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1. Introduction

BHP has been investigating the MAR option in an area known as Mick Bore in the Runaway
Valley situated to the northeast of Mining Area C. As part of this investigation BHP has
constructed three injection bores and the associated monitoring instrumentation.

Advisian (2022) developed a numerical model for an initial assessment of MAR capacity which
focused on the surficial aquifer system only.

In this report we describe the subsequent modelling work carried out to include the
weathered/fractured bedrock aquifer system and evaluate the planned excess water disposal
(MAR) into a combination of bedrock and detrital units.

While the natural depth to groundwater is relatively deep (over 40 m BGL in the MAR area),
mounding is ideally to be constrained to levels protective of potential vegetation receptors, ie.
nominally not within 10 m of ground surface.

The work tasks for this work included the following:

< Review of the available hydrogeological data for the Runaway Valley, in particular the
weathered and fractured basement section not represented in the previous model; and
pumping tests recently undertaken that provide information on hydraulic properties of
weathered basement. This was based on BHP having collated and reviewed the available
information for the area.

= Update of the numerical model by including layer(s) representing the weathered/fractured
basement aquifer(s). No changes to the surficial unconsolidated aquifer that was previously
represented are required.

= Incorporation of pumping test data in the model to inform model recalibration.
e Calibration of the updated model to the available water level and pumping test data using.
< The model to be used to assess various MAR options and evaluate predictive uncertainty.

= Preparation of a report describing the data available, the conceptual and numerical model
updates, the recalibration procedure and results, including the predictive uncertainty analysis
(this report)

NRAVMAR-REP-HDG-Rev1.docx
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2. Conceptual model update

The hydrogeological conceptualisation update includes:

< the incorporation of bedrock units,

= the revised geometric delineation of the key hydrostratigraphical units (HSU), both surficial
and bedrock, based on:

= their hydrogeological function using the available geological mapping,
= geological log information from bores completed by BHP, and
= the available aerial geophysical products provided by BHP.

BHP has conducted three pumping tests which targeted the more permeable parts of the
fractured rock aquifer. Based on the tests BHP interpreted hydraulic parameters using the
distance/drawdown method. In addition to that work, Worley Consulting, as part of this work
package, also completed a more detailed pumping test analysis.

The spatial model domain has been adjusted (minor changes). The most important model
structure change is the incorporation of both the surficial and bedrock units. Aquifer
parameterisation is based on bulk properties of the key HSUs informed by the aquifer testing
results and a review of values from the broader areas.

The regional water level records and aquifer testing results were compiled to confirm the
groundwater flow directions and transient patterns, and to provide the calibration target
database.

The minor conceptualisation updates include the specification of recharge and incorporation of
evapotranspiration. The latter becomes locally important when mounding results in shallow
groundwater levels.

Recognition of the residual uncertainty in model parameterisation is addressed by
implementation of a standard Monte Carlo analysis, based on an evaluation of 100 model
realisations. It is used to guide the recommendations for further work.

BHP supplied the relevant hydrogeological information items for the model update (Table 2-1):

NRAVMAR-REP-HDG-Rev1.docx 2
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Table 2-1 Summary of supplied information for model update

Updated list of bore logs for water Updated dataset of bore logs (pdf and excel) for bores located within

bores Mick Bore tenure; including monitoring and production bores
constructed in 2022-2023 as part of the pump testing network. The
dataset included construction details and stratigraphy for installed
bores.

Exploration drillhole dataset Excel files for exploration drillhole collars, construction details and
intercepted stratigraphy within the Mick Bore tenure.

Pumping test data Datasets for drawdown and water chemistry measurements collected
during step rate test (SRT) and constant rate tests (CRT) at bores
HMKB0015P, HMKB0016P, and HMKB0O0O17P, between April to June
2023. Water level logger data for eight regional monitoring bores
was also provided for the period in which the CRTs were performed
at the three production bores. Includes BHP’s Powerpoint
presentation summarising the tests and interpreted values of
transmissivity.

