCFM05 CCFM01 CCFM02 CCFM03 CCFM04 CCFM05 

Base Case 200 1.00E-04 60 0.03 1.68 1.29 1.44 1.92 0.28 - - - - - 

Wet 200 1.00E-04 60 0.03 1.63 1.97 0.98 1.62 0.344 -0.05 0.68 -0.46 -0.3 0.064 

Dry 200 1.00E-04 60 0.03 2.21 2.05 1.93 2.13 0.37 0.53 0.76 0.49 0.21 0.09 

High Oakover K 400 1.00E-04 60 0.03 1.47 1.05 1.27 1.56 0.29 -0.21 -0.24 -0.17 -0.36 0.01 

Low Oakover K 100 1.00E-04 60 0.03 1.93 1.5 1.63 2.2 0.31 0.25 0.21 0.19 0.28 0.03 

High Ore Body K 200 1.00E-04 120 0.03 2.29 1.84 1.66 2.13 0.47 0.61 0.55 0.22 0.21 0.19 

Low Ore Body K 200 1.00E-04 30 0.03 1.44 1.02 1.43 1.95 0.28 -0.24 -0.27 -0.01 0.03 0 

High Ore Body Sy 200 1.00E-04 60 0.045 1.68 1.35 1.5 2.02 0.29 0 0.06 0.06 0.1 0.01 

Low Ore Body Sy 200 1.00E-04 60 0.015 1.68 1.28 1.36 1.82 0.29 0 -0.01 -0.08 -0.1 0.01 

High Oakover Ss 200 5.00E-04 60 0.03 1.63 1.3 1.41 1.92 0.29 -0.05 0.01 -0.03 0 0.01 

Low Oakover Ss 200 2.00E-05 60 0.03 1.65 1.33 1.42 1.89 0.35 -0.03 0.04 -0.02 -0.03 0.07 

 

Table 28: Model results (mounding change) from sensitivity study 

Sensitivity case 

Hydraulic parameter 
Maximum Mounding at Key Locations (m) Deviation of Maximum Mounding from the Base 

Scenario (m) Oakover  Formation MMF 

Kh (m/d) Ss (1/m) Kh (m/d) Sy CCFM01 CCFM02 CCFM03 CCFM04 CCFM05 CCFM01 CCFM02 CCFM03 CCFM04 CCFM05 

Base Case 200 1.00E-04 60 0.03 1.53 0.46 0.64 0.85 0.05 - - - - - 

Wet 200 1.00E-04 60 0.03 1.53 0.48 0.6 0.85 0.04 0 0.02 -0.04 0 -0.01 

Dry 200 1.00E-04 60 0.03 1.53 0.41 0.65 0.86 0.03 0 -0.05 0.01 0.01 -0.02 
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6.5 Simulation of post‐mining groundwater level recovery 

Groundwater level recovery after mine closure was simulated over a range of time frames. In 

the mine area, drawdown is predicted to recover from a maximum of around 35 m to around 

5 m after 10 years and 3 m after 20 years. 

The drawdown distribution for time increments following mine closure is shown in Appendix 7 

and key changes are summarised below; 

 One year after mining (2029) – Within the mining area drawdown has reduced significantly 
following 12 months on non-abstraction form over 20 m in 2028, Figure 43, to approximately 
8 m in 2029. At the fringe of Fortescue Marsh there is little observed change between 2028 
and 2029. 

 Five years after mining (2033) – Drawdown within the mining area continues to reduce 
although less pronounced that within the initial 12 months following mining. At the fringe of 
Fortescue Marsh, drawdown has reduced to 1 m or less at all key monitoring locations. 

 10 years after mining (2038) – Drawdown across all areas has reduced.  Within the mining 
area drawdown is 5 m or less and at Fortescue Marsh is less than 1 m.   

 20 years after mining (2048) – Drawdown within the area of mining has reduced further, to 
less than 3 m, and there is no impact to monitoring locations at the fringe of Fortescue 
Marsh. 

 50 years after mining (2078) – Drawdown across all areas is less than 2 m with no impact at 
key monitoring locations at the fringe of Fortescue Marsh. 

