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1.0 INTRODUCTION 
Potential acid generating (PAG) and non-acid generating (Non-AG) waste rock are currently being deposited in 
the waste rock facility (WRF) at the Mary River Project, operated by Baffinland Iron Mine Corporation (Baffinland) 
and located on Baffin Island in Nunavut. The mitigation strategy defined for prevention of acid generation and 
metal leaching from the pile centers on placement of PAG rock away from the edges of the pile and progressive 
freezing of the pile during winter that always maintains the PAG rock in frozen conditions after it is frozen. 

In 2019, Golder conducted a thermal assessment (Golder 2019) to evaluate the thermal regime in the pile and 
support the design of a waste rock deposition plan to promote freezing of the pile. The 2019 study included a 
review of initial instrumentation data (i.e., thermistors and oxygen probes) and the preparation of thermal models 
for the period between March and September 2019. 

In 2021, WSP Golder conducted an update to the thermal assessment (Golder 2021), with supplemental 
instrumentation data up to November 2020. The main goal was to re-evaluate the potential influence of internal 
heat sources on the thermal regime of the pile. It was confirmed that the pile remained mostly frozen at all times 
as per the design intent. Based on the instrumentation data and results of thermal models, it was concluded that 
temporary and localized increases in the waste rock temperature were not affecting the overall thermal regime of 
the pile. 

In 2023, WSP completed a review and interpretation of on-site active instrumentation (WSP 2023). Results of this 
study were used to update thermal models with incorporation of supplemental instrumentation and waste rock 
deposition data available up to March 2023. The main goal of this assessment is to confirm the waste rock pile 
continues to freeze progressively, and to assist in developing an updated waste rock management plan (WRMP) 
for the deposition of PAG materials at the existing waste rock storage facility (WRSF). 

This document presents a summary of the latest instrumentation data available, the results of updated thermal 
models, and provides discussion and recommendations for future deposition of waste rock in the pile. 
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2.0 WASTE ROCK FACILITY 
2.1 Instrumentation 
Between December 2018 and March 2019, instrumentation was installed within the waste rock pile that consisted 
of thermistors strings, oxygen probes, vibrating-wire piezometers, and a barometer. Vertical strings were installed 
along boreholes BH1, BH2 and BH3 up to 23 m in depth, while three 40 m long horizontal strings were installed 
along trenches T3, T4 and T5 at an initial depth of about 1.5 m (additional waste rock has been placed on top of 
some areas since installation). 

In addition, two 5 m deep vertical thermistors were installed to monitor the thermal performance of the future WRF 
pond berm expansion foundation (T1) and the WRF north toe berm (T2). 

Figure 1 shows the locations of all horizontal and vertical thermistor strings relative to the cross-section used in 
previous thermal modeling studies. 

Figure 1: Locations of vertical and horizontal thermistor strings and alignment of cross section defined 
for the thermal modelling. 
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2.2 Waste Rock Deposition 
Since the installation of the monitoring stations in February 2019, the pile has been progressively constructed with 
placement of Non-AG and PAG rock at different locations. New survey data and aerial photos were provided by 
Baffinland for the WRF between November 2020 and March 2023. 

It is important to note that aerial photos show seasonal snow cover between October and May, which obscures 
the actual amount of waste deposited. This is notable particularly at BH2 and BH3 which are in depressions and 
can accumulate significant amounts of snow. It is WSP’s understanding that ground surveys in winter have likely 
captured both winter material deposition and snow cover. It is known that no waste rock has been removed from 
the surface of the waste pile. Negative changes in ground elevation are likely due to changes in snowfall depth 
with seasonal freeze and melt patterns, slight consolidation of the pile over time, an error associated with ground 
surveys, or temporary excavation for instrumentation repair. 

Table 1 provides a summary of ground surface elevation over time based on ground survey data and has been 
reviewed to comply with known placement data from site. Data is provided for vertical thermistors BH1, BH2, BH3, 
T1, and T2. Data is also provided at the end of each horizontal thermistor string T3, T4, and T5. 

Table 1: Summary of Changes in Waste Rock Ground Surface Elevation with Time 

Approximate Date of 
Deposition 

Approximate Depth of Rockfill (m) 
BH1 BH2 BH3 T1 T2 T3(a) T4(a) T5(a) 

December 10, 2018 
December 15, 2018 - - 1.0 
December 19, 2018 - - 0.6 No data 0.5 
March 3, 2019 - - - - No data No data 
March 4, 2019 - - - - - No data No data 
April 30, 2019 - - - - - - 4.0 5.4 
July 5, 2019 - - - - - No data No data No data 
September 13, 2019 - - - 5.2 - 0.1 4.5 3.7 
February 29, 2020 - - - No data No data No data - - 
March 31, 2020 - - No data No data No data No data No data No data 
April 18, 2020 - 5.8 0.6 0.9 0.8 0.3 No data 3.6 
May 16, 2020 - - - - - - 6.1 1.9 
October 30, 2020 - - No data - - - - - 
February 27, 2021 - - No data - - - 4.4 3.8 
March 31, 2021 - - 0.6 - - - - - 
July 7, 2021 - - - - - - - - 
September 30, 2021 - - - - - 4.1 - - 
December 31, 2021 - - - - - 11.0 - - 
June 1, 2022 - - - - - 1.6 - - 

Note: Boxes highlighted in green indicate the date of installation for each station. 
a) Various thicknesses of material are placed along the length of T3, T4, and T5. The numbers provided summarize rockfill placed at a bead

installed at 40 m along the string (i.e., at the end of each thermistor string).
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2.2.1 Stations BH1 and T3 
BH1 and T3 are installed at close proximity to one another, where T3 is installed about parallel to the cross 
section between BH1 and BH2 shown in Figure 1 . Based on both ground survey and site data, it is known that no 
material was placed or removed on BH1 between September 2020 and March 2023. 

About 40 m from BH1 along the cross section shown in Figure 1, about 0.4 m was placed between  
September 13, 2019, and July 5, 2020. About 16 m of waste rock was placed between July 7, 2021, and  
June 29, 2022. It is known from site data and additional survey data that most of the 16 m was placed between 
September 30 and December 31, 2021. Figure 2 provides a profile of the ground surface along T3 between 
September 2020 to March 2023. 

Figure 2: Evolution of ground surface elevation along T3 with time. 