Water level data Discrete manual dip measurements from between 2009-2023, for
110 bores within the Mick Bore tenure.

AEM survey data Data corresponding to an aerial electromagnetic (AEM) survey
completed of the Mick Bore tenure area, including grid files, depth
slices, and isosurfaces (dxf format) to a depth of 400 m.

Locations of injection bores In addition to the existing three production (injection) bores,
coordinates were provided for three additional locations

The lateral extent of the model domain remains largely consistent with the original model,
except for a few refinements to represent the catchment boundaries, as this area is
structurally well bounded to the north, east and south by outcropping of the low-permeability
McRae Shale Mt Sylvia Formations.

The study domain is presented in Figure 2-2, which shows its position in relation to the
existing BHP footprint (Northern Flank, Mining Area C and Yandi), and the Karijini National
Park to the west. The study domain covers an area of 234 km?,

A more detailed view in in Figure 2-2 also includes ground elevations, injection bores (which
were subjected to the aquifer testing), locations of monitoring bores that recorded drawdown
during the aquifer testing, and the DEM-derived drainage lines (streams), within the updated
domain.

Hydrostratigraphic units (HSUs) are divided into surficial and bedrock units. (Table 2 1).
HSUs are devised based on:

- the lithology, age, structure of the geological formations, based on borehole logs, surficial
and bedrock geological maps and regional reports

< where possible, their hydrological properties such as permeability and porosity which
contribute to the control of the groundwater flow

NRAVMAR-REP-HDG-Rev1.docx
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* in case of the surficial HSUs also their potential role in recharge and evapotranspiration
processes.

2.4.1 Surficial HSUs

Their spatial distribution is shown in Figure 2-3.

Surface drainage is derived from DEM, mapped as streamlines with a 25 m buffer on both
sides. The buffer represents an approximation of the width of alluvial and ecohydrological
systems associated with them. Their effective width spatially varies, in reality, but is
considered to be acceptable for the scale of this model.

The main surficial HSUs (Figure 2-3) are:

« alluvium and playa

- alluvial fan and slope deposits

e indurated and transported duricrust

e bedrock units in some areas, as outcrops or subcrops (both aquifer and aquitards)

Available bore logs and the existing regolith thickness mapping inform the delineation of the
surficial cover thickness. The regolith thickness dataset that provides the template for the
entire model domain was “calibrated” using the existing bore logs and adjusted to mirror the
major trends.

The resulting surficial (detrital) unit thickness developed for the numerical model is presented
in Figure 2-4.

NRAVMAR-REP-HDG-Rev1.docx
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2.4.2 Fractured bedrock HSUs

Seven fractured bedrock (basement) hydrostratigraphic units are considered for this
conceptualisation update (Table 2 4). Some uncertainties are present when evaluating the
weathered profile of basement. The reviewed borehole logs from within the model domain
showed significant variations in the vertical extent of basement weathering between boreholes
in close proximity. This makes it unclear to reliably discriminate between weathered and fresh
sections of the different formations.

Table 2-2 Fractured rock HSUs

Hydrogeological

Geological member

Lithology

function

Brockman
Formation

Joffre Member

BIF with minor shale bands

Limited aquifer(s) in
mineralized zones

Whaleback Shale
Member

Interbedded shale, chert and BIF

Low permeability

Dales Gorge Member

Interbedded BIF and shale

Aquifer(s) in
mineralized zones

Wittenoom
Formation

Bee Gorge Member

Graphitic shale with minor
sequences of carbonate, chert,
volcaniclastic rock, and BIF