Following mining activities and the cessation of abstraction and dewatering, the recovery of 

water levels will be highly dependent on rainfall. 
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7. CONCLUSIONS 

Hydrogeological characteristics of the stratigraphy in the project area include: 

 The project area is underlain by the Jeerinah Formation the upper-most formation of the 
Fortescue Group. The lithology is shale dominated creating low permeability conditions. 
Regional NE-SW fault systems and lithological variation can create zones of enhanced 
permeability. 

 The Nammuldi Member of the Marra Mamba Formation (MMF) conformably overlies the 
Jeerinah Formation. This formation outcrops in the Chichester Ranges and dips gently 
southward beneath a blanket of recent cover. A broad blanket of supergene mineralisation 
(mineralised MMF) in the upper part of the Nammuldi Member has formed a laterally 
extensive and high permeability and storage aquifer along the strike of the Chichester 
Ranges. The aquifer is unsaturated to the north and the mineralisation and aquifer 
properties diminish to the south at around 4 to 8 km from the Fortescue Marsh. The lower 
part of the Nammuldi member is characteristically cherty and unaltered. Permeability is 
more constrained to sub vertical NE-SW trending fracture zones.  

 The Wittenoom Formation overlays the MMF in areas south of where mineralisation occurs 
and is characteristically massive with low hydraulic conductivity. Regional NE-SW fault 
zones may have associated higher permeability. 

 The mineralised MMF and Wittenoom Formation are unconformably overlain by a sequence 
of Tertiary detrital and alluvial sediments that thicken towards the south. The Tertiary 
sequence is characterised by; a lower calcrete and silcrete unit (Oakover Formation) with 
high permeability and storage; a clay aquitard, which overlays the Oakover Formation; and 
silts, sands and gravels (Tertiary Detritals) with generally low permeability.  The shallow 
Tertiary Detrital layer is not a major aquifer due to its low permeability, but it is potentially 
environmentally important as it may be a source of water supply for vegetation uptake in 
areas fringing the Fortescue Marsh.  

 Groundwater salinity distribution in the mining area is brackish in the Tertiary detritals and 
mineralised MMF; saline in the lower fracture dominated MMF; and becoming hypersaline in 
the Jeerinah Formation. Laterally towards the Fortescue Marsh, the saline interface occurs 
higher in the hydrostratigraphy with groundwater in portions of the Tertiary Detritals and 
Oakover Formation being hypersaline near the Fortescue Marsh. The origins of saline water 
are associated with evapoconcentration and hydrological function within the closed basin. 

The key regional groundwater and surface water hydrological regimes include: 

 Topographic driven groundwater regime; in which rainfall and streamflow infiltration on the 
upper and lower slopes of the Chichester Ranges flows in a southward direction through the 
Tertiary Detritals, mineralised MMF and Oakover Formation.  

 Density driven groundwater regime; in which high salinity groundwater beneath the 
Fortescue Valley results in a pressure gradient that directly opposes the topographic driven 
regime. The interface of these two systems creates a saltwater interface that extends over 
many kilometres and is gradational throughout the flow system. 
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 The Fortescue Marsh regime; cycles periodically from a surface water dominated recharge 
system under flood conditions that recharges the shallow groundwater system, to a 
discharge regime where evapotranspiration is dominant. 

A density-driven flow and transport numerical groundwater model was developed and calibrated 

in the FEFLOW modelling platform for the Christmas Creek project area. Calibration of steady 

state pre-mining conditions, short term aquifer tests and longer term operational conditions have 

validated the numerical model. The calibrated numerical model was used to predict 

groundwater dynamics in the LoM period by using various rainfall sequences (that is, Base [an 

average-probability rainfall sequence], Dry [5% probability extreme-dry rainfall sequence] and 

Wet [5% probability extreme-wet rainfall sequence] scenarios) that were generated based on 

historical rainfall records in the area. 

Incorporating the baseline climatic conditions into a non-mining scenario, the model has 

simulated water levels in the shallow Tertiary Detritals adjacent to the Fortescue Marsh 

consistent with historical observed water level rise and fall in response to cycles of flooding 

evapotranspiration on the Marsh. 

The proposed mine water management strategy for Christmas Creek is consistent with the 

strategy employed at Cloudbreak, and is designed to meet the mining requirements and 

Fortescue Marsh Management objectives. A cornerstone of the strategy is managed aquifer 

recharge. 