2.2.2 Stations BH2 and T4 
The horizontal thermistor T4 is located close to BH2, at 0 m distance along the thermistor string. At BH2, the most 
notable addition of rockfill was noted between September 2019 and July 2020, where about 5.6 m was placed. 

Along T4, several significant increments of waste rock were placed, the first of which was placed between 
March 4 and June 16, 2019, and was found to be 2.9 m thick. Subsequent lifts of 4.5 m, 6.1 m, 4.7 m, and 1.2 m 
were placed at the end of the thermistor string by September 13, 2019, July 5, 2020, July 7, 2021, and  
June 29, 2022, respectively. Figure 3 contains the material deposition measured along the length of T4 over time 
between September 2020 and March 2023. 
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Figure 3: Evolution of ground surface elevation along T4 with time. 

2.2.3 Stations BH3 and T5 
Material deposition on top of BH3 occurred as described in Table 1 which saw relatively consistent material 
deposition between September 2019 and June 2022. The most significant material placement occurred between 
September 2019 and July 2020 of 1.3 m. 

After September 2019, the majority of the rockfill placed along T5 occurred between about 14 m and 40 m along 
the thermistor string. At the end of the string, a lift of 4.0 m was placed by June 2019, and was followed by two 
lifts of about 3.7 m in September 2019 and 5.5 m in July 2020. Two remaining lifts were placed in July 2021 and 
June 2022 of 3.9 m and 0.9 m lift thickness respectively. Figure 4 presents the deposition of rockfill along T5 
between September 2020 and March 2023. 
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Figure 4: Evolution of ground surface elevation along T5 with time. 

2.2.4 Stations T1 and T2 
Figure 5 shows the change in ground surface elevation on top of stations T1 and T2. It is shown that the majority 
of waste rock placed at T1 (about 5.7 m) was deposited between June 16, 2019, and September 13, 2019. After 
this period, minimal variations in material deposition were measured, where it is noted data between June 29 and 
August 16, 2022, is missing. 

At T2, compared with T1, little waste rock was placed, the maximum amount of waste rock placed was measured 
to be about 1.3 m between June 16, 2019, and July 7, 2021. 
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Figure 5: Elevation of ground surface at T1 and T2 over time. 

2.3 Instrumentation Status 
Thermistor data for BH1 was available through August 2022, with a period of no data between November 2021 
and April 2022. BH2 had temperature data available through March 2022, and data for BH3 was available through 
February 2022. Temperature data for horizontal thermistors T4 and T5 were available through April 2022, and T3 
had data available through August 2022. 

No new data from the oxygen probes installed in BH1 and BH2 has been available since the 2021 assessment, 
and the status of these sensors is uncertain. The installation and maintenance of oxygen probes have been 
challenging, and the use of this type of sensor will no longer be considered in the future. Vertical and horizontal 
thermistor strings installed at strategic locations within the pile will continue to constitute the primary means to 
monitor the thermal regime of the pile and compare its performance against the design intent.  

A summary of instrumentation status through August 2022 is presented in Table 2. 
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Table 2: Summary of Instrumentation Status Through 2022 
Station Sensor Date Available Through Damaged Sensor 

BH1 
Temperature March 2019 – August 2022 

No damaged beads 

Bead 19.95 m data missing after September 2019 

Data missing between November 2021 and 
April 2022 

Vibrating-Wire Piezometer March 2019 - August 2022 No known damage 
Oxygen Not operational since May 2020 Uncertain after May 2020 

BH2 
Temperature March 2019 – March 2022 Beads from 0.2 to 3.8 m (except for 1.3 m), and 

17.2 m damaged after October 2019  
Vibrating-Wire Piezometer February 2019 – November 2021 Uncertain after November 2021 
Oxygen February 2019 – August 2019 Uncertain after August 2019 

BH3 Temperature December 2018 – February 2022 No damaged beads 

T1 Temperature February 2021 - August 2022 

No damaged beads 

Data missing from all beads between April 2022 
and July 2022 

T2 Temperature February 2021 – August 2022 

Bead at 0.1 m, and between 2.0 and 4.0 
functioning inconsistently between January 2021 
and November 2021 

Bead at 1.0 m after September 2020 

Bead at 3.0 m after March 2022  
T3 Temperature March 2019 – August 2022 No damaged beads 
T4 Temperature March 2019 – April 2022 No damaged beads 

T5 Temperature February 2019 – April 2022 

Bead at 22.4 m damaged since January 2022 
Beads at 19.6, 25.6, 28.6 damaged since 
January 2022 
Bead at 31.4 after March 2022 
Beads at 34.4 - 40.0 after April 2022 

3.0 INSTRUMENTATION TRENDS 
No data has been available for the oxygen probes since the 2021 assessment, and therefore there is no update in 
trends from those sensors. 

Data available for the vibrating-wire piezometers installed in BH1 (through August 2022) and BH2 (through 
November 2021) show the piezometers are dry and in frozen ground. 

The trends observed from the horizontal and vertical thermistors are discussed below. 
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3.1 Vertical Thermistor BH1 
A variation in waste rock elevation was noted at BH1, as summarized in Table 1. However, it is known that in 
general little to no material has been placed or removed on top of BH1. The following trends and patterns have 
been observed from this monitoring station between November 2020 and March 2023: 

▪ Based on available data, the active zone subject to freezing and thawing cycles is less than 1 m deep, with
the pile beneath the active zone remaining frozen year-round.

▪ Measured waste rock temperatures have been between -0.1°C and -12.2°C, with seasonal variations mostly
measured by thermistor beads near the surface.

▪ In general, all temperatures between 2 m and 7 m showed a decreasing trend in 2021 and 2022, possibly due
to a colder summer in 2021.

▪ Waste rock temperatures below a depth of 10 m are showing a trend of a slight increase but have remained
between -7.7°C and -5.5°C since early 2019. For instance, the temperature at a depth of 19 m has increased
progressively from -7.7°C in March 2019 to -6.5°C in August 2022.

▪ Extended thermistor data beyond August 2020 show the lasting effects of an event of increasing waste rock
temperature measured in July 2020 between 4.8 mbgs and 9.8 mbgs, with temperatures remaining at higher
levels within that zone until about April 2021. Heat from that zone propagated downwards and probably
contributed to the trend of increasing temperature observed below a depth of 10 m.

▪ After the July 2020 warming event, no other period of sudden increases in the waste rock temperature has
been observed in BH1.