Low permeability

Paraburdoo Member

Dolomite with minor amounts of
chert and shale — karstic in areas

Aquifer at regional
scale

West Angela Member

Dolomite, dolomitic shale, and
chert

Minor, localized aquifers

Marra Mamba
Formation

Mount Newman
Member

Chert, banded iron-formation, and
shale

Aquifer in mineralized
zones

Macleod Member

Well podded to laminar chert and
chert BIF with shale macrobands

Low permeability

Nammuldi Member

BIF with chert and shale

Aquifer in mineralized
zones

Mt McRae Shale
and Mt Sylvia
Formation

McRae Shale

Interlayered shale, dolomitic shale
and chert with minor BIF

Low permeability, potential
aquitard

Mt Sylvia Formation

Fortescue Group

Roy Hill Shale

Dark-gray to black graphitic shale
and chert, locally pyritic

Low permeability

Warrie Member

Dolomite with inter-bedded chert

Low permeability

Intrusives Dolerite intrusions Dolerite Low permeability, potential
hydraulic barrier (when in
more permeable bedrock)

2.4.3 Hydrostratigraphic connectivity

Superficial (detrital) units are hydraulically connected with the underlying fractured rock.
Regional-scale dolerite dykes are also present in the area and are currently conceptualised, in
combination with the low-permeability units, as low permeability barriers to groundwater flow.
Regional dykes, adopted from the geological mapping and geophysical interpretation run in a
WSW-ESE direction (Figure 2-6).
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2.5 Aquifer parameters
251 Aquifer testing

BHP conducted pumping tests on HMKBO0O15P, HMKBOO16P and HMKBOO0O17P in 2023. During
testing, the water levels were recorded in the selected monitoring bores (Figure 2-7).

The duration of testing varied between the three locations and was partly limited by water
disposal capacity (permit to dispose off water from testing required due to the high pumping
rates).

The following test durations were achieved before the disposal wetting front constraint was
reached:

e 15 days at 70 L/s for HMKBOO15P
e 6.3 days 75 L/s for HMKBOO16P
e 8.8 days at 75 L/s at HMKBOO17P.
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Figure 2-7 Monitoring bores locations observed during CRT

The water level response from regional bores was reported to be relatively small, typically less
than 0.5 m, and affected by barometric corrections issues with logger data.
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Figure 2-9 Drawdown at the end of CRT on HMKBO0016
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Figure 2-10 Drawdown at the end of CRT on HMKBOO017

2.5.2 Aquifer parameters

BHP (2023) interpreted transmissivity and storativity parameters from the three pumping tests
using a distance-drawdown method. The interpreted results suggest a large range of
transmissivities, between 1,848 to 8,124 m?/d, suggestive of highly permeable conditions, and
with storage values ranging between 0.002 and 0.009.

Assuming a nominal aquifer thickness of 100 m these values would correspond to a hydraulic
conductivity of 18 to 81 m/d, and specific storage of 2x107° to 9x10° (1/m). The high values
calculated for the nominal thickness suggest that the effective part of the aquifer system is
likely to be thicker than 100 m.

Figure 2-11 Hydraulic parameter values interpreted from drawdown-distance method (BHP, 2023)

HMKBOO15P 70 1,848 to 2,206 0.008
HMKBOO16P 75 8,124 0.002
HMKBOO17P 75 2,508 0.009

An analysis of the pumping test results interpreted using the Moench unconfined solution,
supported by derivative curves to better constrain the solution, was carried out as part of this
study (Table 2-3). The method assumes unconfined conditions.

NRAVMAR-REP-HDG-Rev1.docx 14
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Table 2-3 Hydraulic parameters interpreted from Moench method (Agtesolv)
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HMKBOO15P

HMKBOO16P
HMKBOO17P

70

75
75

1,162

6,087
1,696

0.03

0.07
0.08

0.0003

0.003
0.001

HMKBOO1 monitoring bore; high well

losses; Kz/Kr=0.5

HMKBOO7 monitoring bore; Kz/Kr=0.3
HMKBO0012 monitoring bore; Kz/Kr=0.2

Transmissivity values estimated by the Moench unconfined solution are about 30% smaller
than distance drawdown estimates, with storage parameters also comparatively smaller
storage, but typical for this aquifer system. The Moench method also provides specific yield
estimates, in the range of 0.03 to 0.08, considered plausible for this aquifer system.