Dewatering will be achieved through advance dewatering methods and operational dewatering 

methods. Dewatering may significantly exceed mine water use requirements, and any surplus 

(the difference between abstraction water and mine water use) will be returned to compatible 

aquifers through injection to preserve water resources and to minimise environmental impacts 

(groundwater level drawdown/mounding).  

Excess brackish water will generally be injected into the along-strike mineralised Marra Mamba 

Formation aquifer for future use. Excess saline water will be injected into the naturally-saline 

Oakover Formation aquifer, south of mining areas, to reduce the dewatering drawdown 

footprint. 

Groundwater dewatering volumes and drawdown/mounding have been predicted by using the 

calibrated model and the LoM plan (CC 55 Mtpa LoM Sequence iteration 8.4b) as the basis for 

the dewatering and injection plan. Prediction results for the base case show that: 

 The average annual dewatering volume is about 40.5 GL/a over the LoM period. 

 The peak annual dewatering volume is about 74 GL/a (see statements below regarding 
dewatering-volume sensitivity). 

 Groundwater drawdown along the Fortescue Marsh edge is small (less than 1.5 m) until 
June 2025 and then increases with mining progress due to cumulative drawdown effects to 
about 1.9 m drawdown along the Fortescue Marsh edge in the last three years of mining. 
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The sensitivity of model predictions to climate conditions and key model parameters was 

investigated through numerical simulations. Results show that: 

 Groundwater abstraction rates are most sensitive to conductivities of ore body and Oakover 
Formation, with average annual dewatering rates increasing by up to 42% (to about 
58 GL/a) in the worst scenario (with ore body having the upper end value of conductivity). 
The equivalent peak (as opposed to average) annual dewatering volume may increase by 
up to 37% (to about 110 GL/a). 

 Groundwater drawdown along the Fortescue Marsh edge is moderately sensitive to climate 
conditions and conductivities of the ore body and the Oakover Formation. The maximum 
drawdown (as measured at the five key near-marsh monitoring sites) may slightly increase 
from 1.9 m in the base scenario to about 2.3 m in the worst scenario with the ore body 
having the upper end value of conductivity. 

 Simulations to assess the effect of backfill materials concluded that neither drawdown nor 
dewatering volumes are significantly different under various backfill-material permeability 
values. 

 Injection scenarios based on varying proportions of brackish and saline abstraction were 
explored to determine potential influence on groundwater level drawdown and mounding. 
These simulations found that a higher ratio of brackish water (and resultant along-strike 
brackish injection) reduces dewatering volumes slightly, but any changes to drawdown are 
limited to the mining area and immediately south of mining pits. In the region of brackish 
injection, up to 3.5 m groundwater mounding may occur in and around the brackish injection 
borefields. The elevated water level remains below ground level and mounding was shown 
to decline quickly after the termination of brackish injection. 

 The model is sensitive to the degree of connection between the Oakover Formation and 
MMF orebody aquifers. A high degree of connection is assumed for this modelling 
assessment; however, poorer connectivity will result in less drawdown and lower dewatering 
volumes. 

To assess potential groundwater-quality impacts from the proposed water management scheme 

on the near-marsh environment, a 2-D numerical modelling assessment for the Chichester 

Range was undertaken. This work concluded that the groundwater salinity of the shallow 

aquifer, adjacent to Fortescue Marsh, is little affected by mine dewatering and saline water 

injection. 

Groundwater level recovery after mine closure was simulated and suggested that groundwater 

drawdown in the mining area decreases from over 35 m at the end of mining to about 5 m, after 

ten years, and to about 3 m after 20 years.  

Modelling results suggest that the Christmas Creek water management scheme can operate 

independently. However, opportunities to improve operational efficiencies and control of water 

levels near the Fortescue Marsh would be realised by adopting an integrated water 

management approach with Cloudbreak. 
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Inter-mine transfer has the opportunity to provide contingency options to mitigate potential 

shortfalls in the brackish water resource and near marsh water level impacts. These 

contingencies are listed below in order of priority: 

 Reduce brackish water demand where possible (water saving options are currently being 
assessed). 

 Transfer water between Cloudbreak and Christmas Creek to balance brackish water 
demand (such transfers are currently being undertaken). 

 Abstract ‘banked’ brackish groundwater previously injected. 

 Assess water transfer options such as other proximal mine sites. 

 Assess other brackish water supply options such as reverse osmosis (RO) treatment of 
abstracted water and/or supply from a remote borefield. 