Figure 6 shows temperature profiles along BH1 between July 2020 and September 2021 and illustrates the 
progression of increased rockfill temperatures in that period. Figure 7 shows the variation of waste rock 
temperature with time at different depths along BH1 during the entire monitoring period, demonstrating that the 
pile has remained mostly frozen at the location of BH1. 
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Figure 6: Localized increase in temperatures along BH1 between July 2020 and September 2021 
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Figure 7: Variation in temperature with time along BH1. 

3.2 Vertical Thermistor BH2 
Approximately 5.6 m of rockfill was placed on BH2 between September 2019 and July 2020 (See Table 1). The 
following trends and patterns have been observed: 

▪ Temperatures measured within the waste rock pile have been negative since December 2019 with some
seasonal fluctuation.

▪ A cooling trend has been observed at beads originally installed at depths of 4.8 to 27 m since March 2019,
clearly associated with the placement of additional rock on top of BH2 between March and August 2020. For
example, temperatures at the original depth of 27 m decreased from -4.3°C to -5°C, and at the original depth
of 10 m, waste rock temperature decreased from about -3°C to -4.7°C between December 2019 and
March 2022.
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▪ Temperatures measured between the original installation depths of 15 m and 25 m in BH2 are approximately
2°C warmer than those measured at similar depths in BH1. This emphasizes the existence of spatial
variations in waste rock temperatures within the pile.

▪ Overall, additional material placed after September 2020 is contributing to maintain previously deposited
waste rock frozen during all times and with a trend of decreasing temperatures, which supports the primary
objective of the waste rock management plan.

Figure 8 shows variation in temperatures with time at selected thermistor nodes, which are labelled according to 
their original installation depths. 

Figure 8: Variation in temperatures at selected thermistor installation depths along BH2 with time. 

3.3 Vertical Thermistor BH3 
Variations in ground surface elevation were noted, as shown in Table 1, where it is known that 1.3 m was 
deposited between September 2019 and July 2020, and subsequent placement of waste rock occurred between 
July 2020 and June 2022. The following trends and patterns have been observed: 

▪ Temperature measured by all thermistor beads have been negative since October 2020, clearly associated
with placement of additional rock on top of BH3.
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▪ No sharp localized temperature increases were visible.

▪ Temperatures between 13 m and 23 m (original installation depths) are between about -4.3°C and -5.4°C,
which is comparable to those measured in BH2 at similar depths.

▪ Ground temperatures at depth of 23.3 mbgs (original installation depth) has progressively decreased over
time.

▪ Overall, material placed after September 2020 continues to allow the pile to remain frozen and continues to
cool, which supports the primary objective of the waste rock management plan.

Figure 9 shows variation in temperatures with time at selected depths (i.e., original beads installation depths 
before placement of additional rock in March 2020). 

Figure 9: Variation in temperatures at selected thermistor installation depths along BH3 with time. 
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3.4 Horizontal Thermistor T3 
Between July 2021 and June 2022, varying amounts of rockfill were placed between 10 m and 40 m from the 
edge of the pile along the thermistor string, with about 16 m of waste rock placed at the end of the thermistor 
string (inwards towards the centre of the pile). The following trends and patterns were observed: 

▪ The first 3.6 m remain frozen all year from November 2020 to 2022.

▪ Thermistors beads between 3.6 and 40 m were subject to freezing and thawing cycles until about
September 2021, when additional rockfill placement began on top of the string.

▪ After September 2021, waste rock temperatures between 16.3 m and 40 m along the length of the thermistor
string remained below 0°C and exhibited much smaller seasonal variations. This correlates with the beginning
of progressive placement of waste rock in that area between September 2021 and June 2022 as indicated by
survey and deposition data (See Figure 2).

▪ Overall, material placed after September 2021 continues to allow the pile to remain frozen and continues to
cool, which supports the overall objective of the waste rock management plan.

Figure 10 provides the temporal variation in rockfill temperature for selected distances over the length of 
thermistor string T3. Figure 10 also contains benchmarks of waste rock deposition that occurred at the end of the 
thermistor string (40 m inwards towards the centre of the pile). Figure 11 shows temperatures along the entire 
length of T3 for selected dates. 
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Figure 10: Variation in temperature along T3 from the edge of the pile (0 m) to the end of the string (40 m). 
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Figure 11: Variation in temperature along T3 for selected dates. 

3.5 Horizontal Thermistor T4 
The majority of rockfill was placed along the thermistor string began at about 10.6 m and continued between 
September 2020 and June 2022. The following trends and patterns were observed: 

▪ Temperatures along the entire length of the thermistor (0 to 40 m) have remained below 0°C since
August 2019.

▪ Seasonal variations in ground temperature reduces starting at about 20 m from the edge of the pile, where
the temperature ranges between -1.7°C to -5.5°C.

▪ Along the entire length of the thermistor string, progressive cooling over time continues.

▪ Overall, material placed after September 2020 continues to allow the pile to remain frozen and continues to
cool, which supports the main objective of the waste rock management plan.
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Figure 12 presents recorded temperatures at specific distances along the thermistor string with time. Figure 12 
also contains benchmarks of waste rock deposition that occurred at the end of the thermistor string (40 m inwards 
towards the centre of the pile). 

 

Figure 12: Variation in temperature along T4 from edge of the pile (0 m) to the end of the string (40 m). 

3.6 Horizontal String T5 
A total of about 17 m of rockfill was placed at the end of the thermistor string (See Figure 4). The following trends 
and patterns were observed: 

▪ After August 2019, all thermistor beads have remained frozen along the length of the thermistor. 

▪ Waste rock temperatures continue to cool over time at all lengths along the thermistor string. 

▪ Overall, material placed after September 2019 continues to allow the pile to remain frozen and continue to 
cool, which supports the main objective of the waste rock management plan. 

Figure 13 shows variations in temperature in T5. Figure 13 also contains benchmarks of waste rock deposition 
that occurred at the end of the thermistor string (40 m inwards towards the centre of the pile). 
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Figure 13: Variation in temperature along T5 from the edge of the pile (0 m) to the end of the string (40 m). 

3.7 Vertical Thermistors T1 and T2 
Two vertical thermistor strings were installed northwest of the waste rock pile near the contact water collection 
pond. Temperatures are monitored between 0 m and 5 m depth. The following sections summarize the temporal 
variation in ground temperatures between February 2019 and August 2022. 