Ranges of hydraulic parameters for other HSUs estimated from available regional reports and
hydrogeological summaries are outlined in Table 2-4:

Table 2-4 Summary of typical hydraulic parameters compiled for regional HSUs

Outcrop
(aquitard)

Outcrop (BIF)
Alluvium
Duricrust

Detritals

Colluvium
Playa
BIF

Wittenoom Fm

Marra Mamba
Fm

Mt McRae and
Mt Sylvia
Dolerite dyke

Weeli Wolli Fm

Jeerinah Fm

0.1 to 0.5

1to5

5 to 30
5to 20
0.003 to 50
2.5to 25
1.7 to 10
10

0.5 to 10

[2,206 to
8,164]

[1,162 to
6,057]
0.001 to 0.02
3to5

10 to 15

0.5 to 12

0.1

0.1to0 0.2

0.01 to 0.04

0.3to1l

NRAVMAR-REP-HDG-Rev1.docx

0.005 to
0.01

0.02 to 0.07
0.1 to 0.25
0.05to 0.2
0.001 to 0.2
0.05t0 0.1
0.06

0.2

0.15

0.03 to
0.08

0.06
0.02
0.07

0.001 to
0.003

0.001

0.003 to
0.005

0.008 to
0.009

0.0001

0.0003 to
0.003

0.0002
0.00015
0.0002

0.0001

0.00001

0.0002

0.00001

Estimate

Estimate

Estimate

Golder, 2015
MWH, 2016
RPS,

Estimate

BHP, 2023

This study

Golder, 2015
RPS, 2015
RPS, 2015
RPS, 2015

RPS, 2015

RPS, 2015

RPS, 2015

RPS, 2015

Mostly unsaturated

Mostly unsaturated
Partly saturated
Mostly unsaturated
Regional summary
Modelling study
Central values

Unsaturated

Distance drawdown
interpretation, some data
issues

Pumping test
interpretation

Regional summary
Central values, ore
Central values

Central values

Central values

Typical values (much lower
in modelling projects

Central values

Central values
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Diffuse recharge and creek recharge are the forms of recharge considered within the model
domain. Due to the relatively deep groundwater, which in this region is typically more than
30 m, large soil moisture deficits prevent recharge. Only large rainfall events (including the
cyclonic events) overcome those deficits and will result in recharge.

Recharge is more frequent in areas with shallow groundwater which would be associated with
drainage lines or intermittent creeks, shown as stream zones in Figure 2-12.

Typical recharge rates in the Pilbara region represent 0.5 to 2% of the mean annual rainfall.
With the latter being approximately 533 mm/yr, this would represent a range of 3 to 11
mm/yr, or 0.7 to 2.4 GL/yr for the study domain.

The model domain receives minor throughflow through parts of the western boundary.

Groundwater generally flows in a west to east direction into the central part of the domain
which is a regional topographic low. The water levels at the western boundary are about
795 m AHD, decreasing to 693 m AHD the centre.

The potentiometric surface in the MAR area is at 680 m AHD with a flat north-westerly flow
gradient, with groundwater likely to flow across the study boundary through an alluvial
channel, towards the Yandi area.

The flow directions are affected and partly controlled by the regional dykes crossing the study
domain from WSW to ENE.

Regionally, the study domain represents an area that is structurally bound, forming an
imperfect bath tub structure.

Groundwater is generally deeper than 30 m BGL.

NRAVMAR-REP-HDG-Rev1.docx 16
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Figure 2-12 Surficial HSUs for recharge zonation
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Limited groundwater outflow, most likely through alluvial channels crossing low permeability
subcrops that form the northern and southern boundaries provides a groundwater discharge
mechanism from the study area. Limited leakage may occur through low-permeability ridges
that characterise the eastern section of the southern boundary.