7.1 Future work 

Ongoing hydrogeological assessment will assist in conceptual understanding and water 

management at Christmas Creek. Further investigations that could improve understanding and 

operational water management are outlined below. 

 Ongoing hydrogeological investigations in areas of uncertainty to support ongoing 
development of the conceptual model, particularly relating to the dynamics beneath the 
Fortescue Marsh. 

 Routine updating of the numerical model with findings of investigations and operational 
groundwater response to refine the model predictive capability. 

Modelling results suggest that the Christmas Creek water management scheme can operate 
independently. However, opportunities to improve operational efficiencies and control of water 
levels near the Fortescue Marsh would be realised by adopting an integrated water 
management approach with Cloudbreak.  
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Figure 1: Site Location Plan 
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Figure 2: Site setting 
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Figure 3: Conceptual Chichester cross section 
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Figure 4: Historical rainfall 
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Historical Rainfall and Interpreted Marsh Water Level Figure 04 
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Figure 5: Baseline groundwater levels – Tertiary 
Detrital 
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Figure 6: Baseline groundwater levels (fresh 
water equivalence) – Tertiary Detrital 
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Figure 7: Baseline groundwater levels – Marra 
Mamba Formation 
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Figure 8: Baseline groundwater levels (fresh 
water equivalence) – Marra Mamba 
Formation 
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Figure 9: Fortescue Marsh ponding event 
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Figure 10: Expanded Durvo diagram – Christmas 
Creek 
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Expanded Durov Diagram Figure 10 
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Figure 11: Expanded Durvo diagram - Cloudbreak 
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Expanded Durov Diagram—Cloudbreak Figure 11 
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Figure 12: Baseline E.C. – Tertiary Detritals 
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Figure 13: Baseline E.C. – Marra Mamba 
Formation 
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Figure 14: Airborne EM conductivity – Marra 
Mamba Formation 
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Figure 15: Airborne EM conductivity – water table 
minus five metres 
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Figure 16: Fortescue Marsh conceptual section 
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Figure 17: Model domain and boundary conditions 
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Model Domain, Numerical Mesh and Recharge Zones Figure 17 

29/08/2013 



 

 

[This page has been left blank intentionally] 



Hydrogeological assessment of the Christmas Creek life of mine water 
management scheme 

 

CC-RP-HY-0017  

 

 

 

Figure 18: Model cross section 
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Numerical Model Cross Sec�on Figure 18 
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Figure 19: Distribution of initial heads within the 
numerical model (slice one) 
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Distribu�on of Ini�al Model Heads (Slice 1) Figure 19 
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Figure 20: Distribution of initial salinity within the 
numerical model (slice one) 
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Distribu�on of Ini�al Salinity (Slice 1) Figure 20 
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Figure 21: Steady state calibration results: 
Measured v’s model predicted 
groundwater levels 
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Figure 22: Transient calibration results: Measured 
v’s model predicted groundwater levels 
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Transient Calibra
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Figure 23: Transient calibration results: 
Comparison between simulated and 
interpreted Fortescue Marsh water 
levels 
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Figure 23 
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Figure 24: Christmas Creek life of mine plan 8.4b 
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Figure 25: Distribution of conceptual saline 
injection bores used in numerical 
simulations 
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Distribu�on of Conceptual Saline Injec�on Wells Figure 25 
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Figure 26: Hydrographs at five key locations for 
the base simulation without mining 
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Figure 27: Hydrographs at five key locations for 
the dry simulation without mining 
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Hydrograph at five selected key loca�ons for the Dry scenario without mine dewatering Figure 27 
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Figure 28: Hydrographs at five key locations for 
the wet simulation without mining 
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Hydrograph at five selected key loca�ons for the Wet scenario without mine dewatering Figure 28 
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Figure 29: Distribution of drawdown/mounding due 
to mining for the base simulation - 2014 
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Figure 30: Distribution of drawdown/mounding due 
to mining for the base simulation - 2015 
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Figure 31: Distribution of drawdown/mounding due 
to mining for the base simulation - 2016 
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Figure 32: Distribution of drawdown/mounding due 
to mining for the base simulation - 2017 
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Figure 33: Distribution of drawdown/mounding due 
to mining for the base simulation - 2018 
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Figure 34: Distribution of drawdown/mounding due 
to mining for the base simulation - 2019 
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Figure 35: Distribution of drawdown/mounding due 
to mining for the base simulation - 2020 
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Figure 36: Distribution of drawdown/mounding due 
to mining for the base simulation - 2021 
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Figure 37: Distribution of drawdown/mounding due 
to mining for the base simulation - 2022 
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Figure 38: Distribution of drawdown/mounding due 
to mining for the base simulation - 2023 
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Figure 39: Distribution of drawdown/mounding due 
to mining for the base simulation - 2024 
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Figure 40: Distribution of drawdown/mounding due 
to mining for the base simulation - 2025 