3.7.1 Station T1 
Between June and September 2019, 5.8 m of waste rock was placed on top of T1. The following summarizes 
observations within T1: 

▪ After December 2019, the ground remains frozen at all depths, where seasonal fluctuations in temperatures
remain below 0°C.

▪ A sharp increase in rockfill temperature was observed between 0 m and 2 m depth (original installation
depths) in June 2020. The increase likely corresponded to increased air temperatures and was not observed
to sustain localized temperature increases after the event.

▪ Waste rock temperatures have continued to cool over time along the thermistor string since additional rock
was placed in the area in September 2019.
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Figure 14 contains a time series of thermistor beads within T1 between 0.1 and 5.0 m depth. 

Figure 14: Variations in temperature along T1 with time. 

3.7.2 Station T2 
About 1.3 m of waste rock was deposited between September 2019 and July 2021. The following summarize 
trends and observations: 

▪ Large gaps exist along T2, where data is either missing or read in error (See Figure 15).

▪ Data provided at intervals without errors indicate that rockfill greater than 2.0 mbgs has remained frozen year-
round.

Figure 15 presents a time series of temperature measurements along T2 at depths between 0.1 m and 5.0 m. 
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Figure 15: Variation in temperature along T2 with time. 

3.8 Summary of Instrumentation Trends 
An update of the thermal assessment conducted in 2021 was carried out based on supplemental thermistor data 
available for the period between November 2020 and August 2022. 

Thermistors deployed along the six monitoring locations indicates the following patters and trends: 

▪ Overall, the pile continues to present a freezing trend and remains frozen throughout the year as per the
design intent. Placement of additional rockfill in the pile prevents previously deposited rock from thawing and
allows for progressive cooling over time.

▪ The portions of the pile monitored by the temperature probes in BH1, BH2, and BH3 remained entirely frozen
throughout the monitoring period, except for the active zone within 2 to 3 m in depth, which is subject to
seasonal freeze and thaw cycles.

▪ Rockfill located along the horizontal thermistor strings T4 and T5 has remained frozen along the length of the
string since September 2020. Along the horizontal string T3, waste rock located between approximately
13 to 40 m from the beginning of the string (located close to the edge of the waste pile) remained frozen after
September 2021, when additional waste rock started being deposited in that area.
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▪ At depths below about 11 m in BH1, temperatures are observed to be increasing slightly over time, whereas
in BH2 and BH3, progressive cooling at depth is observed. Additional waste rock placed on T3, BH2, and BH3
have facilitated the progressive cooling at the base of BH2 and BH3, while the lack of material placement at
BH1 has allowed for the slight warming trend at depth. Furthermore, heat propagating from a temporary and
localized warming zone that developed between 4.8 m and 9.8 m in depth at BH1 from July 2020 to April
2022 further contributed to the warming trend observed at BH1 below 10 m in depth.

▪ The 2021 assessment based on a shorter temperature dataset suggested that local sudden increases in
waste rock temperature, like the event observed at BH1 in July 2020, were possibly related to localized
warmer airflow with increases in air temperature at the same period. However, extended thermistor data in
BH1 beyond August 2020 showed that the affected zone remained at higher temperatures for some nine
months until about April 2021 before the profile started to cool down once again. It is unlikely that migration of
warmer air alone would be sufficient to sustain higher temperatures in that zone for several months and other
factors, like a localized internal heat generation, were likely in play.

▪ The thermal regime of the pile is probably affected by a combination of seasonal variations in air temperature,
preferential air flow through the pile, and temporary localized heat generation associated with sulphide
oxidation and/or mineral dissolution, but the fact that the pile remained mostly frozen during all times with a
progressive colling trend continues to indicate that the site cold climatic condition is the prevailing mechanism
governing the thermal regime in the pile, as intended in the design.

4.0 NUMERICAL MODELLING 
4.1 Thermal Model Update History 
The first thermal modeling exercise was prepared in 2019 (Golder 2019) based on limited instrumentation data 
available for the period between March and September 2019. Calibration of the 2019 model in portions of the 
waste rock pile adjacent to BH2 and BH3 using this limited data set was only attained with the inclusion of 
continuous and widespread assumption of internal heat generation that was further assumed to correlate with 
sulphide oxidation. 

A review of the thermal model was completed in 2021, where temperature and waste deposition data through 
November 2020 was utilized. The main purpose of that model update was to assess whether heat generation 
within the pile was contributing to the overall thermal regime of the pile. The updated model with an expanded 
instrumentation dataset showed that internal heat generation was probably not having a significant impact on the 
overall thermal regime of the pile, although the existence of possible localized internal heat could generate 
temporary changes in the waste rock temperature patterns. 

The present model update described in this report was prepared to confirm/validate the conclusions from the 2021 
update based on the latest instrumentation and waste rock deposition data, and to assess the effect of conceptual 
rockfill deposition schedules on the overall thermal performance of the pile. 
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4.2 Methodology 
4.2.1 Model Calibration 
The first stage was completed using a transient 2D thermal model using the finite element software TEMP/W of 
GeoStudio 2021, developed by GEO-SLOPE international Ltd. Update of the thermal model was conducted for 
the same waste rock pile cross section defined in 2019 along the alignment of boreholes BH1, BH2 and BH3 as 
shown in Figure 1. Data from thermistors installed along these boreholes for the period between November 2020 
and November 2021 was used for model calibration purpose. There was a period of no data for BH1 between 
December 2021 and April 2022. 

The model calibration process consisted of adjusting model boundary conditions and timing of additional rock 
deposition on the pile until the predicted patterns of temperature variations were in general agreement with trends 
observed from measured values. 

The model geometry was adjusted to incorporate rockfill placed on the pile after June 2020, based on ground 
survey data provided by Baffinland for different dates in 2020 through 2022. Using sensitivity trials, the calibrated 
model scenario included instant progressive placement of rockfill on top of each borehole from June 2020 to 
August 2022. Rockfill placed between BH1 and BH2 was defined based on thermistor data measured at T3, which 
was installed approximately parallel to the chosen cross section. Table 3 contains a summary of the final 
deposition schedule used after calibration was completed.  

It should be noted that the ultimate depths of rockfill placed on top of BH2 and BH3 presented in Table 3 differ 
slightly from those in Table 1. The first 0.6 m of rockfill placed on BH3 around July 2020 had already been applied 
in the previous thermal model and was carried over to this stage of calibration. The 0.3 m difference between 
rockfill values for BH2 between March and April 2020 is attributed to the survey data. It is not expected that this 
small difference will affect the model calibration.  