Evapotranspiration can become a factor during potential mounding associated with the MAR.
Its real effect will likely start when depth to water is less than 5 m BGL.

The potential for surface water groundwater interaction is negligible. Creeks potentially provide
recharge to groundwater following periods of high rainfall.

There are no streamflow measurements available for the study area. Several low-elevation
locations may pond within the model domain (playa sediments), however it is not due to
groundwater discharge.

There is no licensed groundwater abstraction within the study domain. Groundwater stressors
potentially relevant to (but outside of) the study area include:

< Mining Area C situated to the southeast of the study domain is currently being dewatered

 Active MAR schemes to the southwest (Juna Downs) and directly to the east (Runaway
Valley)

= South Flank extension under development and subject to dewatering.

Dewatering effects are muted due to the low permeability structural controls along the
southern boundary.

There are no recognised protected environmental receptors, such as priority ecological
communities (PECs) within the study area.

The hydrogeological conceptual model informs the development of the groundwater numerical
model. Its important elements are summarised in Table 2-5.
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Table 2-5 Hydrogeological conceptualisation summary

Study area and
model domain

Hydrostratigraphic
units (HSU)

Hydrogeological
structures

Aquifer system
hydraulic properties

Groundwater
recharge rate

Groundwater
discharge &
abstraction

NRAVMAR-REP-HDG-Rev1.docx

The study area forms a west to east running region, approximately 30 ks W-E and 5 km
to 10 km N-S, in total covering 243 km?, along the Runaway Valley, to the northwest of
the Mining Area C in the central Pilbara region.

It mostly mimics the surface catchment boundaries, except for the sections in the west,
north and south (towards Lake Robinson) where the boundary crosscuts the interpreted
groundwater inflow and outflow paths formed by the detrital channels (inflow from rhough
Tandanya in the west, outflows towards the Marillana Creek Catchment in the north, and
Lake Robinson (Coondewanna Catchment direction to the south).

Shallow hydrogeological units

Alluvials, colluvials, duricrust, playa, weathered outcrops
Superficial aquifer, generally unsaturated
10 to 60 m thick

Weathered and fractured bedrock hydrogeological units

Weathered and fractured-rock aquifer (primary and secondary porosity), BIF, dolomite,
Marra Mamba Fm

Moderately to locally high yielding aquifer, with zones of further increased permeability
that coincides with potential mineralisation

More than 100 m thick
Aquitard units

Low permeability units comprising, Mt Mc Rae Shale and Mt Sylvia Fm, dolerite dykes,
Jeerinah Fm, Weeli Wolli Fm

Aquitard with low permeability

More than 100 m thick, extending to the base of the model

Structural features within the model domain include:

Faults and dykes which have been observed to cause compartmentalisation ie form
hydraulic barriers (based on water level observations and aerial geophysics delineation).

These structures penetrate weathered and fresh bedrock, but subcrop/outcrop in some
areas.

Hydraulic parameters for each HSU were derived from field investigations undertaken by
BHP. Testing involved SRT and CRT pumping tests, and recovery tests. Where testing was
deemed inadequate to accurately estimate hydraulic properties for a specific HSU,
parameters were adopted from the regional aquifer parameter overview.

The full table of parameters to be used for the numerical model are provided in Table
2-4.

Average annual rainfall: 533 mm/yr

Recharge rate as a proportion of rainfall — estimated to be 0.5 to 2% (0.6 to 2.6 GL/yr)
over the entire domain, based on recharge between 0.5 to 2% mean annual rainfall.

Drainage lines provide intermittent focused recharge to the underlying groundwater
during short periods of flow following large rainfall events.

Groundwater throughflow is the main mechanism of groundwater discharge from the
model domain, nominally to the north and south along the main surface water drainage,
through the alluvial/detrital cover and/or through the weathered basement.