 



Hydrogeological assessment of the Christmas Creek life of mine water 
management scheme 

 

CC-RP-HY-0017  

 

 

 

This page has been left blank intentionally 

 



28

9

6

18

12

36

57

3

FMM05

FMM04

FMM03

FMM02

FMM01

750,000

750,000

755,000

755,000

760,000

760,000

765,000

765,000

770,000

770,000

775,000

775,000

780,000

780,000

785,000

785,000

790,000

790,000

795,000

795,000

800,000

800,000

805,000

805,000

7,
4

90
,0

0
0

7,
4

90
,0

0
0

7,
4

95
,0

0
0

7,
4

95
,0

0
0

7,
5

00
,0

0
0

7,
5

00
,0

0
0

7,
5

05
,0

0
0

7,
5

05
,0

0
0

7,
5

10
,0

0
0

7,
5

10
,0

0
0

7,
5

15
,0

0
0

7,
5

15
,0

0
0

7,
5

20
,0

0
0

7,
5

20
,0

0
0

7,
5

25
,0

0
0

7,
5

25
,0

0
0

0 2,100 4,200 6,300 8,400

metres

± Paul Ricketts

Paul Ricketts

Average climate scenario
Christmas Creek

Drawdown and depth to groundwater 
Year 2025

0

Projection: GDA 1994 MGA Zone 50

Date: 17/06/2013

Doc Name: Fig 46 - AVG 2025

Size: A3L

Scale:1:150,000

Drawn By:

Requested By: 

Confidentiality: 1

Revision:

Legend
Depth to groundwater (m)

<1

1-2

2-4

4-6

6-8

8-10

10-15

15-20

20-25

25-35

35-45

45-60

60-75

75-100

>100

Fortescue Marsh monitoring site

Pit outline

Fortescue Marsh

Depth to groundwater (m) under natural conditions

Contour
Drawdown

Mounding



 



Hydrogeological assessment of the Christmas Creek life of mine water 
management scheme 

 

CC-RP-HY-0017  

 

 

 

Figure 41: Distribution of drawdown/mounding due 
to mining for the base simulation - 2026 
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Figure 42: Distribution of drawdown/mounding due 
to mining for the base simulation - 2027 
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Figure 43: Distribution of drawdown/mounding due 
to mining for the base simulation - 2028 
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Figure 44: Groundwater level change at the five 
key monitoring locations for the base 
simulation 
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Figure 45: Groundwater level change at the five 
key monitoring locations for the dry 
simulation 
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Groundwater level change (drawdown/mounding rela�ve  to natural condi�ons) at five key 

loca�ons—Dry scenario 
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Figure 46: Groundwater level change at the five 
key monitoring locations for the wet 
simulation 
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Groundwater level change (drawdown/mounding rela�ve  to natural condi�ons) at five key 

loca�ons—Wet scenario 
Figure 46 
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Figure 47: Cumulative impact on groundwater 
levels 
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Figure 48: Hydrograph at CCFMM01, under 
natural and mining conditions for the 
Base, Dry and Wet simulations 
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Hydrographs at CCFMM01 under natural (dashed lines) and mining (solid lines) condi�ons for 

Base, Dry and Wet scenarios 
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Figure 49: Hydrograph at CCFMM02, under 
natural and mining conditions for the 
Base, Dry and Wet simulations 
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Hydrographs at CCFMM02 under natural (dashed lines) and mining (solid lines) condi�ons for 

Base, Dry and Wet scenarios 
Figure 49 
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Figure 50: Hydrograph at CCFMM03, under 
natural and mining conditions for the 
Base, Dry and Wet simulations 
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Hydrographs at CCFMM03 under natural (dashed lines) and mining (solid lines) condi�ons for 