Table 3: Final Model Calibration Rockfill Deposition Schedule 

Date of Deposition 
Depth of Rockfill (m) 

BH1 BH2 BH3 Between BH1 and BH2(a) 
July 31, 2020 - 5.5 - - 
March 31, 2021 - - 0.6 - 
September 30, 2021 - - - 5.3 
October 31, 2021(b) - - - 3.3 
November 30, 2021(b) - - - 3.3 
December 31, 2021 - - - 3.3 

a) Lifts of varying thickness were deposited along the cross section between BH1 and BH2. Depth of rockfill reported is measured at a point 
about 98 m along the cross section and at an elevation of 595.9 masl, which is at the interface between lifts placed on July 7, 2021, and 
September 30, 2021. 

b) A ground survey was not directly provided for this date. These dates were inferred from survey data available along the horizontal 
thermistor T3, which lies approximately parallel to the cross section between BH1 and BH2. 

4.2.2 Conceptual Waste Rock Deposition Models 
Ten deposition scenarios were simulated to understand the thermal response of the waste rock pile to conceptual 
deposition sequencing. Varying thicknesses and timing of waste rock deposition were modelled along the 
selected cross section within the summer and winter seasons to assess the optimum operational timeline for 
waste rock placement. It is understood that not all the deposition schedules tested are practically achievable due 
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to operational constraints and waste rock production schedules; however, the scenarios were modeled to assess 
the general response of the pile to a variety of waste rock deposition time and thickness. Table 4 presents a 
summary of each deposition schedule modelled. 

Table 4: Conceptual Waste Rock Deposition Model Scenarios 

Date of 
Deposition 

Depth of Rockfill Placed (m) 
Scenario 

A 
Scenario 

B 
Scenario 

C 
Scenario 

D 
Scenario 

E 
Scenario 

F 
Scenario 

G 
Scenario 

H 
Scenario 

I 
Scenario 

J 
June 1, 2022 7 3 - - - - - - - - 
July 1, 2022 - 2 3 5 5 5 5 5 - - 
August 1, 
2022 - 2 2 - 2 2 2 2 - 5 

September 1, 
2022 - - 2 - - - - - 5 - 

December 1, 
2022 - - - - - 3 3 - - - 

February 1, 
2023 - - - - - - - 3 - - 

July 1, 2023 - - - - - - 5 - - - 

Initial conditions at the start of the conceptual assessment were taken from the calibrated 2D model on  
June 1, 2022. Each material deposition schedule was followed from this point forward. Temperatures used to 
characterise each conceptual lift at the date of deposition are detailed in Section 4.4.2. 

4.3 Material Properties 
The thermal properties of waste rock used in both stages of numerical modelling remained the same as defined in 
the 2019 study and those used within the 2022 study, which are based primarily on the results of laboratory testing 
conducted as part of the 2019 thermal assessment (Golder 2019b). Table 5 summarizes the material thermal 
properties used in the models. 

Table 5: Thermal properties of materials included in the thermal models. 

Material Volumetric Water Content 
Thermal Conductivity (W/m-°C) Volumetric Heat Capacity (MJ/m3-°C) 

Frozen Unfrozen Frozen Unfrozen 

Waste Rock 8% 1.95 1.8 1.7 2.0 

Overburden 35% 2.1 1.5 2.2 2.8 

Bedrock 1% 2.9 2.9 2.4 2.4 
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4.4 Boundary Conditions and Initial Conditions 
4.4.1 Model Calibration 
Temperatures obtained between November 2020 and August 2022 from the thermistor bead in BH1 installed at a 
depth of 0.1 m were used as the ground temperature function applied to the top of the model geometry. 

Data from the thermistor bead at 0.1 mbgs within BH1 was found to be missing between November 22, 2021, and 
April 7, 2022. Data for this period was gap filled using ground temperatures from the previous winter period. 
Figure 16 shows the measured data and the temperature function used in the models. 

Figure 16: Comparison of measured ground surface temperatures in BH1, and temperature boundary 
function used in the 2023 modelling exercise. 

In the 2021 study, a constant ground temperature of -8°C was defined as the bottom boundary condition. This 
value was defined based on thermal gradients estimated from the deepest beads of thermistors installed along 
boreholes BH-1, BH-2, and BH-3. Sensitivity analyses during the calibration period showed that a constant ground 
temperature of -7.5°C resulted in a more balanced agreement between measured data in BH-1, BH-2, and BH-3. 

4.4.2 Conceptual Rockfill Deposition 
A ground surface temperature function was created to represent future conditions. To be conservative, the 
warmest year recorded by thermistors (2020) was applied as the ground temperature function (See Figure 16). 

As the models incorporated progressive and instantaneous placement of rockfill at selected months, the initial as-
deposited waste rock temperature was also required to be defined. Similar to the ground temperature function, the 
warmest temperature recorded in each month of deposition was used to define the initial temperature of the 
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conceptual waste rock lift. Sensitivity analyses were also conducted assuming the rockfill is deposited at the 
average recorded monthly temperatures. Table 6 contains the baseline and sensitivity waste rock activation 
temperatures used in the models. 

Table 6: Summary of Baseline and Sensitivity Case Activation Temperatures of Conceptual Waste Rock 
Lifts  

Month of Deposition Maximum Monthly Rockfill Temperature (°C) Average Monthly Rockfill Temperature (°C) 
June 2022 5.3 -2.5 
July 2022 and July 2023 9.8 7.2 
August 2022 6.9 4.5 
September 2022 2.7 0.4 
December 2022 -6.5 -7.8 
February 2023 -11 -15 

 

The boundary condition applied to the bottom of the model geometry remained at –7.5 degrees, equal to that 
applied during the calibration stage. 

4.5 Model Limitations 
The models prepared for this study constitute a simplification of the field reality and carry assumptions and 
limitations that shall be taken into consideration during interpretation of model results. The most important model 
limitations as follows: 

▪ The models consider a homogeneous waste rock mass with no spatial variation in waste rock properties. 
Waste rock piles typically present zones of segregated materials, densification, and layering that affect the 
thermal and hydraulic characteristics of the pile. These zones can work as preferential flow paths for air flow 
that can impact internal temperatures. 

▪ The updated model geometry considered instantaneous placement of additional rock in the pile for each 
assessment period, based on survey data. Waste rock is placed progressively throughout the year and the 
timing and sequence of waste rock deposition affects the thermal regime. 