Evapotranspiration is also a means of groundwater discharge, especially during potential
mounding associated with the MAR, however due to the generally deep groundwater levels
it is not a dominant process within the model domain under natural conditions.

There is currently no known groundwater abstraction within the model domain, however
the model domain is situated next to Mining Area C (to the southeast) which is subject to
large-scale dewatering.
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Groundwater flow Groundwater within the model domain typically occurs 30 m BGL or deeper, which means
directions and water that the surficial/detrital cover is often unsaturated. The shallowest groundwater occurs in
levels the centre of the study domain, with water levels within a 20 to 30 m BGL range.

Watertable elevations within the study range between 660 and more than 700 m AHD in
the topographically areas.

A west to east trend is evident in the general direction of groundwater flow within the
model domain. A southward trend is present in an area along the southern boundary
associated with the presumed groundwater (and occasional surface water) outflow
towards the Lake Robinson in the Coondewanna Catchment.

Surface water and There is limited potential for groundwater interacting with surface water along drainage
groundwater lines due to known typical depths of regional groundwater being 30 m BGL or deeper.
interaction Following larger rainfall events intermittent streamflows provide some recharge in sections

of drainage lines.

There are no streamflow measurements available for the study area to our knowledge.

Environmental and There are no reported recognised environmental receptors, such as priority ecological
third-party communities within the study domain.
receptors

The conceptual water balance (with a focus on groundwater) represents average hydrological
conditions, not affected by any major artificial stresses. Changes in groundwater storage are
likely negligible over the longer periods, hence the presented water balance is representative
of a near-steady state.

The water balance estimates are based on the following assumptions:

= Model domain area 243 km?

e Mean annual rainfall 533 mm/yr

e The study area is a quasi-closed system with limited throughflow outlets
= Potential recharge rate varies between 0.6 to 2.6 GL/yr

= Evapotranspiration is negligible

= Groundwater abstraction is negligible

= Occasional creek inundation events are included in the average recharge estimate
(measured flow data is not available)

Aside from an outflow through alluvial channels no other sizeable groundwater discharge
processes occur. Any recharge received is balanced out by the existing outflow channels (north
towards Yandi and south towards the Coondewanna Catchment).

The study area has relatively deep groundwater levels, consistently more than 30 m BGL, and
consequently diffuse recharge through a thick sequence of detritals is likely to be very small
unless they are sufficiently pre-wetted. It is possible that the principal contribution to recharge
occurs through bedrock aquifer outcrops and shallow subcrops, which is currently difficult to

quantify.
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3. Numerical model

The current numerical model is built on an updated HSU structure which includes fractured
bedrock basement units and development of the new model mesh and parameterisation.

The model is built with several layers to allow for a more appropriate vertical distinction in the
key represented lithological units / HSUs.

Model calibration is focused on representing the regional trends of groundwater flow directions
within the model domain, acknowledging the likely structural control of the recognised linear
geological structures which are currently conceptualised as low permeability flow barriers.

There is therefore the lack of large-scale stresses that the model can be tested on.

3.2.1 Model discretisation

The numerical model is developed in Modflow USG, using the unstructured grid functionality to
represent the detail of the MAR area. The model has four layers: the two top layers simulate
the surficial, detrital cover; while the underlying two layers represent the fractured bedrock
aquifer.

The model consists of 76,012 active (quad) model cells, ranging in size from 12.5 to 200 m.
The GDA94 Zone 51 coordinates of the SW corner of the model grid are 664,051E and
7,460,842N.

The implemented model grid is presented in Figure 3-1, and the MAR area detail in Figure 3-2.

The base of surficial HSUs (base of layer 2) is displayed in Figure 3-3. The bedrock (layers 3
and 4) is terminated at a nominal elevation of 550 m AHD. Layer 3 has a nominal uniform
thickness of 10 m.
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Figure 3-2 Numerical model grid, MAR area detail
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