Base, Dry and Wet scenarios 
Figure 50 
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Figure 51: Hydrograph at CCFMM04, under 
natural and mining conditions for the 
Base, Dry and Wet simulations 
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Hydrographs at CCFMM04 under natural (dashed lines) and mining (solid lines) condi�ons for 

Base, Dry and Wet scenarios 
Figure 51 
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Figure 52: Hydrograph at CCFMM05, under 
natural and mining conditions for the 
Base, Dry and Wet simulations 
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Hydrographs at CCFMM05 under natural (dashed lines) and mining (solid lines) condi�ons for 

Base, Dry and Wet scenarios 
Figure 52 
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Figure 53: Transient calibration results 
(dewatering stage): Scattergram of 
measured v’s model predicted 
groundwater levels 
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Transient  Calibra
on Results Figure 53 
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Figure 54: Fortescue Marsh water balance 
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Fortescue Marsh—Water Balance Model results (1985 to 2010) Figure 54 

13/11/2013 
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Appendix 1: Historical Landsat data 
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Appendix 2: Geological cross sections 
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Appendix 3: Numerical model hydraulic property 
zones and layer thicknesses 
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Appendix 3.1: Distribution of hydraulic property zones in numerical layer 1. 



 

Appendix 3.2: Distribution of hydraulic property zones in numerical layer 2. 



 

Appendix 3.3: Distribution of hydraulic property zones in numerical layer 3. 



 

Appendix 3.4: Distribution of hydraulic property zones in numerical layer 4. 



 

Appendix 3.5: Distribution of hydraulic property zones in numerical layer 5. 



 

Appendix 3.6: Distribution of hydraulic property zones in numerical layer 6. 



 

Appendix 3.7: Distribution of hydraulic property zones in numerical layers 7 and 8. 



 

Appendix 3.8: Distribution of hydraulic property zones in numerical layer 9. 



 

Appendix 3.9: Distribution of hydraulic property zones in numerical layer 10. 



 

Appendix 3.10: Distribution of hydraulic property zones in numerical layer 11. 

  



 

Appendix 3.11: Distribution of thickness of tertiary Detritals. 

  



 

Appendix 3.12: Distribution of thickness of Alluvial Clay 

  



 

Appendix 3.13: Distribution of thickness of Oakover Formation 

  



 

Appendix 3.14: Distribution of thickness of Wittenoom Formation 

  



 

Appendix 3.15: Distribution of thickness of Hardcap 

  



 

Appendix 3.15: Distribution of thickness of Mineralised MMB 
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Appendix 4: Numerical model calibration - Measured 
hydrographs at monitoring bores 
compared to those predicted by the 
calibrated model 
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Appendix 5: Hydrographs at selected key locations 
from all sensitivity simulations 
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Appendix 5.1: Predicted hydrographs at CCFM01 as affected by hydraulic properties of the mineralised MMB (ore). 
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Appendix 5.2: Predicted hydrographs at CCFM02 as affected by hydraulic properties of the mineralised MMB (ore). 
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Appendix 5.3: Predicted hydrographs at CCFM03 as affected by hydraulic properties of the mineralised MMB (ore). 
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Appendix 5.4: Predicted hydrographs at CCFM04 as affected by hydraulic properties of the mineralised MMB (ore). 
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Appendix 5.5: Predicted hydrographs at CCFM05 as affected by hydraulic properties of the mineralised MMB (ore). 
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Appendix 5.6: Predicted hydrographs at CCFM01 as affected by hydraulic properties of the Oakover Formation. 
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Appendix 5.7: Predicted hydrographs at CCFM02 as affected by hydraulic properties of the Oakover Formation. 
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Appendix 5.8: Predicted hydrographs at CCFM03 as affected by hydraulic properties of the Oakover Formation. 
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Appendix 5.9: Predicted hydrographs at CCFM04 as affected by hydraulic properties of the Oakover Formation. 
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Appendix 5.10: Predicted hydrographs at CCFM05 as affected by hydraulic properties of the Oakover Formation. 
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Appendix 6: Distribution of drawdown/mounding and 
depth to groundwater predicted under 
dry and wet climatic simulations 
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Hydrogeological assessment of the Christmas Creek life of mine water 
management scheme 
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Appendix 8: Effect of hydraulic property of backfilling 
materials on model predictions 
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