▪ The thermal models compute variation in temperature associated only with conduction and is not set to 
incorporate the impact of heat transfer associated with air and water flow through the pile. Instrumentation 
data suggest air flow is an important component affecting the thermal regime of the pile, and snowmelt during 
the freshet season can also have an effect. 

▪ The 2D nature of the thermal models can only capture heat transfer along the cross section and does not 
incorporate three-dimensional heat transfer coming from adjacent areas perpendicular to the model geometry. 

▪ Historical deposition of materials between survey dates with large gaps in time is assumed to have a linear 
deposition over time. It is acknowledged that this is an approximation of the actual deposition schedule and 
contributed to differences during the calibration stage. 
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5.0 MODEL CALIBRATION RESULTS 
Model calibration focused on thermistor data from June 2020 to November 2021, due to the lack of reference 
measured ground temperatures for BH 1 between November 2021 to April 2022. The following sections 
summarize the results of calibration at each borehole. 

5.1 BH1 
Figure 17 and Figure 18 provide measured and predicted rockfill temperature profiles between July 2020 and 
September 2021. 

In general, the predicted temperature profiles correlated well the measured profiles along the thermistor string 
down to about 5 m below surface. The thermal model was not able to capture the effects of the localized internal 
heat identified at about 590 masl (5.0 to 7.0 m original installation depth along thermistor string) that started in 
July 2020. Subsequent measured profiles after July 2020 show the migration of heat downwards through 
March 2021. After March 2021, the measured thermal profile continues to move back towards the predicted 
profile, showing that the heat eventually dissipated slowly over a period of approximately nine months. 

Figure 17: Measured and Predicted Temperature Profiles at BH1 between July 2020 and March 2021. 
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Figure 18: Measured and Predicted Temperature Profiles at BH1 between March 2021 and 
September 2021. 

At depth, measured data show that the ground temperature slightly increases over time from about –7.3°C 
to -6.5°C degrees (March 2019 to August 2022). Results of the model calibration show a similar trend as expected 
due to the lack of waste rock placed on top of BH1 over time. 

The calibrated model was in good agreement with the warming trend observed at depth; however, it was not able 
to replicate the magnitude of increase after July 2020, which is shown in Figure 19. In general, predicted values 
are slightly cooler than measured, where measured values show an accelerated warming between July 2020 and 
November 2020 that was not captured within the model. The timing of the deviance coincides with the localized 
heat measured in-situ in July 2020, and is thought to be a result of heat propagating downwards through the 
borehole. After November 2021, the rate of measured ground temperature does not accelerate further and agrees 
well with the rate predicted by the thermal model. Figure 19 provides the temporal variation in ground temperature 
at depth within BH1 for both measured and predicted values. 
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Figure 19: Measured and Predicted Temporal Variations in Rockfill Temperature at Bottom Node within 
BH1 (18.95 mbgs). 

5.2 BH2 
As shown in Figure 20, In general, the model predicted warmer temperatures at near-surface nodes than 
measured in-situ and agreed well with measured temperature profiles below an elevation of about 590 masl. 

Calibration of temperatures along BH2 was difficult because about 6 m of rock was placed on top between March 
and August 2020. The model assumed instantaneous placement of 6 m of rock at the end of July, but progressive 
deposition or deposition of rock earlier in spring would have affected the pattern of temperature change at the top 
of the thermistor string. 

At depth, temperatures were measured to be slightly cooling over time, which is likely a result of the progressive 
placement of waste rock on top of BH2. The calibrated model agrees well with in-situ measurements, where little 
difference between the two trends is observed. Figure 21 shows both measured and calculated temperatures at 
depth over time. 
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Figure 20: Measured and Predicted Temperature Profiles at BH2 between July 2020 and September 2021 

Figure 21: Measured and Predicted Temporal Variations in Rockfill Temperature at Bottom Node within 
BH2 (26.76 mbgs). 



Trevor Brisco Reference No. 22572750-004-2000-Rev0 

Baffinland Iron Mine Corporation August 29, 2023 

 

 

 

 
 30 

5.3 BH3 
As with BH2, calibration of the top thermistor nodes within BH3 was difficult. Waste rock was noted to be placed 
over a period between April 2020 and March 2021, while the model geometry incorporates instantaneous 
placement of waste rock at selected dates. Although the predicted temperatures at the top nodes were much 
warmer than measured values, at about 600 masl, measured and predicted temperature profiles begin to agree 
better with one another, despite predicted values being about 0.75 degrees warmer than measured values at the 
base of the profiles. 

At depth, BH3 shows a slightly cooling trend over time, reducing about 0.25°C between November 2019 and 
August 2022. Calibration results had a similar trend with time, where ground temperatures cooled slightly faster 
over time (See Figure 23). 

 

Figure 22: Measured and Predicted Temperature Profiles at BH3 between July 2020 and November 2021 
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Figure 23: Measured and Predicted Temporal Variations in Rockfill Temperature at Bottom Node within 
BH3 (23.26 mbgs). 

5.4 Summary of Model Calibration 
Calibration of a thermal model for the waste rock pile was completed based on supplemental thermistor and 
waste rock deposition data. The calibration process at the location of BH1 was affected by a prolonged period of 
localized internal heat that could not be captured in the model. At the locations of BH2 and BH3, the calibration 
process was very difficult due to waste rock been progressively deposited on those locations over time while the 
model incorporates subsequent waste rock lifts as instantaneous deposition at selected dates. General comments 
on the calibration process are provided below: 

▪ BH1 had little change in waste rock elevation over time and was used as a reference in calibrating the thermal
model. Overall, the temperatures at surface and depth within BH1 were calibrated well:

▪ Deviation of measured results from predicted values at certain depths along BH1 is due to the
propagation of heat from a localized event observed in July 2020 that could not be captured in the model.
The migration of measured temperature profiles back towards the predicted values indicate that internal
heat eventually dissipates.

▪ Difficulty calibrating surface nodes at BH2 and BH3 was due to the sensitivity of the thermal models to the
exact date of material placement (i.e., progressive placement in the field vs. instantaneous placement in the
models). In general, the models predicted warmer ground temperature compared to measured values along
BH2 and BH3.

▪ The model was able to replicate the cooling trends measured by the deepest nodes of thermistors installed
along BH2 and BH3, as well as a slightly warming trend measured by the deepest node at the base of BH1.
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Overall, the model was able to capture the general trends and patterns measured in-situ, where the thermal 
regime and response of the pile to previous waste rock depositions is captured at depth within each borehole. 

6.0 CONCEPTUAL WASTE ROCK DEPOSITION MODEL RESULTS 
Ten base case and four sensitivity deposition scenarios were assessed to evaluate the effect of lift thickness and 
timing of deposition on the time required for a lift to freeze before a subsequent lift can be placed on top. The 
model scenarios tested are described in Section 4.2.2. 

A location along the model geometry was chosen, identified as Profile A, for tracking freezing times as it was 
found to take the longest to achieve sub-zero temperatures over time. To be considered frozen, the waste rock 
placed in each scenario was to achieve and maintain a sub-zero temperature at the interface between existing 
waste rock, and the conceptual lift of waste rock. A visual representation of the reference points within the 
conceptual lift is provided in Figure 24. Figure 25 and Figure 26 show examples of unfrozen, and frozen states 
respectively, as well as the location of Profile A along the model geometry. 

The following sections summarize the results of the conceptual deposition scenarios. A comparison of depositions 
scenarios in both summer and winter seasons is discussed to inform general recommendations for waste rock 
placement. 



Trevor Brisco Reference No. 22572750-004-2000-Rev0 

Baffinland Iron Mine Corporation August 29, 2023 

33 

Figure 24: Visual reference of defined assessment points within the conceptual waste rock lifts. 

Figure 25: Scenario C (December 2022): Base of Conceptual Lift Still Unfrozen 

Figure 26: Scenario C (June 2023): Base of Conceptual Lift is Frozen 
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6.1 Results Summary 
Table 7 summarises the time required for waste rock to achieve sub-zero temperatures for each of the conceptual 
deposition schedule modeled. Table 7 summarize results for base case models (waste rock deposition 
temperature defined as the highest ground temperature in the deposition month), and for selected sensitivity 
cases (waste rock deposition temperature defined as the average ground temperature in the deposition month). 

Table 7: Summary of freezing Times required for Conceptual Waste Rock Deposition Schedules 

Scenario 
Description of 

Deposition 
Sequence 

Computed Days to Sub-Zero Condition(a) Date of Achieving Sub-Zero Condition 

Base Case Sensitivity Case Base Case Sensitivity Case 

A 7 m in June 225 N/A January 12, 2023 N/A 

B 
3 m in June 
2 m in July 
2 m in August 

235 N/A January 22, 2023 N/A 

C 
3 m in July 
2 m in August 
2 m in September 

315 305 May 12, 2023 May 2, 2023 

D 5 m in July 235 N/A February 21, 2023 N/A 

E 5 m in July 
2 m in August 325 315 May 22, 2023 May 12, 2023 

F 
5 m in July 
2 m in August 
3 m in December 

417 377 August 22, 2023 July 13, 2023 

G 

5 m in July 
2 m in August 
3 m in December 
5 m in July 

426 N/A August 31, 2023 N/A 

H 
5 m in July 
2 m in August 
3 m in February 

347 337 June 13, 2023 June 3, 2023 

I 5 m in September 185 N/A March 5, 2023 N/A 
J 5 m in August 216 N/A March 5, 2023 N/A 

a) Days to frozen state is calculated using the first day of deposition for each scenario.

In general, the model results showed that all deposition scenarios tested ultimately resulted in sub-zero 
temperatures at the base of the conceptual waste rock lift, where the activation temperatures, lift thickness, and 
deposition time affect the relative duration of time to freezing at the base. Figure 27 shows the computed 
evolution of waste rock temperatures at specific elevations within each conceptual lift over time. 
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Figure 27: Temperatures of each conceptual deposition scenario with time. 

It is noted for Scenarios A and B, temperatures are provided at an elevation of 3 m within the conceptual waste 
rock lift, where the remaining scenarios are provided at a depth of 0 m. This is done as waste rock temperatures 
remain above zero longest at the elevation of 3 m within the conceptual layer for Scenario A and B, whereas this 
occurs at a depth of 0 m for the remaining Scenarios. 

The following observations summarize the overall results: 

▪ In general, it is expected that the waste rock deposition temperature will not be the main contributing factor in 
the overall performance of the rockfill pile. The sensitivity cases using waste rock deposition at the average 
monthly temperatures froze in about two to four weeks faster than the base cases with waste rock deposition 
at the highest monthly temperatures. A larger gap between baseline and sensitivity cases was observed in 
Scenario F, where a total of 7 m of rock was placed in July and August, followed by 3 m of waste rock 
deposition in December. 

▪ Depositing a 7 m thick lift at the beginning of summer (June) results in faster cooling than thinner lifts placed 
progressively in late summer (Scenario A and C). 

▪ Placing a 5 m thick lift of waste rock in early summer promoted faster cooling than 7 m of rock placed over a 
period of two months in later summer. 

▪ If thicker lifts are to be used, placing them in earlier summer will allow for faster cooling than in late 
summer. 

▪ 5 m lifts of material placed in late summer (August and September) will eventually freeze faster than 7 m of 
rock placed in mid to late summer. 



Trevor Brisco Reference No. 22572750-004-2000-Rev0 

Baffinland Iron Mine Corporation August 29, 2023 

36 

▪ Deposition of waste rock in early winter on top of unfrozen layers can delay freezing.

▪ The models showed that cooling of basal ground temperatures at the locations of BH2 and BH3 is
independent of the conceptual deposition tested. This suggests that the pile will tend to freeze back as per the
design intent during operation of the pile with continuous waste rock deposition.

Overall, waste placement in late summer and mid winter seasons will result in freezing at the base of the previous 
waste rock lift, where 5 m and 7 m lifts both resulted in freezing over time. 

6.2 Trends for Summer and Winter Waste Rock Deposition 
Operational constraints regarding waste rock placement may occur during the operational life of the waste rock 
pile, where lifts of waste rock may have to be placed in late summer followed by depositions in subsequent winter 
months. The following section details the trends observed in both summer and winter months to provide 
recommendations for seasonal waste rock deposition. 

6.2.1 Summer Deposition 
Figure 28 shows the calculated temperature with time for Scenarios D, E, I, and J to compare the effects of 
varying summer deposition schedules on the thermal regime of the waste rock pile. Scenarios D, I, and J consider 
the instantaneous placement of a 5 m thick lift in July, September, and August, respectively, whereas Scenario E 
considers 7 m of waste rock placed over a two-month period in July and August. 

Figure 28: Summary of conceptual waste rock temperature at varying depths for summer depositions in 
Scenario D, E, I, and J. 
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Results show that sub-zero temperatures are achieved and maintained at the base of each conceptual lift, 
however the time to achieve a frozen state varies between each scenario. Placing a 5 m lift in mid-summer (July) 
resulted in a longer duration of time for cooling than placing the same lift in late summer (September), however, 
material placed in July freezes at an earlier date than material placed in September. The difference in total days to 
cooling between the two scenarios is likely due to warmer existing ground and conceptual rockfill temperatures in 
July when compared with September. 

Progressively placing 7 m of material over two months in mid to late summer (July and August) resulted in the 
longer cooling time. Scenario E represents the worst-case scenario for material placement, where a thick lift is 
placed over the warmest months. Although this lift eventually freezes, it took about 90 days longer when 
compared with a 5 m lift placed in July. 

Comparing Scenario, I and J (waste rock placed in September and August, respectively), it is shown that basal 
freezing is achieved around the same time, due to an initial colder waste rock temperature in September. From an 
operational perspective, the models showed it took 31 days less to cool the September lift than the August lift, 
which reduces the required time between lift placements. 

It is important to note that regardless of the surface material deposition schedules tested in summer months, 
basal ground temperatures in BH2 and BH3 are predicted to continue cooling over time. 

6.2.2 Winter Deposition 
The model results indicate that the timing of material deposition in winter months affects the duration of time to 
achieving sub-zero temperatures. Figure 29 compares temperatures at 0 m and 5 m heights within the lift for 
Scenarios F and H, where 3 m of waste rock is placed on top of a 7 m summer deposition in December and 
February respectively. 

 

Figure 29: Summary of conceptual waste rock temperature at varying depths for Scenario F and H. 
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As seen in Figure 29, comparing both scenario results at 5 m within the conceptual lift, placement of waste rock in 
December slows the cooling significantly compared with the same lift being placed in February. where the 
December and February lifts are predicted to freeze by September 1 (i.e., layer would still be unfrozen by the 
following summer) and May 22, respectively. 

In the scenarios modelled, placement of waste rock in December insulates the previous summer deposition from 
the cooler winter temperatures. When placed in February, the previous lift remains exposed to colder 
temperatures for a longer period of time, promoting faster cooling before it is covered by the subsequent winter 
deposition. 

The models also showed that, irrespective of the winter deposition timing, a cooling trend is still predicted to 
prevail at depths over time, taking the base of BH2 and BH3 as reference points. 

6.3 Summary of Conceptual Deposition Results 
Numerous model scenarios were tested to understand the impacts on the thermal regime when lift thicknesses 
and deposition timing were varied. The following are general results from the conceptual waste rock placement 
schedules: 

▪ All conceptual deposition schedules modelled eventually achieved and sustained sub-zero temperatures at
the base of the initial waste rock lift.

▪ Ground temperatures at depth within both BH2 and BH3 continued to cool over time irrespective of the
deposition schedule.

▪ Placing thicker lifts in early summer, and thinner lifts in late summer promotes faster cooling and allows for
material deposited in late summer to freeze in the subsequent winter.

▪ Placing waste rock in early winter (December) would delay freezing of summer deposition compared to
placement of rock in mid-winter (February).

▪ Waste rock placed in 5 m lifts during late summer (August and September), would still freeze in winter and
allow for the deposition of more waste rock to the pile during winter of the following year (January to March).
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7.0 CONCLUSIONS AND RECOMMENDATIONS 
An update of the thermal assessment conducted in 2021 was carried out based on supplemental thermistor and 
waste rock deposition data available for the period between November 2020 and August 2022. Following 
calibration of the thermal model, 10 base case conceptual deposition sequences were modelled to understand the 
response of the waste rock pile to future depositions at varying thicknesses and at different times in summer and 
winter. 

It was found that in general, all deposition sequences modelled resulted in sub-zero temperatures at the base of 
each conceptual lift. The time required for achieving frozen conditions is dependant on when the lift is placed as 
well as the thickness of material placed. Based on the results of all deposition schedules tested, general material 
placement guidelines are provided as follows: 

▪ In general, summer deposition of thicker lifts should occur in early summer (June and July), while thinner lifts
(i.e., deposition of waste rock over a larger surface area), should be deposited in late summer and early fall.

▪ When deposition happens in mid to late summer, 5 m or less of waste rock should be placed. A maximum of 7
m of waste rock can be placed with the understanding that more time will be required before subsequent lifts
can be placed on top.

▪ Winter placement of waste rock in areas that received waste rock in late summer should occur preferably in
mid to late winter (February to April) to allow summer deposited layers to freeze before being covered by
additional waste rock.

Additional recommendations are made below for general operation and maintenance of the pile during deposition: 

▪ Deposition should be planned to reduce material segregation and the development of preferential water/air
flow paths during the deposition process.

▪ Conduct regular maintenance to extend the lifespan of the existing instrumentation installed in 2019.

▪ Continue to track where PAG rock has been deposited to allow for the proper interpretation of instrumentation
data.

▪ Install supplemental monitoring stations at different areas periodically within the waste rock storage facility,
including areas where deposition of PAG rock is known to have occurred.

▪ As the pile continues to grow, it should be continually monitored at higher elevations within the pile to confirm
that future depositions achieve sub-zero temperatures. Monitoring thermistors installed in target locations is
the only way to confirm the deposition strategy is promoting freezing as per the design intent.

▪ It is recommended that additional vertical and horizontal thermistor strings be installed at strategic locations
within the existing footprint of the pile (e.g., locations where thicker lifts of waste rock were deposited in
summer) to provide supplemental data for continuous monitoring of the pile’s thermal regime.

▪ The need for the installation of additional instrumentation should be evaluated periodically, based on the
results of the existing instrumentation.

▪ Continue to conduct regular surveillance to track changes in the waste rock elevation within the pile.
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8.0 CLOSURE 
We trust the information provided in this document meets your expectations and needs. Should you have any 
questions or requests, please do not hesitate to contact WSP. 

WSP Canada Inc. 

Gabriella Wahl, M.Sc., E.I.T. (AB) 
Junior Geoenvironmental Engineer 

Fernando Junqueira, D.Sc., M.Sc., P.Eng. 
Senior Principle Geotechnical Engineer 

GW/FJ/jr 

ORIGINAL SIGNED ORIGINAL SIGNED
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